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Abstract

Many typical methods of studying particles within an aqueous solution use some
form of control mechanism to limit sample variability. A common application in
cytometry is the use of hydrodynamic focusing to confine the movement of particles
to a narrow stream of flow through the optical focus. The purpose of the work
presented in this thesis is to examine ways of studying features within a solution
with minimal control of the internal motions of the features within the flow channel.
Development of optical measurement systems without the use of hydrodynamic
focusing would allow for reuse of samples limited in quantity, avoiding dilution by a
buffer solution. Such a system would also more closely replicate an in-vivo system,
and the analysis techniques that are developed could also be employed in an in-vivo
system. Coherent Anti-Stokes Raman Scattering (CARS) is a nonlinear optical
spectroscopy technique that can probe a sample for specific molecular vibrational
bonds, as a means of chemical probing a specimen. It is a highly sensitive technique
that can obtain information from a sample with a fast acquisition time. CARS is
useful tool for obtaining chemical information from a sample, as it is a label-free
technique, in that it probes the inherent chemical bonds present within a sample
without the need for additional preparation of the sample through fluorescent dyes or
other similar methods. However, as a nonlinear technique, it is very sensitive to
changes in conditions in the sample. This makes the technique highly sensitive, but
also can present problems in highly scattering dynamic systems. The design and
implementation of custom built optical monitoring platforms allows for the widest
possible freedom in the implementation of novel multimodal methods of sample
analysis. The technical performance of the custom built CARS microscopy platform
is interrogated through sample imaging. Means of improving the sensitivity of the
CARS response in scattering solutions through use of multimodal optical monitoring

systems to simultaneously multiple optical signals are investigated.
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1. Chapter 1
Introduction

1.1 Motivation

The advent of widely available commercial laser systems in recent decades has led to
the advent of several new means of optical study, particularly in regards to nonlinear
optics. Nonlinear optical micro-spectroscopy offers a diverse array of techniques
with which to probe samples. These techniques provide an array of properties to
exploit; from high contrast imaging, innately optically sectioning or chemically
sensitive interactions, for example. One such technique is Coherent Anti-Stokes
Raman Scattering, or CARS. CARS is a highly sensitive, label-free means of
probing the chemical composition of material, which is widely used to either to
image specimen as a microscopy tool to monitor chemical reactions in liquid or gas
phase systems a spectroscopy tool. CARS is a versatile technique because it probes
the inherent chemical structure of a specimen without the need for sample treatment
or preparation with fluorescent labels. CARS is analogous to Raman spectroscopy, in
that it probes the same molecular vibrational states within samples, but produces a
far more intense signal, and is free from fluorescent background signals which
inhibit Raman spectroscopy. The stronger signal intensity from the coherently
generated process and the intense pulsed lasers on which it relies allows for much
faster acquisition of CARS signals when compared to traditional Raman
spectroscopy. This makes CARS a much more suitable imaging platform and a
viable means of probing dynamic systems where the chemical composition changes
on a microscale. A multimodal optical platform, with CARS capability is developed

to study free-flowing solutions of scattering particles, in microfluidic systems. The
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system is based off of modern flow cytometers. Cytometry is a means of studying
cells, proteins and other biological markers in flow within a solution, via laser or
electronic impedance measurements. Flow cytometry typically measure the forward
or side-scattering optical response or the fluorescence from appropriately tagged
samples. In this system, we propose to monitor the CARS response from the sample
in flow. Often in cytometry measurements, hydrodynamic focusing is employed to
bring features of interest within a tight channel passing through the optical focus.
Hydrodynamic focusing is the use of a faster flowing stream of fluid to confine the
flow of a slower flowing fluid to a narrow stream, within a microfluidic channel[1].
Generally, two streams of a buffer solution are introduced on either end of a three
input channel of a microfluidic slide, with the sample solution introduced between
them. The sample stream is then forced into a narrow stream by the force of flow
from either side. This allows for precise control of measurement conditions, but
prevents reuse of the sample, as it is mixed with buffer solutions. By collecting the
specimen in the same state as it entered the channel, without any fluorescent
labelling, integrity of the sample is preserved. This also allows for potential
applicability of adapting the technique for direct measurement of biological
specimens. As a nonlinear optical technique, CARS 1is highly affected by
perturbations to its excitation beams. Internal scattering of the laser sources within a
sample can hinder the ability of CARS to study highly or dynamically scattering
media, such as liquid solutions with scattering features free-floating within the
solution. The advantage to CARS, as measurement modality, is that it can be easily
paired with other optical techniques for multimodal analysis. Through pairing of
relevant complimentary techniques, additional information with regards to the

sample can be extracted that would not be possible with either technique on its own.
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Figure 1: Diagram of multimodal optical platform for monitoring of unconstrained particles in flow.

The system that we have developed can simultaneously monitor the CARS response
and the linear scattering response of particles flowing through a microfluidic
chamber. The particles flow unconstrained by any focusing or control technique, and
so they pass through the optical path above and below the focal volume.
Perturbations in the CARS signal from particles passing outside of the focal volume
limit the sensitivity of the signal. We leverage the scattering response of the particles
to effectively extract more sensitive CARS information than could otherwise be
obtained through simply monitoring the CARS response alone. By studying systems
with little control on the internal motions of relevant features of interest, we can
develop more robust methods of data extraction that can further contribute to in-vivo

measurements or other systems where it is not necessarily possible to isolate the
3



features of interest. This work is a first step towards using CARS and other

nonlinear optical techniques to monitor biological fluids in-vivo.

1.2 Contribution to gap in literature

Today, the most common applications of CARS in the literature is as a microscopy
tool for biological specimen[2], and as a spectroscopic tool for studying gas reacting
flows[3]. Although less prevalent in comparison to the previous domains of study,
CARS has also been used to monitor liquid phase solutions, in particular small
particles within bulk solutions. The purpose of this thesis is to investigate the
possibility of interpreting the CARS signal fluctuations within an unconstrained free-
flowing solution with microscale scattering features. Our study of the literature
shows that CARS has been utilised to monitor features within solution in a dispersed
solution of nanoscale features to adapt CARS to serve as a label-free alternative to
Fluorescence correlation spectroscopy (FCS) [4]-[7]. CARS has also been
implemented in cytometry based systems with hydro-dynamically focused flow for
chemically sensitive detection[8] or particle size distribution[9]. It is our
understanding that although CARS has been implemented with LS to improve
detection quality[10], this has not been done in an unconstrained flow, or used the
method of signal gating that is described within the thesis. We also report on the
technical design and considerations made to a CARS platform with a low repetition
rate. Most modern CARS platforms utilise repetition rates of up to 80 MHz. We
have implemented a CARS platform on a 1 kHz repetition rate laser with pulse-rate
monitoring of liquid systems, with imaging capabilities, also. The limitations and

potential advantages of such a system are discussed.



1.3 Research Questions

The main research question addressed in this thesis can be formulated as: “Can
colloids and other discrete specimens be analysed quantitatively and (label-free)
chemically in unconstrained flow, underpinning future routes of diagnostics and

assessments of biological fluids in vivo?”
The following technical research questions are also addressed:

How can quantitative and chemical analysis of colloids in an unconstrained flow be
experimentally implemented within the framework of a multimodal linear/non-linear

optical platform?

How can such a multimodal platform be developed with a 1 kHz high pulse energy
laser source and with an 80 MHz low pulse energy laser source? Where do these

systems perform and underperform?

How does a multimodal platform based on CARS (coherent anti-Stokes Raman
scattering) and LS (linear scattering) outperform systems based on single modality

such as CARS and LS.



1.4 Overview of text

In Chapter 1, I give an overview of the motivations for the thesis work, and the

background and structure of the text.

In Chapter 2 I will give an overview of the theory of the basic principles of nonlinear
optics. In particular, I will outline the phenomena relating to frequency mixing for
the purpose of generating new laser wavelengths. This is important for CARS
systems as CARS itself is a parametric frequency mixing phenomenon, but also
because CARS microscopy or spectroscopy systems are typically implemented from
laser sources that themselves involve some form of frequency mixing technique,
such as optical parametric amplification to utilise a tuneable laser beam. I outline
the different factors affecting CARS generation, both in terms of sample properties,
and excitation sources. I will review a number of non-resonant background
suppression mechanisms and different forms of CARS microscopy techniques, with
the contrasting benefits of multiplex, spectral focusing and single transition CARS. I
briefly discuss the implementation of CARS spectroscopy to solution measurements,

such as flow cytometry and correlation spectroscopy.

In Chapter 3, I give a technical breakdown of laser system used to implement the
first CARS micro-spectroscopy system. The laser system used is a Ti:Sapphire
regenerative amplifier, coupled to a second-harmonic bandwidth compressor
(SHBC), and optical parametric amplifier (OPA). A number of technical
considerations needed to be taken to optimise the technical performance of the
CARS system, including an intensity stabilisation system, spectral filtering of the
Stokes beam, and corrective optics for chromatic aberration. The technical design of

the fibre laser OPO platform is also described. The technical performance of the
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Ti:Sapphire OPA CARS microscopy system is explored through images of polymer
beads. The chemical sensitivity and spectral resolution of the system is shown
through a series of images taken with transmission CARS imaging platform. The low
repetition rate of the laser produces a number of challenges for signal collection of
the CARS response, which we address and discuss in the chapter. Collection of
individual pulses by means of pulse stretcher circuit is outlined for collection of the

CARS signal for in-solution measurements.

Chapter 4 discusses in-solution multimodal measurements of a polymer bead
solution in a microfluidic system. The CARS microscopy system is adapted to
monitor aqueous solutions of microscale particles in microfluidic chambers. A free-
flowing solution of polystyrene beads is monitored for their CARS and linear
scattering response simultaneously. The free-flowing solution complicates the
collected signal due to shadowing effects from out-of-focus beads. The characteristic
response of the CARS and linear scattering signals are used to increase the extraction
of CARS signal which would otherwise be obscured from the out-of focus scattering

contribution from the dense solution.

Chapter 5 follows on from the discussion in Chapter 4, by implementing an in-
solution monitoring system with a higher repetition rate laser source. The 80 MHz
fibre laser source and OPO system allows for enhanced time resolution, allowing for
exploration of the particle events passing through the beam focus in greater detail, at
flow speeds in the 10 — 200 mm/s that also provide the desired high throughput of
the sample. The PS spectrum is reconstructed from in-flow monitoring, as well as

estimation of average event time, using the same filtering criteria. The filtering



criteria used to distinguish in-focus and out-of-focus events is described and

systematically interrogated.

Chapter 6 summarises the results from the previous chapters and assesses how they
address the research questions. The outlook for future work to be done with line of

research is briefly explored.

Appendix A gives a brief technical overview of the OPO system as a microscopy
platform and discusses a series of CARS and SHG measurements of amino-acid
glycine crystals. The crystal morphology of glycine allows for three phases to
manifest. Each of the phases possesses different physical properties, such as
piezoelectricity, which is of interest for study. A means of optical determining the
phase of the crystals through CARS and SHG imaging is presented through probing

of a Raman peak which exhibits a shift across each of the three phases.

Appendix B qualitatively describes the effect of the position of focal depth within
the microfluidic channel for in-solution monitoring. The broadening of the CARS
signal within the bulk solution of the CARS response is determined to be related to
the asymmetric effect of scattering of the laser beam before and after generation of
the CARS signal at the focus. How this manifests and is treated for the purposes of

measurements within the solution is discussed.
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2. Chapter 2

A Review of CARS micro-
spectroscopy

CARS micro-spectroscopy is a third order nonlinear optical technique that probes the
chemical composition of samples by resonating with Raman active molecular
vibrations. It has seen use as a spectroscopic technique since it was first
demonstrated in 1965[1]. CARS has been further adapted to a microscopy tool by
Zumbusch et al in 1999[2], where it has seen a surge of interest as a means of label-
free chemical imaging of samples. In this chapter, I will present an overview of
nonlinear optics, as it relates to generation of new photons from its source laser. This
is relevant both as a background to CARS, but also to the underlying tuneable
oscillators and amplifiers that drive the source beams for CARS microscopes. I will
then present a review of CARS microscopy instrumentation and CARS spectroscopy

in solution measurements.

2.1 Nonlinear Optics

2.1.1. Nonlinear polarisation

Nonlinear optics is the study of phenomena that occur as a result of nonlinear
changes in electric field polarisation within a material in response to the presence of
intense light. The study of such nonlinear effects was made possible by the advent of
the laser[3], [4]. When light is incident on a material, the electric field of the light
affects changes in the dipole moment of the material. This change is characterised by
the polarisation of the material. In conventional optics, the induced polarisation

change of the material depends linearly on the electric field strength. Nonlinear
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optics concerns the effects brought about by the quadratic, cubic and higher order
responses of the material’s polarisation[ 1], [4]-[6]. Generally, the polarisation vector
P(t) of an electric dipole as a function of the electric field for a lossless and

dispersion-less medium is given by,

P() = o WE(®) + xPEX(0) + xPE(®) ..),
Equation 1: Polarisation due to an electric field

Where ¢ is time, g is the permittivity of free space and the constants of
proportionality y represent the various susceptibility relations present within the
material, relating polarisation P to the electric field E. The constant of linear
susceptibility X(l) is the property that concerns conventional linear optics. The
nonlinear terms ¥ and ¥ determine the magnitude of the quadratic and cubic
responses of the material, respectively. Each dielectric susceptibility term is a tensor
of rank i + 1 relative to the ith order electric field term. Each tensor term relates to
the susceptibility in each spatial axis, for each combination of interacting fields.
Typically the number of independent terms can be reduced by spatial symmetries
and degenerate field frequencies. If we express the electric fields as vectors in space

r and time ¢, we get,

E(rt) = Z Eei@;f—“’"t) +c.c.
n

Equation 2: Vector expression for electric field and complex conjugate.

In Equation 2, the electric field is expressed as the sum over all positive frequencies,
of a slowly varying electric fields A, with wavevectors k,, and angular frequencies

(l)n.
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In that case, the polarisation vector becomes,
P(r,t) = Z P(w,) e~i@nt
n

Equation 3: Expression for nonlinear polarisation vector.

We can consider the polarisation component in one direction in terms of the electric
field E and the second order susceptibility tensor ¥, for two electric fields as,

Pi((‘)n; wm) =& Z Z Xl(]zlz( Wy, (‘)m)Ej((‘)n)Ek (a’m)

jk (nm)

Equation 4: Second order nonlinear polarisation expression for two electric field interaction.

Similarly the third order polarisation for a three field interaction can be written as,

3
Pi(wo, wp, wr) = & z z Xi(jlzl( Wy, Wy, wo)Ej(wn)Ek (W) E(w,)
jkl (mno)

Equation 5: Third order nonlinear polarisation expression for three electric field interaction.
As each electric field term also includes the complex conjugate, which contains the
negative frequency term, Equations 4 & 5 can also be expressed as differences in
frequency as well as the sum. In general " > ¥ > X(S), and therefore at low fields,
only the linear term needs to be considered and higher order terms can be
neglected[3], [7]. As the intensity of the light gets higher, the quadratic and cubic
terms begin to have a more significant effect on the total polarisation induced by the
field. The manifestations of nonlinear effects are classified as second order effects,
third order effects and so on. Due to the various phase matching and material
requirements of the second and third order interactions, only one such effect is
typically observed in any single interaction. For this reason, it is useful to describe

the polarisation as separate terms,
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P@(t) = eogx PE* (1)

PO(D) = xWE* (1)
Equation 6: Second order and third order polarisation terms

P?(t) is referred to as the second order nonlinear polarisation and, similarly, P™¥(z)
is referred to as the third order nonlinear polarisation. We concern generally with
parametric processes, where the quantum state of the media is unchanged by the
interaction with the electric field incident upon it. Energy is conserved within the
field, and in the material through which it passes. As a note, the polarisation vector
described is expressed in the time domain, with a time varying electric field. In the
frequency dependent domain, the frequency dependence of the susceptibility tensors

must also be considered.

2.1.2. Nonlinear susceptibility and centrosymmetry

Nonlinear interactions can only occur in media which possess a nonlinear
susceptibility[4]. For simplicity, such media are called nonlinear optical media.
Isotropic media, gases, liquids, amorphous solids, and centrosymmetric crystals all
do not possess inversion symmetry and as such cannot generate any second order
phenomena. Second order interactions are restricted in that they can only occur in
non-centrosymmetric materials; like some crystal media which do not exhibit
inversion symmetry, or at surfaces where inversion symmetry breaks down. This
restriction is most commonly described by use of an asymmetric potential well. For
the classical electron oscillator model, an electron experiencing external force due to

an electric field is described by[8]:
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Fper = eE — kox — ax? — bx3 — -

Equation 7: Net force on an electron in classic oscillator model
In Equation 7, we see the force due to the incident electric field E, and the restoring
forces, linear and nonlinear, dependent on the perturbation from equilibrium, x and
the restoring coefficients kg, a and b. These restoring forces relate to first, second and
third order responses, respectively. The energy potential of the restoring forces
would be described by the integral of the forces with respect to their distance from
equilibrium dx.

U= Sk +2ax® +=bxt +
—st 3ax 4x

Equation 8: Energy potential of restoring force of optical media in electron oscillator model
We can see from Equation 8, that the second order term (and any even numbered
higher order term), results in an energy potential with an odd numbered power
relation. This gives an asymmetry in the restoring force depending on the direction
of oscillation. As such, only media with such an asymmetric energy potential

relationship can generate a second order optical response.

Several crystal structures, 11 of the 32 crystal classes, possess inversion symmetry
and thus no second order interactions can occur within them[5]. Third order
interactions, however, do not possess this restriction and can occur in

centrosymmetric or non-centrosymmetric media.

2.1.3. Phase mismatch

Another restriction on nonlinear interaction, particularly parametric interactions, is
the phase matching restrictions on the interacting beams[9]. All photons involved in

the nonlinear interaction, including the generated output photon must exhibit the
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proper phase relationship. For example, in SHG, the phase relationship between the
wave vectors of the interacting photons, which gives the maximum conversion
efficiency is ko, = 2k,. When the photons meet this condition there is said to be no
phase mismatch, or Ak = 0, where Ak = kj, - 2k,. In most cases, unless no special
steps are taken, there always exists some non-zero phase mismatch in a nonlinear
media[9]. This is typically due to chromatic dispersion within the media. This can
cause a ‘walk-off” effect in which the interacting fields lose coherence over distance
and the conversion efficiency is lost. There are a number of ways to tune or

otherwise exploit material properties to reduce phase mismatch.

Birefringence is the property of materials to possess a different index of refraction
depending on the polarisation direction of the electric field. This means that waves
propagating perpendicular to the optical axis of the crystal, called the ordinary rays,
to have a different wave vector than those traveling in the direction, parallel to the
optical axis, which are called extraordinary rays. For two otherwise identical light
waves passing through the material at polarisations parallel and perpendicular to the
optical axis, the different refractive indices experienced by both light waves would
cause the light waves to travel at different speeds, effectively introducing a phase
shift between them. Birefringent phase matching leverages the birefringence in
nonlinear media to improve phase matching[10]. In second harmonic generation, for
example, the generated beam has a higher frequency than the input beams. Aligning
the input beam to the ordinary ray axis, and the generated beam to propagate along
the extraordinary ray axis, would allow each beam to propagate in media with
effectively different refractive indices. The difference in refractive index could
compensate for the chromatic dispersion due to the differing frequency of the

fundamental and second harmonic waves. By manipulating the difference between
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the effective refractive indices of the beam photons, the phase mismatch can be
minimised. The two most common ways of controlling this is angular tuning and
temperature tuning. Angular tuning involves precisely controlling the angle between
the direction of propagation of the electric field and the optical axis of the material.
In practice angular tuning has a drawback in that the ordinary and extraordinary rays
diverge within the crystal due to their differing propagation vectors. This limits the
spatial overlap of the beams in the crystal, which is necessary for the conversion

process to occur.

The magnitude of birefringence within a crystal also bears some dependence on the
temperature of the crystal. Temperature tuning manipulates the magnitude of
birefringence within the crystal, typically by heating it to a set value. The angle of
the beam entering the crystal is held fixed; usually either at 0° of 90° to the optical
axis, and the crystal, which has a useful temperature dependence of its birefringence,
is heated until the proper phase matching conditions are met[11], [12]. Some other
methods of optimising phase matching also exist, such as engineering structural
periodicity within the material itself[13]. Precise control of phase matching is key to

efficient generation of nonlinear optical phenomena.

2.1.4. Second order frequency mixing

There are a multitude of nonlinear optical interactions which arise from second and
third order nonlinear polarisation within materials when they are subject to intense
laser sources. One common application of these effects is producing new
wavelengths of laser light by means of frequency mixing. The simplest of these
interactions is the doubling of a laser’s frequency by passing through a

noncentrosymmetric nonlinear active crystal. This process is called second harmonic
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generation or SHG. SHG occurs when a laser beam is incident on a crystal for which
second order susceptibility y® is non-zero, i.e. fulfils the noncentrosymmetric crystal

requirement. If we consider the second order polarisation contribution;

PA(t) = eox PE2(t)
Equation 9: Second order polarisation term
If the electric field is expressed as a simple sinusoidal function, the above relation
becomes:
P® = g xyPEZ cos? wt
Equation 10: Second order term expanded

By applying the trigonometric identity, the equation becomes:

1
P®@ = EEO)((Z)E(%(I + cos 2wt)

Equation 11: second order term with trigonometric identity applied

Thus if the second order term in the polarisation due to the electric field is non-zero,
a second electric field of frequency 2w is generated[3]. This relation can also be
applied to two laser sources of different wavelength incident on the same crystal, so

in general Equation 10 is written as:

P® = gox® Ey' cos wt Ey"’ cos w,t

Equation 12: General expression for two photon interaction
As a result the induced electric field from such an interaction can have a frequency

w;+w; or w; - w,. These processes are known as sum frequency generation (SFG)

and difference frequency generation (DFG) respectively. In a scenario where two
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intense laser sources are impinging upon a crystal of non-zero y~ it is possible for

not only SFG and DFG to occur, but also SHG for each individual beam.

2.1.5. Optical parametric amplification

Optical parametric generation (OPG) is a process by which a photon of an incident
laser pulse is, by a nonlinear optical crystal, divided into two lower-energy
photons[14]. The output photons, referred to as the signal and idler have frequency
such that the sum to the incident pump beam. The wavelengths generated depend on
the phase matching condition of the beam within the nonlinear crystal. The OPG is
spontaneous, and as a result, inefficient. It is possible to coherently induce this
process, as a means of generating specific wavelength beams. Optical parametric
amplification (OPA) stimulates the frequency splitting of the pump beam by also
introducing a lower energy beam of the desired output wavelength, referred to as the
signal beam. The pump beam interacts with the signal beam, inducing a splitting of
the pump beam into two photons, the signal and the idler. Successive passes of the
pump beam and generated signal beam through the crystal enhance the signal output,

resulting in greater signal beam intensity.

Figure 2: Energy diagram for optical parametric amplification. Pump beam ), and signal beam interact to
stimulate energy difference frequency generation (DFG) from the pump beam to a signal and idler beam.
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An optical parametric amplifier is a device which uses a pump beam source to create
a tuneable laser output. The signal beam can be selected by means of another
tuneable laser source, or white light continuum, which can be diffracted to select the
desired wavelength of light. The beams are passed across an appropriate nonlinear
crystal, such as barium borate (BBO) to generate a signal and idler output. This
allows for amplification of near infrared and infrared laser beams that are otherwise

difficult to generate.

It is possible to create a tuneable infrared laser source by pumping an optical
resonator with a visible laser beam and creating the appropriate phase matching
conditions. Pulsed lasers are used as the high peak intensity of the pulses is
necessary to induce the desired nonlinear response of the nonlinear crystal. The
resonator can be tuned, by temperature or angular tuning, to produce a pair of signal
and idler beams, similar to that of an optical parametric amplifier. Such a device is
called an optical parametric oscillator or OPO [15]. In the case where the resonating
cavity has an optical path that matches the repetition rate of the pulsed laser, the
pulses synchronously overlap, for optimal conversion efficiency, is referred to as a

synchronously pumped OPO, or SP-OPO.

2.1.6. Third order optical phenomena

Third order interactions are also observed for intense laser sources [6], [16]. Third
harmonic generation (THG) can occur in media with a suitable third order
susceptibility term. In this process, which is analogous to SHG for second order
interactions; three photons of frequency w interact to create one photon of frequency

3w. It is possible to produce even higher harmonics from sufficiently intense laser
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sources [17]. Third harmonic generation sees some utility as a microscopy tool for

biological samples due to its high contrast and inherent axial sectioning[18]-[21].

Figure 3: Energy diagram for third harmonic generation

The refractive index of media can be affected by intense electric fields passing
through them. When intense laser sources travel through a medium, a nonlinear term,
dependent on electric field intensity is required to be introduced to properly describe
the refractive index[5].
n=ng+n,l
Equation 13: Nonlinear refractive index

The refractive index them becomes described by the standard intensity independent
refractive index term np and a second term which is intensity dependent 722, and is
proportional to ¥, This change in the index of refraction due the laser itself is called
the optical Kerr effect[22], distinct to the electro-optic Kerr effect[23], which is
caused by an electric potential across the optical medium. The change in refractive
index gives rise to a number of other nonlinear optical effects such as self-
focusing[24]-[26]. If the refractive index increases with laser intensity, the material
can act as a focusing lens as the laser ‘bends’ into itself as it passes through the
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material. The effect then self-reinforces, as the intensity of the beam increases, as it
is focused into a smaller area, further refracting the beam inwards. Another effect
that is induced due to the optical Kerr effect is self-phase modulation. Self-phase
modulation occurs when the instantaneous change in refractive index causes a phase
change in the frequency spectrum of the light due to the frequency dependence of the
mediums’ refractive index. This effect is most often seen with intense, short,
broadband pulses when travelling through an optical fibre[27], [28]. The pulse will
exhibit a ‘chirp’; a variation in the instantaneous frequency of the pulse across its
lifetime. This chirped pulse exhibits a higher or lower frequency at the start or end of
the pulse, described as positive or negative chirp. This effect can be used to change
the spectral properties of the pulse, such as spectral narrowing of broadband
pulses[29]-[33]. With spectral focusing, oppositely chirped pulses are co-focused to
undergo SFG. If the pulses are chirped in equal magnitude but opposite direction, the
instantaneous sum frequency of the beams will create an output beam, with narrow

bandwidth but longer pulse duration.

Third order interactions also give rise to a number of interesting nonlinear processes
enhanced by the Raman transition of materials[34]. The most commonly utilised of
these processes are stimulated Raman scattering (SRS) and coherent anti-Stokes
Raman scattering (CARS). Unlike spontaneous Raman scattering, which uses a
single pump beam to induce the transition between the ground state and the Raman
vibrational state, stimulated Raman scattering uses two lasers, a pump beam and a
Stokes beam, whose frequency difference is equal to the Raman transition, to
enhance the process, causing the pump photons to be more efficiently converted into
Stokes photons, effectively amplifying the Stokes light. Coherent Anti-Stoke Raman

scattering (CARS) uses a pump, probe and Stokes photon, although the pump and
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probe are typically degenerate. CARS is a four wave mixing process, in which the
incident beam coherently induce the energy transition across the Raman state to
create a new higher energy photon[35]. The photons interact in such a way that the
conversion efficiency of the process is enhanced in the presence of Raman
oscillators, generating an anti-Stokes photon whose frequency is Zwp-ws where wp
and ws are the pump and Stokes frequencies, respectively. We will explore CARS in

further detail in the following section.

2.1.7. Nonlinear optical micro-spectroscopy

The specific generation mechanisms of nonlinear optical mechanisms offer unique
opportunities as microscopy techniques. For example, SHG can be used to assess
non-centrosymmetric materials. This has use in biological imaging for the study of
collagen and myosin[36]. Third harmonic imaging can be used to assess any material
with sufficient third harmonic susceptibility. THG is highly sensitive to optical
contrast changes within samples[18], [21], [37]. The nonlinear generation
mechanism also means that the imaging technique is intrinsically optically
sectioning, and so gives comparable axial resolution to confocal imaging. THG is
used in biological imaging to image lipids and tissue[19]. Sum frequency generation
can be used as a surface imaging technique with chemical sensitivity. SFG imaging
uses a pair of infrared and visible wavelength laser sources to induce a beam output
the sum of the source lasers. The SFG signal is detected in the presence of materials
with a molecular vibration corresponding to the infrared laser frequency[38], [39].
This technique, however, can only be applied as a general chemically sensitive

technique to surface scans, as it is restricted by the centrosymmetry requirements of
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second-order processes. Many of these techniques are used together as part of a
multimodal microscopy platform. Two-photon excited fluorescence is commonly

used in conjunction with SHG and THG for imaging of biological samples[40]-[42].
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2.2. Coherent Anti Stokes Raman Scattering

2.2.1. Theoretical background of CARS

When studying biological or organic samples, it is often necessary or desirable to be
able to identify the chemical properties of specific structures in order to denote
specific chemical or biological processes taking place within the sample. In order to
track the progress of a process over time, the technique must be non-destructive and
not perturb the sample through examination. The use of visible or infrared light
through spectroscopy or microscopy is a common way to study biological samples in
a non-destructive way[43], [44]. One such technique is spectroscopic examination of
a material by Raman scattering. Raman scattering is a type of inelastic scattering in a
medium which scatters light by exciting an electron in the medium from the ground
state to a virtual energy state and having it relax into a different vibrational energy
level and emit light of a different frequency. The change in frequency of the light,
known as the Stokes shift, corresponds to a vibrational energy state, which is Raman
active, within the sample. Conversely a transition from the higher state, to the
ground state induces a shift in frequency in the other direction, producing light of a
higher frequency to the incident light, is known as the anti-Stokes shift. The
phenomenon was first demonstrated by C.V. Raman in 1928[45]. He would go on to
receive the Nobel Prize for his discovery. The vibrational states seen within the
sample by the frequency shifts are determined by the chemical bonds present in the
scattering medium. For this reason, Raman spectroscopy has become a common tool
for assessing the chemical composition bulk materials, liquids, and gases in a wide
range of fields and industries[46]—[51]. However, the Raman scattering process is

very inefficient, it does not occur very often with respect to the number of photons
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passing through the sample[34], [52]. The Raman peaks can also often be
overwhelmed by the fluorescing background of the sample. Raman-active
vibrational modes can be more efficiently probed through coherently driving an

energy transfer across its vibrational dynamics through a nonlinear optical process.

Coherent anti-Stokes Raman scattering (CARS) is a nonlinear optical process which
uses multiple wavelengths of light. The process uses two laser sources, a pump beam
of frequency w, and a Stokes beam of frequency w; to generate an anti-Stokes signal
of frequency 2w, — ws. The CARS process is enhanced when the difference in
energy between the pump and stokes photons, w, — ws correspond to a Raman
transition within the material in which the photons interact. The pump and probe
photons are excited to different virtual energy states as the Stokes photon induces the
transition into the Raman band. The CARS process is five to six orders of magnitude
more efficient than the spontaneous Raman scattering process[34], [52], [53]. The
resultant output is also coherent and laser-like and collinear with the input beams,
leading to faster acquisition compared to the diffuse scattering of spontaneous

Raman scattering.

CARS is a third order nonlinear process, which means, unlike second order
processes, it can occur in both centrosymmetric and non-centrosymmetric media.
The magnitude of the CARS signal, in relation to how efficiently the CARS photons
are generated by the input beams, depends on the magnitude of the third order
nonlinear susceptibility term x®). The CARS process can take place in any medium
given sufficient laser sources, but the efficiency of the process increases dramatically
in the presence of Raman oscillators whose vibrational transition correspond to

wp — ws[52], [54], [55]. CARS can be said to be acting in resonance with the Raman
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transition of the oscillators, however, some CARS signal will always be generated
independent of the presence of resonant Raman oscillators. The conversion of the
pump and stokes beams to anti-stokes photons can occur in any medium. This
introduces a component of the overall CARS signal which is chemical insensitive,
and is generally referred to as a non-resonant contribution. The susceptibility term

can thus be expressed as the combination of a resonant and non-resonant term.

X® = Xres + Xnr
Equation 14: Resonant and non-resonant CARS susceptibility

The y,.s termis strongly wavelength dependent, and is relatively small, compared to
the non-resonant term when there are little or no nearby resonances. The magnitude
of the resonant susceptibility term is dependent on the presence of Raman scatterers
and how close the frequency of the vibrational mode matches to the frequency
difference of the pump and Stokes beams. A general expression for the third order
susceptibility was given by Lotem et al[56]. Thus we can express the resonant CARS
susceptibility as the following[57]:

A
Q—(wp—ws)—iFR

Xres =

Equation 15: Expression for resonant term in CARS susceptibility. Ay is defined as the Raman scattering cross-
section, w, and w, are pump and Stokes frequencies, Q is the frequency of the vibrational mode, and I’ is the line
width of the vibrational mode.

It can be seen then that the non-resonant term y,,, acts as a background signal which
limits the sensitivity of the CARS process. If x,,, is approximately equal to or greater
than y,. collecting a Raman spectra becomes difficult. The non-resonant component
of the CARS signal is generated primarily in two ways[57], [58]. The first
mechanism, shown in Figure 4b, sees the photons undergoing the same energy

dynamics as resonant CARS, except instead of using the vibrational energy band to
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transition between the Stokes and probe beams, a virtual energy state is used, making
it independent of any Raman shift. The second, more prominent contribution, shown
in Figure 4c, comes from two photon enhanced electronic excitation of the pump

beams which can be enhanced by the presence of the electronically excited state.

Figure 4: Mechanisms for resonant and non-resonant CARS generation. a) Resonant CARS generation by a
raman transition, b) Non-resonant CARS through energy transfer through a virtual energy state, c) Two photon
absorption to electronically excited state

Ag @) Ar
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Equation 16: Expanded expression for CARS susceptibility

The above equation is the generalised expression for the non-linear
susceptibility[59]. The first term is the resonant contribution, the second term is the
non-resonant term independent of Raman shift and the third term is the enhanced
contribution due to two photon electronic resonance. Q is the vibrational frequency
of the Raman shift, o is the angular frequency associated with the electronic excited
state, o, and o, are the pump and Stokes frequencies, Ar and At are constants that
represent the Raman and two photon excitation cross-sections respectively and I'r
and I't are the bandwidths (half width at half maximum) of the Raman line and two

photon excitation transition, respectively. It should be noted that by reducing the
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energy of the pump beams by using near-infrared wavelengths, the energy of the two
photon absorption is moved away from the electronically excited state, thus reducing
its contribution to the CARS signal, improving resonant signal contrast[2].
Additionally, the spectral width of the laser plays an important role in the relative
strengths of the resonant and non-resonant signals. When the spectral width of input
lasers are approximately the same width as the Raman transition, the ratio of
resonant to non-resonant CARS is the highest[57][59]. This is usually the case for
transform limited picosecond pulses. The non-resonant contribution also affects the
CARS spectral response. The resonant component of the CARS susceptibility
possesses both a real and imaginary term. The non-resonant term is solely real[52],

[60], [61].

X(3) = Re()(res) + XTLT + Im()(res)

Equation 17: Real and imaginary components of CARS susceptibility

The real component of the CARS susceptibility displays a Lorentzian line shape
across the Raman mode. This means the susceptibility term goes from positive to
negative across the frequency domain, as the difference in pump stokes frequency
versus the vibrational frequency goes from positive to negative [(2 — (a)p - a)s)].
This does not significantly perturb the signal in a purely resonant response, apart
from some broadening effects on the CARS shift. In the case where the non-resonant
susceptibility plays an appreciable role in the CARS signal, the interaction of the real
component of the resonant contribution and the non-resonant contribution, the signal
is asymmetrically perturbed compared to the Raman spectrum[52], [56]. This can be
oF,

seen through the square of the susceptibility term |y which is proportional to the

CARS signal[52].
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2
|X(3)| = Re()(res)z + XTLTZ + Im(XTES)Z + ZRe(Xres)an

Equation 18: Square of the CARS susceptibility with the resonant, non-resonant mixing term.

As with all nonlinear optical processes, CARS must meet certain phase matching

criteria. The phase mismatch for CARS is defined as:
Ak = kos — (2kp — ks)

Equation 19: Phase matching condition for CARS

In the above equation Ak represent the phase mismatch, and k, kp,, and kg represent
the wavevectors of the anti-Stokes beam. Many CARS instruments use collinear
beam geometry as it is the simplest implementation for beam alignment and
produces the best lateral resolution and image quality for CARS microscopy[62].
The phase matching condition for CARS under the tight focusing condition in an
objective aperture is relaxed because of the small interaction volume and large cone

angles of the wave vectors[59].

The CARS signal has a quadratic dependence on the concentration of Raman
vibrational oscillators present in the interaction volume of the beams at high
concentrations, and a linear dependence at low concentrations[59], [63]. This is
because, at low concentrations of resonant scatterers, the mixing of the resonant and
non-resonant terms, as in Equation 18, becomes the primary chemically sensitive
term. At high concentrations the resonant only terms, which have a quadratic
dependence, dominate. This is contrasted with spontaneous Raman which has a
linear dependence. This gives CARS superior 3D sectioning capability as the CARS
signal is strongest at the focus of the beams[57]. The CARS signal has a quadratic

dependence on the pump beam intensity and linear dependence on the Stokes beam

29



intensity[64]. The intensity of the CARS beam can be expressed in terms of the

following relation:

2, 5 (F)
Ias X |X(3)| Islz%(T)z
2

Equation 20: Intensity relationship for CARS
Ak, is the wavevector mismatch, as defined in Equation 19, z is the sample thickness,
I and I, are intensities of the Stokes and pump beams, and v is the third order

susceptibility.

2.2.2. Development of microscopy design configurations

Coherent Anti-Stokes Raman Scattering was first demonstrated by Maker and
Terhune of the Ford Motor Company in 1965, when studying third order nonlinear
effects using an intense ruby pulsed laser[1]. CARS was first developed as a
spectroscopic tool as an alternative to traditional spontaneous Raman scattering,
owing to its higher output and immunity to fluorescence[65], [66]. Even today, it is
still used to study species concentrations in reacting flows in gases and liquids[67].
The first CARS microscope was developed in 1982 by Duncan et al[68]. They were
able to image the C-D bands of deuterated onion cells using two visible wavelength
picosecond laser sources. The microscope suffered from poor contrast due to the
high background noise created by the non-resonant background component and the
resonant component of nearby chemical bands, although this was reduced by the
deuteration of the sample. The system also used a non-collinear beam geometry,
which limited spatial resolution. In 1999, CARS microscopy was reignited by
developments made by Zumbusch et al[2]. They made a number of improvements to

the CARS microscope design, including the use of NIR wavelength sources
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compared to the previously used visible spectrum lasers. The lower laser frequency
reduced the two photon enhanced non-resonant component of the CARS signal,
improving the signal contrast. The use of high numerical aperture objective lenses
also improved the performance of the microscope in two ways. Firstly, the tight
focusing conditions served to relax the phase matching conditions, provided the
pulses possessed the same path length. This allowed for collinear pump and stokes
beams geometry which simplified the design and provided the best lateral resolution.
The second improvement was that the tight focusing of the pump and stokes beams
meant that the CARS signal was generated most strongly in the focal plane. This
gave the CARS output a high 3D sectioning capability without the need to
implement confocal detection schemes, giving it another advantage over

spontaneous Raman scattering as an imaging technique for biological samples.

2.2.3. Techniques for non-resonant background suppression

There would continue to be a number of improvements made to the design of CARS
microscopes in the following years, including a number of techniques for improving
the signal to noise ratio of the CARS signal, either by enhancement of the desired
resonant signal or rejection of the non-resonant background contribution. Epi-
detection is one such method for improving the contrast ratio of CARS[57], [69].
Epi-detection collects the signal reflected from a CARS sample rather than the
forward propagating signal transmitted through the sample, known as F-CARS or
forward CARS. For thin samples, the CARS signal is generated in equal measure in
both the forward and backward direction, as both satisfy the phase matching
condition. As the sample thickness increases, the forward signal coherently interferes
to generate a strong forward signal. The backward signal however, destructively

interferes, reducing the signal in backward direction. For thick samples, the epi-
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detected signal is weaker than the forward detected signal, due to destructive
interference of the coherent signal, but has improved contrast due to small resonant
scatterers[54], [57], [64]. Epi-detected CARS is generated primarily in three ways.
The first mechanism arises from small scatterers for which destructive interference
does not completely eliminate the signal. As the size of the scatterer increases, the
epi-direction CARS photons become less intense owing to destructive interference
with the forward propagating signal and, as a result, F-CARS dominates. The second
mechanism for backwards generation of the CARS signal is from sharp changes or
discontinuities in the third order susceptibility X(S) of the sample. These sharp
changes or discontinuities act effectively as infinitely small scatterers preventing loss
due to destructive interference in a similar manner to the first mechanism. The third,
and most prominent mechanism is not CARS signal generated in the backwards
direction, but rather reflections of F-CARS occurring at changes in refractive index
of the sample, such as at tissue boundaries or other regions where the composition
and refractive index of the sample changes. Because E-CARS occurs from small
scatterers and at material boundaries within the sample, it serves to highlight small
features within the sample, where F-CARS occurs more readily in bulk sections due
to the higher proportion of Raman oscillators. Another method of reducing the
detection of the non-resonant contribution is to control the polarisation angles of the
input beams[70]-[72]. With the excitation beams at different angles of polarisation,
the resonant and non-resonant susceptibilities generate CARS outputs at differing
polarisations. By placing an analyser before the detector with a polarisation
perpendicular to that of the non-resonant background, the non-resonant component
can be effectively suppressed. Calculations of the extinction ratio show that the angle

between the pump and stokes beams that give the optimal signal to noise ratio is at
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71.6°[71]. Frequency modulated CARS (FM-CARS) probes a sample by alternating
pump beams with slightly differing frequency, one inside the resonant band and one
outside[54], [73]. By alternating these frequencies, the amplitude of the CARS signal
is amplitude modulated such that the resonant component exists as a modulation of
the signal which can be extracted with a lock-in amplifier synchronised to the
alternation of the pump beams. Heterodyne CARS, in addition to the pump and
stokes beams, uses a local oscillator beam which interferes with the generated CARS
signal[60], [61], [70], [74]. By controlling the phase difference between the CARS
field and the local oscillator field, the real and imaginary components can be
enhanced or suppressed, allowing for separate examination of the real and imaginary
terms. If the phase between the fields is set to 90°, the imaginary component is
maximised and the real component, containing the non-resonant term is minimised.
From this, the imaginary term can be extracted, which provides a CARS response
that is directly proportional to the Raman response, with asymmetric perturbations

from the real components of the non-linear susceptibility term.

2.2.4. Multiplex CARS

The ratio of resonant CARS to non-resonant background signal is shown to be
largest when using lasers with pulse widths of comparable bandwidth to the Raman
line width being probed[57]. This is due to the greatest proportion of the pulse
energy can be utilised by the Raman oscillators to generate resonant CARS signal
within the focal volume. For most Raman transitions, this corresponds to pulse
durations in the picosecond timescale. However, when there is interest in probing
multiple Raman peaks, the process can become time consuming. In this scenario, it
may be preferable to probe a band of Raman shifts using a broadband femtosecond

pulse. This technique is known as multiplex CARS[59], [75]-[81].
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Figure 5: Energy diagram for multiplex CARS

Multiplex CARS uses a spectrally broad Stokes beam to induce a CARS output from
several Raman shifts within the focal volume. The resultant CARS signal is then
recorded by a spectrometer. This has particular utility in spectroscopic techniques,
for studying fast chemical changes within a sample[82]-[87]. However, because the
energy of the Stokes pulse is spread across several bands, the resonant signal is less
strong relative to the non-resonant background signal, giving less contrast in the
CARS signal. For microscopy, or low concentration samples, this results in
increased acquisition times, which reduces imaging speed. This presents a clear
trade-off between the fast, highly sensitive technique of single transition CARS
using picosecond pulses, and the spectral range of femtosecond-picosecond pulses in
multiplex CARS. As a result, multiplex CARS is more widely used as a

spectroscopic technique, and narrow band CARS is applied to fast imaging systems.

2.2.5. Spectral focusing CARS

Spectrally broad, femtosecond pulses can also be leveraged for CARS microscopy in
another way. Spectral focusing CARS uses spectrally broad chirped pulses to create
narrow instantaneous bandwidth between the pump and Stokes pulses[80], [88]—
[90]. If both pulses display equal chirp, the pulses will display a common energy gap
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across the lifetime of the pulse. As the chirped pulse passes through the sample, they
will probe a common CARS transition. Additionally, by adjusting the time delay
between the pump and Stokes pulses, the energy gap between the pulses, and hence
the probed Raman mode, can be selectively tuned. This technique represents a
compromise in imaging speed and spectral resolution between the single transition

and multiplex CARS.

2.2.6. Sub-diffraction CARS

The ability to achieve sub diffraction resolutions at high acquisition rate without the
need for fluorescent labels, which can perturb or otherwise affect chemical or
biological processes within the sample, would represent a significant leap in
microscopy and have big applications for the study of biological specimens. For this
reason there has been great interest in achieving sub diffraction CARS microscopy.
One suggested mechanism for achieving sub diffraction CARS microscopy is to
prevent the electronic population transition from the ground state, to the Raman
active vibrational state, induced by the pump and stokes photons by use of a third
infrared control laser, which would populate the vibrational state incoherently from
another non Raman-active population state, preventing the four wave mixing process

and thus effectively suppressing the CARS process[91].
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Figure 6: Energy state diagram for CARS process suppression via control laser of population state, adapted
from Beeker et al[91].

By selectively suppressing regions of the sample by spatial modulation of the control
laser through a vortex phases, in a similar manner to STED microscopy[92], it has
been calculated theoretically[93] that near total suppression of CARS photons is
possible with a sufficiently intense control laser. Simulations of this control laser
suppression using a vortex beam with a GSD[94] analogous configuration have
suggested that a general resolution as low as 1.2 nm could be achievable with sample
tolerance to beam intensity being the practical limiting factor[95]. This technique,
however, would be sample specific in that the sample specimen must possess the
necessary additional energy state which the control laser can populate. It must also
possess the required population exchange rate between the control state and
vibrational states are sufficiently high to have an equal population distribution
between both states. Although this has been theoretically calculated, no experimental
demonstration has been performed that we are aware of, at the time of writing.
Another method for achieving sub diffraction resolution with a control laser is by
studying the sidebands generated in the CARS spectrum when the control laser is
introduced as Rabi oscillations[96]. The frequencies of the sidebands are intensity

dependent, and thus spatially dependent. By studying the resultant CARS spectrum,
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information on the position of scatterers can be found with a spatial resolution of 65
nm. A widefield implementation of CARS microscopy with sub diffraction
resolution has also been proposed[97], adapting the techniques of structured
illumination microscopy[98]-[100]. Another proposed scheme for selectively
suppressing the CARS process is by interferometry. By use of a phase controlled
local oscillator field at the anti-Stokes frequency, the induced CARS field can be
suppressed by placing each field out of phase with one another. Experimental
demonstration of a suppression of the CARS field at the local oscillator level has
been performed[101], and a scheme analogous to STED has been demonstrated with
saturation of the CARS beam on diamond particles[102]. Other forms of focal
volume engineering have also been implemented for resolution enhancement[103].
By using phase masks and spatial light modulators, alterations of the Stokes beam
have been calculated to yield resolution enhancements to varying degrees depending
on the configuration used. Multiplicative and subtractive schemes have been studied.
Multiplicative focal scheme was calculated to have a resolution enhancement of a
factor of 1.5. The subtractive scheme contains two overlapping pump beams, 90° out
of phase, where one beam has been altered by a spatial light modulator (SLM). From
these schemes, tighter focal spots may be achievable, albeit with a greater degree of

sidelobes also.

Aside from CARS based techniques, there are a number of other label-free schemes
that can achieve sub diffraction resolution. Differential imaging by alternately
imaging the sample with a Gaussian and vortex beam can yield a moderate
resolution enhancement[104], [105]. By alternately probing a sample with a
Gaussian and doughnout beam, and collecting the resultant scattered beam profiles,

high resolution information can be extracted by the difference in intensity seen by
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the two beams after probing the same region. This information can be found
mathematically or by chopping the beams at a fixed frequency and extracting the
differential component through a lock-in amplifier. However, the relative intensities
must be maintained at a fixed ratio to efficiently cancel the beam profiles, and the
potential resolution enhancement is limited as there is no means by which the sample
can be saturated by a non-linear intensity response. There is a label free imaging
technique with potentially unlimited resolution enhancement, which takes advantage
of the transient absorption of light seen in pump-probe microscopy and
spectroscopy[106]. When a pulse of light is passing through a sample, the light will
be partially absorbed corresponding to particular vibrational bonds, typically in the
mid-IR for biological specimen. By pumping a sample with an intense laser pulse
with a frequency corresponding to a vibrational absorption band, such as the C-H
vibration, and subsequently probing the sample with a weaker laser pulse, before the
vibration mode has relaxed into its equilibrium state (this occurs within the sub-
picosecond timescale[107]), the amount of absorption felt by the weaker pulse will
be reduced. This so called pump-probe component, which is the reduction in
absorption corresponding to an increase in the transmitted probe beam intensity, is
saturable and can be exploited for resolution enhancement techniques such as the
differential imaging scheme discussed earlier. The information contained in an
image from this scheme is also useful in that it is chemically sensitive to the
transition which is being probed. In order for biological samples to be probed, the
transition energies needed correspond to infrared wavelengths, meaning the
diffraction limited PSF 1is larger than visible wavelengths. This means that a
resolution enhancement factor of 10 would only bring the resolution of the system

would be comparable to confocal visible microscopes[108].
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In general, super-resolution CARS microscopy is a widely investigated field; as such
technique would be a significantly useful and versatile instrument for studying
samples. Many of the techniques discussed here are still theoretical propositions that
still need to be experimentally demonstrated. Of those that have been experimentally
demonstrated, the only technique that moves beyond the factor of 2 enhancement
ratio by a utilising nonlinear approach is the saturation CARS microscopy scheme.
However, this technique possesses its own limitations, as it uses very high excitation
power, and has been demonstrated on diamond samples. Organic samples would
likely experience photodamage, so this technique may only be applicable to highly

durable samples.

2.2.7. CARS in-vivo

The capability of CARS imaging to monitor sample with molecular sensitivity
without the need for fluorescent labelling presents a clear opportunity for study of
biological samples without the need for fluorescent dyes or similar probes. In
particular, in-vivo CARS imaging has clear utility for biology and medicine. Epi-
detected CARS gives particular contrast to small features and areas of refractive
index interfaces within samples. This serves to highlight fine details within
biological samples. Video-rate in-vivo images of mice have been recorded using
conventional CARS systems[109]. They were able to monitor diffusion of mineral
oil throughout the epidermal layer of the specimen. CARS has also been used in
conjunction with two-photon fluorescence microscopy to monitor tumour
growth[40]. Differential imaging of the cellular structure at different Raman shifts
served to highlight the tissue features corresponding to various chemical stretches.
Another benefit of CARS is that it can be easily combined with other nonlinear

imaging techniques for multimodal imaging. TPEF, SHG and THG all provide
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complimentary benefits when used in combination with CARS microscopy[110],
[111]. SHG imaging in biological samples is most commonly applied to imaging of
collagen and SHG active materials. THG, as it is a third order process, manifests
more generally in samples, can provide a bulk material image in reflection

microscopy, in contrast to the more interfacial images from Epi-CARS.

2.2.8. CARS spectroscopy of reacting flows

CARS spectroscopy is widely used in gas phase reacting flows for thermometric and
species concentration measurements[87], [112], [113]. CARS spectroscopy is
advantageous for studying combustion reacting flows due to its chemical selectivity,
spatial resolution, laser-like output and low absorption quotient. Intense, brief laser
pulses are well suited to studying highly turbulent gas-phase reactions. Several novel
applications of CARS spectroscopy has been developed to improve the performance
and capability of CARS spectroscopy at high temperatures and pressures, which is
detailed in a review by Roy et al[67]. For any spectroscopic technique, the ability to
probe several chemical species at once is of obvious utility. One early and widely
adopted technique to increase the spectral range of CARS spectroscopy in
combustion measurements is dual-pump CARS[112]. Two pump beams of differing
wavelength are used to excite the sample, one at fixed wavelength, the other
tuneable, along with a broadband Stokes beam, allowing for probing of a broad
range of chemical species. Similarly, dual broadband CARS uses two broadband
Stokes beams, with a single narrowband pump laser to probe a wide spectrum[114].
This work was adapted on to probe rotational Raman shifts, which exhibit much
lower energies, and so require closer wavelength excitation beams. Rotational CARS
uses a broadband beam to stimulate the transition across the rotational energy state,

with a resonant photon pair within the lasers spectral band. A narrowband beam then
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contributes the excitation into the higher energy state, typically degenerate with the
pump beam in conventional CARS schemes, to induce the CARS signal
generation[115]. More modern developments in CARS spectroscopy leverage the
electronic state of the system to enhance signal strength to facilitate detection of
minor species. Electronic resonance-enhanced CARS (ERE-CARS) uses a UV pump
beam matched to an electronic state within the probed sample to enhance the
conversion rate of the CARS beam[116]-[118]. Most practical applications of CARS
spectroscopy in reacting flows require the beams to overlap spatially without the use
of low-working distance objective lenses as in microscopy applications, so phase
matching becomes a practical concern. Folded BOXCARS configurations are most
commonly used to provide a high spatial resolution phase matching condition, and
produces a CARS beam at a separate vector to incident beams, eliminating the need
for spectral filtering[119]. Although conventionally, most CARS spectroscopy
configurations used ns or ps pulse duration lasers, for their sharp spectral resolution,
fs pulse lasers are becoming a more widespread area of research for spectroscopy,
because of the possibility to increase the measurement rate to the kHz scale[87],

[113],[120], [121].

2.3. CARS in liquid solutions

2.3.1. Flow cytometry

The dynamics of liquid solutions, chemical reacting flows and microfeatures in
solution are widely studied in the fields of biochemistry, cell biology, molecular
biology and related fields[122]-[124]. Optical monitoring of these systems is a well-
established framework with a wide variety of techniques and approaches[125]-

[127]. Flow cytometry is a useful technique for examination of cellular features or
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small scattering particles in solution[128], [129]. In conventional flow cytometry,
light scattering is used to monitor cell size and relevant scattering information that is
refractive index dependent. There are a number of well-established techniques for
particle sizing in flow cytometry. Measurement of the intensity of side scattering
from a source laser is on such optical means of particle sizing[130]. The intensity of
laser light recorded from a side mounted detector relative to the transmission line of
the laser is calibrated for a range of sizes and used to size particle populations. Cell
sizes can also be determined via electrical impedance measurement[131]. Electrodes
placed along the channel wall are monitored for changes in the recorded impedance.
The differential variation of impedance is measured from successive electrodes
placed along the channel wall. This allows for determination of the particles size and
flow speed. Line scanning a laser across the width of channel with known flow speed
at a sufficiently rapid rate that captures the width of the particles as it passes through
is another means of particle sizing. This technique is limited however, by the ratio of
scan rate to flow speed. The scans must be sufficiently fast to capture the particle
size, and so practically, large particles, tens of microns in size are the optimal size
category to measure. In general, linear scattering optical techniques offer little
chemical specificity, and generally can only provide morphological
information[ 132]. Fluorescent dyes are introduced to label specific chemical markers
to facilitate extraction of chemical information from flow cytometry[133], [134].
However, the range of chemical species that can be simultaneously assessed is
limited by the number of fluorescent dyes that can be distinguished. However, the
use of fluorescent dyes requires additional sample preparation, can perturb the
sample and risks photobleaching. Adapting CARS as a flow cytometry tool offers a

label-free alternative to fluorescent dyes for collecting chemically relevant
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information from a flow cell. CARS cytometry is a fast, sensitive tool for monitoring
chemical reactions[135], population size distribution[136], or distinguishing
chemically distinct features in flow[83]. CARS can also be used in tandem with

other techniques for improved data extraction[82].

2.3.2. Correlation Spectroscopy

Correlation spectroscopy is a widely used method of studying diffusion dynamics
and temporal information from flow cells. The laser monitors the motion of particles
within a solution at a fast relative to the motion of the particles. The temporal
fluctuations of the laser signal is analysed by cross-correlation of the signal as a
function of signal delay. From this, temporal characteristics, such as flow speed or
diffusion coefficients can be obtained[137]. When a signal is assessed relative to
itself, it is called an auto-correlation function. The correlation of two distinct traces
to assess common dynamic behaviour, typically with some system dependent delay,
is a cross-correlation function. In some cases, labelling the particles, or introducing
fluorescent dye to the bulk solution, offers high contrast and sensitivity for
monitoring specific compounds of interest in biological systems[138]-[141]. As with
flow cytometry, CARS spectroscopy can be adapted to them to offer a label-free
means of chemically sensitive identification. CARS correlation spectroscopy
operates in much the same manner as other forms of correlation spectroscopy, with
the added benefit of CARS optical sectioning, chemical sensitivity and high

sensitivity[84], [142]-[144].
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3. Chapter 3
Coherent Anti-Stokes Raman

Scattering Microscopy
Instrumentation

In this chapter, the development of a custom built CARS microscopy platform is
described. The technical specifications of the laser platform upon which the CARS
system was developed, the technical requirements of CARS microscopy and what
considerations were made in the construction of the platform are outlined. Various
improvements were made to the platform to improve signal stability, beam quality
and to maximise excitation beam focal volume overlap. Detection systems were
designed to optimally collect the CARS signal for image construction and
microfluidic monitoring. The technical performance of the system is outlined by
reporting on the experimental results of imaging on PS and PMMA spheres, for
demonstration of the chemical selectivity and the spectral resolution of the system.
The imaging of Raman-tagged functionalised silica beads for use in immunoassay

diagnosis is reported.

3.1. Introduction

Coherent Anti-Stokes Raman Scattering (CARS) microscopy is a label-free
chemically sensitive imaging modality that probes chemical species in a sample, by
exploiting the vibrational resonances of Raman active molecular bond oscillations.
CARS probes the same molecular vibrations as Raman spectroscopy, however where
it differs from Raman spectroscopy is that CARS uses multiple laser sources to

probe a specific chemical transition, and produce a coherent signal that is resonant to
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the presence of the probed Raman shift. By coherently driving the signal, the
resultant CARS beam intensity is several orders of magnitude stronger than the
output from traditional spontaneously generated Raman scattering[1]. The stronger
signal allows for faster acquisition times, and the lack of fluorescence makes it a
better imaging modality in comparison to traditional spontaneous Raman scattering.
It also possesses other advantages, such as being optical sectioning in the axial plane,
and capable of being used in conjunction with other nonlinear imaging techniques,

such as SHG.

3.1.1. Overview of CARS process

The CARS process operates by probing a specimen with multiple lasers, in the
visible or near-infrared region. Typically two beams are used, a pump beam and a
Stokes beam, with the pump beam serving a degenerate role as the pump and probe
photon in the CARS interaction. The beams are focused onto a sample, creating a
region of high electric field intensity at the focus. At the focal point, the input beams
interact via a third-order nonlinear process, generating a new coherent output. The
energy band gap dynamics of the photonic interaction are shown in the below

diagram.
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Figure 7: Energy diagram of CARS process. The pump and Stokes beam w, and w; interact with the Raman
mode Q,;, to generate a new photon ..

This interaction mechanism can occur in any medium with a non-zero third order
nonlinear susceptibility term, but the conversion efficiency of this four-wave mixing
process is greatly enhanced in the presence of a medium that possesses a Raman
vibrational transition with an energy gap equal to the energy difference of the pump

and stokes beams.
hyip = hwp, — hws
Equation 21: Energy requirement for resonant CARS

The presence of these Raman active regions can be used as a means of chemical
fingerprinting, to collect chemical information from the sample. By scanning a
sample with the excitation beams, a map of specific chemical species can be
constructed within the sample. This allows for chemical distinction of visually
similar features, or to examine the distribution or movement of certain molecular

species throughout a sample. This has relevant applications in the study of biological

samples[2].
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3.1.2. Non-resonant background signal

A degenerate signal that is not chemically resonant to the CARS transition can also
be generated at the sample level via the excitation beams. This process occurs by
other four-wave mixing interactions that do not need to involve the Raman transition
being probed. In practice, this creates a non-resonant background signal in CARS
spectroscopy and CARS imaging. Non-resonant CARS signals can be generated by
the pump and Stokes beams transitioning into virtual energy states instead of Raman
excited states, or by exciting electronic states through two-photon enhanced
absorption, via the pump beam. Electronic excitation, which is the dominant of the
two mechanisms, can in practice be mitigated by using lower energy near infrared
laser rather than higher frequency visible lasers. This lowers the energy of the two
photon absorption below the electronic bands, diminishing the effect of this
contribution. This improves the signal contrast of CARS, which opened up its use as
a practical microscopy tool[3]. A common technique to remove the non-resonant
contribution from CARS images is to record a second image with the CARS beams
tuned to a frequency away from any Raman modes. This produces an image with
solely electronic contribution, which can be subtracted from the CARS image with

both resonant and non-resonant signals, to leave only the resonant contribution.

3.2. Technical design of Ti:Sapphire/OPA CARS platform

3.2.1. Pump and Stokes beam generation

The pump and stokes beams for the CARS microscope are generated through use of
a Coherent Libra Ti:Sapphire Regenerative Amplifier laser source. The laser output
is a pulse train with a wavelength of 800 nm, and pulse duration of 100 fs at a 1 kHz

repetition rate. The laser produces approximately 4 W of power, which is introduced
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into a Second Harmonic Bandwidth Compressor (SHBC). The beam is passed
through a Light Conversion SHBC, which converts the 800 nm, 100 fs beam into a
<2 ps beam at 400 nm. The beam is converted by splitting it into two separate
beams. Each beam is chirped, one negatively and one positively. The chirped pulses
are recombined in a BBO crystal, where spectral focusing second harmonic
generation produces an output beam with narrower bandwidth, and longer pulse

duration.

Figure 8: Pictured, OPA with highlighted beam paths. The 400 nm beam pumps the signal via several passes
through the BBO crystal. The white light continuum (WLC) allows for selection of the signal wavelength in
combination with a diffraction grating.

The 400 nm beam pumps an Optical Parametric Amplifier (OPA), which can tune
the beam to any wavelength from 400 nm to 4 pm (with an appropriate DFG crystal,
for mid-infrared wavelengths). Optical parametric amplification is another nonlinear
optical process that uses the interaction of multiple photons to generate coherent
beams with a new wavelength relative to the input beam. The OPA uses a pump
beam, in this case the 400 nm beam, and a signal beam, a weak beam that is the
desired output wavelength. The signal beam is acquired by a white light continuum
(WLC), generated with a portion of the 800 nm beam in the SHBC and passed
through to the OPA. The WLC is passed through a diffraction grating, and though

electronically controlled motors, extracting the desired wavelength which is then
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sent to the nonlinear crystal. The pump beam is passed through a nonlinear active
crystal, and spatially overlapped with the signal beam. The OPA process effectively
splits the pump beam into two new beams, the signal and idler. The combined
energies of the signal and idler beam equal that of the pump beam. The pump beam
is passed through the crystal three times, to enhance the signal beam generation. The
resultant signal beam is filtered from the idler beam, as they are collinear at the
output of the OPA. This signal beam is then treated thereon as the pump beam for
the CARS process. In practice, for CARS, we would only need to tune the pump
beam between roughly 600 nm — 800 nm for any relevant vibrational transitions (this

corresponds to a Raman shift from 0 to 4000 cm™).

Figure 9: Pictured, Ti:Sapphire regenerative amplifier (right) and SHBC & OPA (left)
3.2.2. Stokes beam filtering
One of the chirped 800 nm beams from the output of the SHBC is used as the Stokes
beam for the CARS system. The beams possess a small relative angle entering the
nonlinear crystal in the SHBC, and so can be separated spatially by an iris. The beam
is separated from the output of the SHBC with a dichroic mirror, and is filtered by a

bandpass filter (CVI optics ‘F1.5-794.7-4-25.0M’, CWL 794.7 nm, FWHM 1.5 nm).
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Figure 10: Spectra of Stokes beam with and without CVI bandpass filter. Intensity is scaled pre and post filter
curves.

Shown in Figure 10 is the observed spectrum for the 800 nm Stokes beam. The
spectrum was recorded by a 1 second exposure of the beam with and without the
filter in the beam path (note, filter cuts Stokes beam power by factor of ~25). The
spectrometer used was a Princeton instruments Acton series SP2300, with a 600 /mm
diffraction grating onto a PIXIS 256 CCD camera. When filtered, the Stokes beam
has a FWHM of 1.5 nm, or =~ 24 cm™. For comparison, the pump beam, which is
tuned as needed, and so the spectrum will vary, has a bandwidth around 0.5 nm. The
residual spectrum from the Stokes beam centred on 803.4 nm is still present within
the beam, but is temporally separated due to the chirp of the beam pulse. We have
verified that when the temporal delay between the pump and Stokes beams are
altered, the CARS response changes in wavelength in accordance with the change in
temporal delay, which observed when monitoring the CARS response from the
spectrometer. A shift in the CARS position of 1.6 nm is found by addition of the
bandpass filter, in comparison with the unfiltered beam (the temporal delay was

adjusted by 0.19 mm, to maximise the signals). After being spectrally filtered, the
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Stokes beam is focused by a 5 cm lens through a 100 um pinhole, to improve the
beam spatial profile. The resultant beam has narrow spectral width and an even beam

profile.

Figure 11: Pictured, lens and pinhole optics in Stokes beam path.

3.2.3. Intensity stabilisation circuit

The output beam from the OPA, which serves as the pump beam for the CARS
process, varies in intensity, to a degree that is troublesome for the purpose of
imaging. The conversion process in the OPA is subject to variation from subtle
movement of the 400 nm pumping beam and the white light supercontinuum as they
overlap within the nonlinear crystal. Temperature and humidity variation can cause
thermal shifting of the optical components, affecting the overlap and as a result the
conversion efficiency of the OPA. We observe a c. a. 20% variation in the signal
intensity over a several seconds in typical operation. This variation creates visible
streaking in linear scattering images, but due to the quadratic dependence of the

CARS signal on the pump beam intensity, the variation is further amplified. A
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feedback system was implemented to stabilise the intensity of the pump beam,

before combination with the Stokes beam.

The stabilisation system operates by monitoring the pump beam intensity before
combination with the Stokes beam. The Stokes beam is more stable, with 1-2%
variation, so not stabilisation optics are used. A sapphire window splits a small
portion of the beam, which is then reduced by a neutral density filter (NDF), and
focused onto a photodiode (Thorlabs DET10A/M). The photodiode signal is sent to a
lock-in amplifier (Stanford Research Systems SR830 DSP Lock-in Amplifier),
converting the pulse train into a DC signal which allows the pump signal to be
monitored. A 1 kHz reference signal from the Ti:Sapphire laser sets the reference
rate for the lock-in amplifier. The time constant of the signal was set to 3 ms. This
DC signal is monitored by an Arduino processor, with a programmed PID negative
feedback system, producing an output voltage signal, which attempts to maintain the
input signal around a fixed voltage level, of 700 mW. This voltage output modulates
the amplitude of the square wave output of a function generator, (TTi TG330) which
produces a 2 kHz square wave output. This square wave is connected to a parallel
nematic liquid crystal plate, which rotates the polarisation of the pump beam in
response to the input function generator signal. A fixed polariser is positioned after
the tuneable plate, so that the degree of rotation undergone by the pump beam
reduces its intensity thereafter, but maintaining the polarisation at the microscope.
This system produces a negative feedback loop, which maintains fixed pump beam
intensity at 1.3 mW, though the set point can be altered. This system reduces the
noise seen when imaging, improving contrast and eliminates streaking on the
images. Without stabilisation, the system can typically exhibit up to 20% variation in

signal intensity depending on OPA alignment and atmospheric conditions. The
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addition of the stabilisation optics reduces the signal noise to less than 5%. Figure
12 shows typical operation of the OPA output when no correction is made to the

beam intensity and the response from the stabilisation system.

Figure 12: (Left) Liquid crystal plate and fixed polariser in pump beam path. (Right) Pump beam intensity
recorded by oscilloscope. Demonstration of pump intensity without and with stabilisation, respectively. (Bottom)
Lock-in amplifier, Arduino circuit and function generator.

3.2.4. Temporal overlap

The temporal width of both the pump and Stokes beams are in the picosecond
timescale. This means that each beam path length must overlap with sub millimetre
accuracy. The reported pulse duration of the OPA is <2 ps, which corresponds to a

pulse length of 0.75 mm. This was achieved through careful measurement of the
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separate beam paths and retro-reflective mirrors mounted to translation stages for
precise temporal alignment. When necessary changes to the alignment of the beam
paths, or optical components were added to the beam paths, a translation stage on the
Stokes path is adjusted to match the optical paths of each beam. For small changes
this could be practically achieved by maximising the intensity of the CARS signal on
a piece of glass by moving the screw on the translation stage. For larger adjustments,
a photodiode, with a fast electronic decay response time (Newport 818-BB-45), was
placed in the path of the combined pump and Stokes beams. The photodiode
specifications report a <350 ps rise time. The pulses of the beams were monitored by
a high bandwidth oscilloscope (Agilent infiniium 5485A DSO 4 GHz). Although the
final pulse width of the beams as seen on the oscilloscope were in the hundreds of
picoseconds, a sufficiently close match of the optical paths could be achieved, where
the beam path lengths are typically a few millimetres apart, with a final fine

adjustment made on the delay line.

3.2.5. Telescopic adjustments

The beam profiles of each beam were not perfectly Gaussian, due to imperfections in
the alignment of the overlapping beams during the various nonlinear conversion
processes used to generate them. It was necessary to improve the beam profiles in
order to allow for optimal CARS conversion. The pump beam was expanded by a 2 x
telescope and a portion of the beam with minimal distortions was passed through an
iris before recombination with the Stokes beam. The Stokes beam similarly was
focused through a 100 pm pinhole within a 2x magnification telescope-collimator
system, to produce a more regular beam profile. The magnifications of the telescopes
were selected to produce a beam size that fills the back-aperture of the microscope
objectives.
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It was found that the conversion efficiency of the CARS signal was reduced due to
chromatic aberration between the pump and Stokes beams. This was due to the
microscope objectives and other optics in the microscope apparatus. This meant that
the focal volumes of the beams were not fully overlapping at the sample, and so the
potential CARS signal that could be generated was less than optimal. This was
compensated for by mounting the second lens of the 2x magnification telescope on
the Stokes line on a movable translation stage. The beam was adjusted to be slightly
focusing rather than perfectly collimated, when entering the microscope. Through
adjustment of the Stokes beam’s collimation, a ca. 50% improvement in CARS
intensity was observed from the sample (in comparison to alignment with a

collimated beam).

Laser properties

Ti:Sapphire-OPA system
Repetition rate 1 kHz
Stokes wavelength 800 nm
f;lngg tuneable 400 nm - 4 um
Typical pulse 5_40n]
energy ranges
Pulse width 2.5 ps

Table 1: Laser properties of the Ti:Sapphire-OPA laser system.

3.2.6. Microscopy detection system

The CARS signal is recorded in forward scattering transmission mode. The pump
and Stokes beams were focused onto the sample using various microscope

objectives, depending on the experiment. The CARS signal is generated at the focal
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volume of the microscope objective and collected using a 0.75 NA 100x Zeiss
objective. The CARS signal is separated from the forward scattering pump and
Stokes beams by passing the transmitted light through a dichroic mirror (Thorlabs
DMLP605 605 nm longpass) and further filtered by bandpass filters (Semrock, CWL
535 nm, FWHM 150 nm) (Thorlabs, FB550-40 CWL 550 nm FWHM 40 nm).The

CARS signal is recorded by a Hamamatsu R12829 PMT.

Pump
Stokes = OPA SHBC Ti: Sapphire
400 nm s— laser
CARS ===
EFC —D DM
L SW M
P/ L PH L - PD | | PM
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Figure 13: Schematic of laser system. P-polariser, M-mirror, DM-dichroic mirror, DL- delay stage, BS-
beamsplitter, L-lens, PH-pinhole, SW-sapphire window, EFC-electronic feedback circuit, OBJ-objective, S-
sample, SF-spectral filter, PD-photodiode, PM-Photomultiplier tube.

The PMT signal is passed through a lock-in amplifier (Signal recovery 7268 DSP
lock-in amplifier), which converts the CARS pulse train into a DC signal. As with
the lock-in amplifier used in the intensity stabilisation circuit, a reference signal is
used from the Ti:Sapphire laser, to set the timing of the lock-in amplifier. Typically
a time constant of 5 ms was used when recording images. The lock-in amplifier
output is recorded via National Instruments DAQ, BNC-2110 shielded connector
block, and PClIe-6351 I/O device. The DAQ also drives the piezoelectric scanner

stage (NanoCube® XYZ Piezo Stage) on which the sample is mounted with a field



of view of up to 100x100 pm. The sample is scanned line by line, to construct an
image, using a custom LabView program. A CCD monitors the reflected light to
examine features and establish the focus on the sample. The system also allows for
linear scattering imaging with transmitted light through a confocal pinhole system of
size 100 um, by a 5 cm focal length lens. A bandpass filter (Thorlabs FB650-40
CWL 650 nm FWHM 40 nm) is mounted before the photodiode to reject the Stokes
beam. The signal is recorded by a silicon photodiode (Thorlabs DET10A/M). This
can be useful for establishing the morphology of the sample before CARS imaging.

The reflected or transmitted light can also be sent to a spectrograph.

P Lock-in
ump amplifier
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- |
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Figure 14: (Left) Schematic of detection system. OBJ-objective, S-sample, SF-spectral filter, L-lens, PH-pinhole,
M-mirror, DM-dichroic mirror, PD-photodiode, PM-Photomultiplier tube (Right) Pictured, microscope and
detection optics.

3.2.7. Liquid solution monitoring system

In addition to using the CARS platform as a microscopy tool, it can also be used to
monitor particles in flow within a solution. Before being employed as a microscopy
tool, CARS spectroscopy was used to monitor chemical reactions in gas phases[4],
[5]. Similarly, it can be used to monitor liquid phase solutions, and monitor chemical
changes therein[6]—[8]. The sensitivity of CARS, allows for fast timescale

monitoring of fluctuations in the signal. This allows for fast image collection, but
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similarly, it can be used to monitor fast changes in a fixed focal volume. I use CARS
to study the variation in CARS response from particles in flow within an aqueous
sample. CARS spectroscopy allows for a chemically selective means of monitoring a
solution. The forward linear scattering response, as recorded by transmitted intensity

of the pump signal is simultaneously monitored by a photodiode.

Pump
Stokes PC
CARS === [

DAQ
=
Pulse stretcher Pulse stretcher Pulse stretcher
circuit circuit circuit

_
Pump B

PD |/ BS PD | | PM
’é% Stokes SF ISLF
| MF —'—PH

OBJ OBJ

Figure 15: Schematic of microfluidic detection system. OBJ-objective, MF-microfluidic chamber, SF-spectral
filter, L-lens, PH-pinhole, M-mirror, DM-dichroic mirror, BS-beamsplitter-photodiode, PM-Photomultiplier
tube.

An essential property of monitoring the CARS fluctuations in solution is the ability
to quickly monitor changes in the beam focus. The properties of the laser limit the
temporal resolution to <2 ps ‘snapshots’ at a 1 kHz repetition rate. For microscopy,
we used a lock-in amplifier to produce a DC signal from the pulses recorded by the
PMT, in order to monitor the CARS signal. The lock-in amplifier aggregates the
response of several pulses to construct the varying DC signal. This does not present a

problem for imaging, as speed is not a priority, and the per pixel dwell time can be
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set to be longer than the response time of the lock-in amplifier. However, for
microfluidic scans we prioritise a high throughput of particles through the focus. In
order to collect sufficient statistics from the particles in solution, the flow speed of
the solution must be so fast that we cannot collect multiple pulses from the sample
bead as it passes through the focus, i.e. the maximum event time must be less than 1
ms. In this system we wish to maximise the response speed of the detection system,
so a pulse detection apparatus was constructed that allows for single pulse extraction
by the DAQ. The PMT that collects the CARS signal has a 22 ns typical transit time.
The duration of this pulse is too quick to be collected by the 1 MHz sampling rate of
the DAQ. To overcome this incompatibility, the PMT signal is treated by an active
circuit system that stretches the pulse to decay over a period of roughly 400 ps. The
circuit has three sections; an RC differentiator, an active rectifier, and an inverting

amplifier, acting as a buffer circuit.

Figure 16: Circuit diagram of pulse stretcher system

The first section of the circuit, receives the output from the PMT. The circuit
consists of an LM741 operational amplifier, resistor and capacitor in an RC
differentiator configuration. The inherent bandwidth limitation of this RC

differentiator design is leveraged to cause reliable oscillations across a timescale that
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is useful for our detection purposes. The capacitor value was selected to achieve the
desired decay timescale, with the resistor chosen to give the desired amplification, in
combination with the capacitor. Shown in Figure 17 is voltage output response from
the RC differentiator circuit section simulated using PSPICE. PSPICE is a circuit
simulation program that simulates voltage traces based upon circuit diagrams
designed with pre-programmed list of known components. The simulated circuit was
set up as in Figure 16, with the values shown. The simulated voltage pulse train at
the input of the op-amp was a 2 V amplitude pulse, 22 ns pulse duration, with a 2 ns
rise and fall time. These values are the manufacturer specifications of the response
times of the PMT, which is assumed to be representative for a 2.5 ps laser pulse

incident upon the detector. The voltage pulses occur at 0.25 ms and 1.25 ms.
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Figure 17: Simulated signal output from RC differentiator circuit

The output of the RC differentiator gives a consistent oscillation and decay response,
along the desired timetable. However, given that the signal oscillates from positive
to negative, integration by the DAQ becomes troublesome. This problem is
addressed by applying an active rectifier circuit after the RC differentiator. This
gives a wholly positive output. A 22 nF capacitor is added between the rectifier
circuit’s output and ground to flatten the curve between successive oscillations to
give a smooth decay curve. The simulated response of the two sections of the circuit,

with the same input conditions as in Figure 17, is shown in Figure 18.
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Figure 18: Simulated signal response of active rectifier circuit

This output can now be easily integrated by our DAQ. However, before the signal is
sent to the DAQ, it is passed through an inverting amplifier, to prevent the signal
response being affected by current draw by the DAQ, as the passive component in
the circuit, the 22 nF capacitor could be affected, which would alter the signal

output. The final output is then an inverted signal, shown in Figure 19.

Figure 19: (Left) Signal response of pulse stretcher circuit. (Right) Oscilloscope reading of circuit response

The final output of the pulse stretcher circuit possesses pulse amplitude proportional
to the PMT signal amplitude, with a consistent exponential decay. This signal is
collected via National Instruments DAQ, BNC-2110 shielded connector block, and
PCle-6351 I/O device. The signal acquisition rate of the board is maximum 1 MHz
for a single input signal, but is limited to a lower acquisition rate of 100 kHz when

acquiring multiple input sources. The signal is processed by a LabView program.
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The signal is recorded for 100 ms at a time; it is then processed to extract the pulse
information. A triggering mechanism within the LabView program is used to find
the beginning of the pulse; it is then integrated over a fixed interval of 400 us. This
process is repeated for all fully recorded pulses found within the 100 ms interval.
The integrated pulses are plotted on a timetrace, and successive 100 ms traces are

recorded for the given duration of the timescan and saved within a data file.

Multiple signals are recorded simultaneously via this process. The CARS response is
monitored from the PMT and the transmitted pump beam intensity, or LS signal is
collected by photodiode. Both sensors are passed through identical pulse stretcher
circuits. A secondary photodiode, which is monitoring the pump beam intensity,
before combination with the Stokes beam is also stretched and recorded by the DAQ.
This signal is used to trigger the start of each pulse to be integrated and recorded by
the program. Early measurements used a threshold criterion on the linear scattering
(LS) signal pulses to trigger the timing for when each pulse started, but when the
signal would drop, due to low signal transmission from activity in the beam focus,
the timing would be lost and both beams would not be recorded correctly. The

additional sensor was added to regulate timing with a constant pulse train.

3.2.8. Limitations of the system: repetition rate and photodamage

The low repetition rate of the laser necessitated the use of a lock-in amplifier, or
pulse stretcher circuit for signal collection. The minimum per-pixel scan time of 1
ms is further lengthened for image collection as the response time of the lock-in
amplifier is necessarily several times longer than a single pulse. At a 5 ms per pixel
scan rate for a 128 x 128 pixel image, the minimum scan time, neglecting mechanical

motion of the scanner, is 82 seconds per image. For comparison, early systems after
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Zumbusch et al[3] report pixel dwell times in the milliseconds[9]-[11], but more
modern CARS systems generally report pixel dwell times in the ps scale[12]-[15],
although milliseconds dwell times are also common for multiplex CARS[16], [17].
Most CARS microscopy systems use laser systems with 80 MHz repetition rates.
Given that high repletion rate lasers can report video-rate CARS images[18],
imaging speed is far from optimal. There is limited reporting in the literature of
CARS microscopes built with 1 kHz repetition rate lasers[19], apart from its earliest
incarnations with continuous wave lasers[20]. Laser repetition rates in the kHz band,
are typically most commonly used for CARS spectroscopic applications, rather than
microscopy[21], [22]. In these cases, multiplex CARS spectroscopy is being
employed, with femtosecond laser sources. The low repetition rate requires a high
pulse power in order to collect a usable signal from the PMT, as we are collecting a
CARS signal from only a few pulses. This can cause damage to the sample over
successive scans, so we must work at the lowest possible power to minimise the
degradation of the CARS signal when multiple scans are required. Polystyrene beads
were found to be robust samples to withstand several images without photodamage.
They were commonly imaged at combined pump and Stokes pulse energies of 30 uJ,
though the power used to image a sample would vary depending on the size and
material of the sample, as smaller beads would give lower overall signal and so
require higher excitation power. The study of biological sample photodamage when
undergoing CARS microscopy has been characterised in the literature[23]. Both
linear and nonlinear dependencies were reported in relation to excitation power.
Coherent Raman induced vibrational absorption and high laser excitation frequencies
also contribute strongly to photodamage. Nevertheless, despite relatively slow scan

rate, and higher than typical propensity for photodamage, the CARS platform
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discussed previously displays good image contrast, strong signal to noise ratio at
sufficient excitation power and sharp chemical selectivity. There are also avenues to
take advantage of the high pulse energies. The wide range of tuneable wavelength
outputs from the OPA allows for probing of potentially any relevant Raman
transition. Other platforms, such as the one that will be discussed in Section 3.3, has
a lower limit of potential Raman shifts in the hundreds of wavenumbers. Given that
CARS responses can be extracted from single pulses, it may be possible to probe a
sample over a 1D or 2D domain. Line scans of the microfluidic channel could
provide useful snapshots of the flow. Widefield CARS may also be possibly
implemented on this platform. A widefield CARS platform with a ns laser source has
been reported[24], [25]. The reported pulse power on the sample was 500 puJ, which
is higher than can be achieved with this laser, but a lower field of view may allow
for a feasible widefield platform. In summary, the low repetition rate and high pulse
energy is less conventional approach for a narrowband point-scanning CARS
microscope, but clear imaging can be achieved, and the per-pulse response does

possess some potential for further exploration.

3.3. OPO microscopy platform

In addition to the CARS microscope described so far, a second CARS microscope
was later implemented on a fibre laser source with accompanying OPO platform.
The system possessed an 80 MHz repetition rate which allows for reduced energy
per-pulse, which limits the potential for sample photodamage while still collecting a
strong signal at the detector. In addition to the reduced peak energies, the high
repetition rate allows for <1 ms acquisition times, which present a clear
improvement over the Ti:Sapphire-OPA system, in terms of rate of acquisition. This

system was primarily used as a microfluidic monitoring system, the results of which
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will be discussed in Chapter 5. Some microscopy experiments were also performed
relating to identifying the differing phases of amino-acid glycine crystals using a
combination of CARS and SHG imaging. The results of these experiments are

discussed in Appendix A.

Figure 20: Pictured, fibre laser and OPO laser system.

The Spark Lasers Antares series picosecond fibre laser source produces a 1064 nm
output and a second harmonic output at 532 nm. The pulse train has a repetition rate
of 80 MHz, and each pulse has duration of 6 ps, and up to 6 W of power from the
532 nm beam. The 532 nm beam is used to pump the APE Levante Emerald NIR
OPO. The 1064 nm is used as the Stokes beam, with the tuneable output of the OPO
serving as the pump beam. The OPO can be tuned from 690 nm to 990 nm in the
signal beam output. This allows for probing of Raman transition from 700 cm™ to
5000 cm™. Each beam is expanded by telescopes to fill the objective apertures. The
pump laser has a 3x expansion, and the Stokes has a 2x expansion. The position of
the latter lens in the Stokes beam is adjustable to account for chromatic aberration
and to maximise the focal overlap at the sample to optimise the CARS output. The

beams are combined by a dichroic mirror (Thorlabs DMLP905), overlapped spatially

75



and temporally, and sent to a custom-built transmission microscope, similar in
design to the Ti:Sapphire OPA system, albeit in a horizontal configuration. A CCD
(Allied Vision Prosilica GC) is mounted to collect the reflected signal from the
microscope objective. This allows for monitoring of the axial focus and to identify
sample features. It also allows the spatial overlap of the pump and Stokes beams to

be verified.
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Figure 21: Schematic diagram of Fibre laser-OPO CARS microscopy platform. DM-dichroic mirror, DL- delay
line, BS-beamsplitter, OBJ-objective, MF-microfluidic slide, SF-spectral filter, L-lens, PH-pinhole, PM-
photomultiplier.

A pair of photomultiplier tubes (Hamamatsu H11901-20) was used to collect dual
images of the sample simultaneously. A dichroic mirror (Chroma, T770lpxr)
separates the CARS signal from the pump and Stokes beam. Spectral filters
eliminate any pump and Stokes signal before collection by the PMT. For CARS
imaging a 650 nm bandpass filter (Thorlabs FB-650-40), is used to filter the
nonlinear signal, and for SHG imaging a bandpass and shortpass filter (Semrock
FF01-535/150-25, CWL 535 nm, FWHM 150 nm) (Thorlabs FESH600, CWL 600

nm) are employed. The secondary PMT collects the pump signal, after passing
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through a confocal system, 5 cm lenses focused through a 25 pum pinhole. The
objectives used varied depending on the sample being imaged. The photomultiplier
tubes were connected to pre-amplifiers (Hamamatsu C7319), the output of which
was connected to a National Instruments DAQ, BNC-2110 shielded connector block,
and PCle-6351 I/O device. The DAQ also drives the piezoelectric scanner stage
(NanoCube® XYZ Piezo Stage) on which the sample is mounted with a field of view

of up to 100x 100 pum.

Figure 22: Pictured, custom built transmission microscope with dual photomultipliers for CARS and LS
detection.
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Laser platforms

Ti:Sapphire OPA system Fibre laser-OPO system
Repetition rate 1 kHz 800 MHz
Stokes 800 nm 1064 nm
wavelength
Pump tuneable 400 nm - 4 pm 660 nm - 990 nm
range
Typical pulse 5_40nJ
energy ranges
Pulse width 2.5ps 6 ps

Table 2: Laser properties of the Ti:Sapphire-OPA laser system and the fibre laser OPO system.

3.4. Conclusions

In this chapter I have outlined the technical design and specifications of the CARS
microscope I have built using a Ti:Sapphire and OPA laser system. I discussed the
technical optimisations made to maximise the CARS signal, and improve image
quality. The system uses intensity stabilisation optics to reduce signal variation, and
pinhole filtering telescope systems to improve beam profile and maximise focal
volume overlap between pump and Stokes excitation beams. The low repetition of
the laser also necessitates signal processing solutions to collect the CARS signal for
image scanning or microfluidic measurements. The recording system for both the
microscopy modality and the solution monitoring modality were outlined. The
technical design of the fibre laser-OPO platform was also discussed. The system has
similar imaging capabilities to the OPA platform. It is tuneable across a wide range
of Raman shifts, and in addition, the lower energy per pulse allows for more

consecutive images with less photodamage to the sample.
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4. Chapter 4

Label-free multimodal CARS
analysis of microparticles in
unconstrained microfluidics

4.1. Introduction

The detection and quantification of biomolecules and of other biological species in
unconstrained microscopic flow systems is key to the development of widely
applicable, fast and accurate diagnosis based on liquid biopsy. Multimodal optical
micro-spectroscopy offers in principle the means to probe complex biological
solutions in microfluidic channels and ultimately directly in the vascular system for
in vivo examination[1]-[3]. However, unprocessed bodily fluids such as blood and
urine lead to optically complex flows as these contain plethora of species of various
sizes and concentrations with thus strong background[4]—[6]. In microfluidics, the
experimental problem is typically simplified by probing pre-filtered specimens with
an optical microscope to minimise the measured volume and by hydrodynamically
focusing the flow to minimise out-of-focus optical perturbations[7], [8]. Spatial
selectivity is also, more often than not, enhanced by probing dye-labelled specimens
with fluorescence. It is however very desirable to develop optical methods that are
capable of label-free detection also in free, unfocussed flow as a prerequisite to the

analysis of biologically complex fluids.

Here, we investigate how the simultaneous recording of non-linear coherent anti-
Stokes Raman scattering (CARS) and linear scattering (LS) affords label-free
identification of microscale species in heavily scattering, unconstrained flows.

CARS is a four-wave mixing, non-linear optical process that, in resonance, probes
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the Raman vibrational modes of molecules [9], [10]. CARS is advantageous over
spontaneous Raman scattering [11], [12] as it is free from fluorescent background
and several orders of magnitude more intense[13]—[15], which is of particularly high
relevance for real-time detection. CARS has also been adapted by others to the study
of particles and microparticles in solutions. For example, CARS was used as optical
probe in flow cytometry and as an alternative to fluorescence in correlation
spectroscopy (FCS) [16]-[19]. In microfluidic systems, CARS has been exploited
with hydrodynamically focused flows [20]-[22] for monitoring biological specimens
in flow[21], or to obtain a population size distribution of adipocytes[22]. Bulk
solutions can also be monitored to study hydrogen bond formation in a kinetic
reaction[23]. In this chapter, I will outline the technical design of the system, how
the data is interpreted, in particular, how the CARS signal is interpreted in order to
probe particles in an unconstrained fluidic microsystem. Furthermore, I will discuss
how CARS and LS multimodal plots enhance the CARS spectral sensitivity and

selectivity, as well as the ability to quantify the flowed specimens.

4.2. CARS imaging and spectral response

In the following section, I will discuss technical performance of the Ti:Sapphire-
OPA CARS microscope through demonstrations of imaging various samples. The
systems performance will be addressed, including the signal to noise ratio at low

excitation power, chemical selectivity of mixed sample and spectral resolution.

4.2.1. Chemical selectivity in mixed samples

The capability and utility of the CARS platform is most clearly demonstrated by
chemically imaging a sample with similar optical but differing chemical properties.

A sample of mixed polymer beads was prepared by dry casting a solution of 2 pm
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polystyrene beads and 1 pm Polymethyl-methacrylate (PMMA) beads onto a glass
slide. The Ramam spectrum of the PS & PMMA beads were also recorded with a
commercial instrument (Horiba Scientific, LabRam HR Evolution) equipped with a
Synapes MCD detector (Horiba Scientific). The Raman spectra was acquired in 3 s
in back reflection using an infinity corrected long working distance objective (Leica,
NA 0.55 x50) with excitation of ca. 1 mW at 532 nm. Figure 23 shows the Raman

spectra of each bead from 2800 cm™ to 3200 cm™.
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Figure 23: Raman spectrum of PS and PMMA beads.

From the overlapping spectra, we see that the greatest chemical contrast of PS over
PMMA is at 3050 cm™, and vice versa at 2950 cm™. CARS images of the mixed
sample were recorded at each Raman shift. For our system, the pump beam is tuned
to 639.6 nm and 643.8 nm to probe the 3050 cm™ and 2950 cm™ shift respectively.
The beams were focused onto the sample with a 1.3 NA oil immersion objective at
an excitation power of 6.3 uW and 1 pW, pump & stokes power, respectively. The
pixel dwell time was 5 ms acquisition per pixel with an additional 2 ms idle time to

prevent a smearing effect from the lock-in time constant. The sample was focused
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approximately 1 um above the glass slide, when the CARS contribution from the
glass disappears. This ensures that we focus into the beads, and that contribution

from the glass is negligible.

Figure 24: Individual and false colour CARS images of PS-PMMA sample. 3050 cm ™ image (PS) shown in green,
2950 em™ image (PMMA) shown in red.

From Figure 24, a clear contrast can be seen from each image. The larger PS beads
can be clearly seen in the 3050 cm™ image and the smaller PMMA beads appear in
the 2950 cm™ image. For clarity, we overlay the images with in the green and red
channels of an RGB coded bitmap, the 3050 cm™ image in green, and the 2950 cm™
image in red. No additional post processing is applied to the images shown in Figure
24. The raw intensity values recorded from the DAQ are overlaid, with clear
distinction between the differing beads. As a note, no background subtraction was
made to reject the non-resonant contribution, as the recorded non-resonant signal is

comparable to the dark current noise from the PMT.

84



Figure 25: Left) Subsection of dual colour image of PS-PMMA sample. Right) Line scan of CARS intensity for
each Raman shift.

Shown in Figure 25 is a line scan of the same area from each CARS image. The line
scans are overlaid with corresponding colours to the false colour image. The dark
current signal recorded from the lock-in amplifier is c.a. 0.22 V. The CARS signal
from the PMMA beads ranged between 1.1 V to 4.32 V. This gives an approximate
signal to noise ratio of ~8% for the 2950 cm™ image, the weaker of the two signals.
The CARS signal from PS beads ranged between 2.67 V to 7.64 V, across the entire
image (Figure 24). The chemical selectivity is also evident from the pair of images.
Any CARS contribution from the PMMA beads at 3050 cm™ is below the noise of
the image, and the PMMA response is much stronger than from PS at 2950 cm™, as

we would expect from the Raman spectrum recorded (see Figure 23).

4.2.2. Comparison of CARS and Raman spectrum for polystyrene

The previous set of images show clear chemical selectivity between two Raman
shifts 100 cm™ apart. The differing beads can be clearly distinguished based on their
chemical structure. We further explore the technical performance of the system by
reconstructing a portion of the Raman spectrum using CARS. A sample of 5 um PS
beads was prepared and scanned at a series of Raman shifts, ranging from 2800 to

3100 cm™ at increments of 10 cm™. The images were recorded with excitation power
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of 7.5 uW and 5.5 pW pump and Stokes power before focusing by a 0.6 NA 50x
Leitz Wetzlar objective. The pixel dwell time was 5 ms acquisition per pixel with an
additional 2 ms idle time to prevent a smearing effect from the slow response time of
the lock-in amplifier. Photodamage of the beads could be observed on the sample
after successive images, which reduced the observed CARS signal. In order to
establish a consistent measure, the field of view of the scan was moved to a fresh,
unscanned region after each CARS image was recorded. Additionally, the intensity
of the CARS signal can vary depending on the axial focus of the beams within the
sample. This would further perturb the measure, as the stage was moved to fresh
areas, and the sample stage possesses some axial tilt. We account for this by
scanning half the sample at a consistent of 3050 cm™, corresponding to the centre of
the C-H stretch, and the second half of the image at the test Raman shift
wavenumber. The OPA system relies entirely on electronically controllable
mechanical positioning to tune the wavelength, so switching is fast relative to scan

speed (approx. <I s switching time).

Figure 26: Image of 5 um PS bead taken at two separate Raman shifts.

Figure 26 shows an example of one of these CARS images, where a clear change in

CARS intensity can be seen at the switching of the pump wavelength, halfway
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through the scan. The 3050 cm™ portion of the image is used to normalise the CARS
intensity measured by the scan. Several images were recorded in this manner at a
spectrum of wavenumbers. Intensity of the excitation beams were monitored before
each scan for consistency, and a low power linear scattering image was taken of the
region before each scan to ensure a good portion of beads were present in each
section of the image. The power of the beam was reduced by a factor of 100, to

prevent photodamage during this image, and during repositioning and refocusing.

Figure 27: Selection of CARS and scattering images at different wavenumbers.

Figure 27 shows a selection of these images. Note that the CARS intensity can drop
low enough such that beads are effectively invisible to the scan at particular Raman
shifts. Line scans of between 5 to 7 beads were obtained from the top and bottom
halves of all the images. A measure of the CARS intensity was defined from the
average peak intensity at the centre of the beads in the line scan. The dark current, as
measured from an empty region of the scan was subtracted from these values. The
test wavenumber CARS intensity, recorded at the top half of the image was divided
by its corresponding lower half of the image CARS intensity as a normalisation
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factor. From this, a CARS spectrum was constructed. Only a portion of each image
was sampled, as the left side of the images exhibited a smearing effect from the
scanner starting a new line, as the lock-in would retain information from the
previous line. The CARS intensity is plotted as a function of wavenumber, below

overlaid with the corresponding Raman spectrum.

Figure 28: CARS and Raman spectra of PS beads with Ti:Sapphire OPA CARS system. Raman spectra shown in
dashed line. CARS plotted as data points with moving average fit to plot solid line.

It can be seen from the spectra shown in Figure 28 that the peaks at 3050 cm™ and
2910 cm™ on the Raman spectrum are downshifted on the CARS spectrum. On the
CARS spectrum, the two features corresponding to the Raman shifts can be clearly
seen, but in particular with regards to secondary peak, we see a maximum at 2870
cm™, a 40 cm™ shift relative to the Raman spectrum. The 3050 cm™ peak is
broadened relative to the Raman peak. It is worth noting that CARS spectra will not
perfectly agree with Raman measurements due to the contribution from the non-

resonant background contribution. Similar CARS spectrums are reported for

88



polystyrene[26]. Additionally the third order nonlinear susceptibility of CARS
contains a real and imaginary component. The mixing of the real component of the
resonant susceptibility and the non-resonant susceptibility results in a blue-shifted
asymmetry in the CARS spectrum. Extraction of the imaginary component of the
resonant contribution, which matches with the Raman spectrum, have been

reported[15], [27], [28].

4.2.3. CARS detection of Raman tagged & functionalised silica spheres

The CARS microscopy platform was used for the identification of Raman tagged
silica spheres. Within our research team, Daragh Rice is developing a series of multi-
functional particles for multiplex suspension immunoassays. These particles are
tagged with Raman active thiols that display strong peaks between 1700 cm™ to
2100 cm™, a region that is typically silent on the Raman spectrum for cells and other
biological samples. Through polyelectrolyte coating, a further layer of silica is
coated on the particle, with a final step of crosslinking to a capture antibody, chosen
to bond to a target antigen. By pairing a series of capture antibodies with
corresponding Raman tags, a multiplex immunoassay with several unique identifiers
can be created. This allows for the identification of specific protein markers via the
narrowband emission of a CARS or Raman output, compared to a broad excitation
from fluorescent tags, which are more commonly used for such immunoassays.
However, fluorescent tags are also employed as a complimentary component for
identification of the same beads. Mixtures of several of these spheres were prepared
on glass slides for CARS imaging. Three sets of coated beads with different Raman
tags were selected for testing. The tags used were ethynylaniline (EA),
mercaptobiphenyl carbonitrile (MBCO), and S-[4-[2-[4-(2-
Phenylethynyl)phenyl]ethynyl]phenyl] thioacetate(PP).
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Figure 29: Raman spectrum of Raman tags for silica beads

Figure 29 above shows the set of Raman peaks selected for imaging. A mixture of 1
pum silica beads, coated with MBC, and EA, and 3 um beads coated with PP were
prepared on a slide for imaging. The pump laser was tuned to 686.6 nm, 675.9 nm
and 674.9 nm, corresponding to Raman shifts of 1981 cm'l, 2212 em™ and 2234 cm’
! for the EA, PP and MBC resonances respectively. Additionally, a CARS image
recorded at 681.0 nm (2100 cm™) was used to obtain a non-resonant background
image. 100x 100 pm scans of the sample were recorded with a 0.8 NA 50x Olympus
objective used to focus the excitation beams and collected using a 0.75 NA 100x
Zeiss objective. The excitation power was set to 7 uW and 5 uW pump and Stokes,
with 5 ms per pixel dwell time. The silica beads were found to possess a significant
non-resonant signal, so an off resonant image at 2100 cm™ was used to subtract from
each image recorded at the Raman peaks. The CARS signal was filtered by a 600 nm

bandpass filter (Thorlabs FB600-40).
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Figure 30: CARS images of three tagged beads mixture. Non-resonant image subtracted.

The sample was found to be more susceptible to photodamage, so high resolution
images were difficult to obtain, as the bead could burn during successive scans.
Given the sparse and random distribution of the beads on the slide, large field of
view images with limited pixel density, resolving individual beads was difficult to
accomplish practically. As four scans, three resonant and one background, were
needed to assess the sample, the dwell time on each bead was minimised. Given that
we cannot allow for sufficient scan time to resolve individual particles, we simply

identify domains of different beads.
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Figure 31: Superimposed CARS images on false colour. EA resonant transition shown in blue, MBC in red and
PP in green.

The larger PP beads gave the most intense CARS signal, but clear domains of MBC
and EA beads can be seen. Further characterisation of these samples proved difficult,
as photodamage to the samples limited repeat or long dwell time scans.
Nevertheless, we can use the CARS platform to identify the presence of each bead,
albeit destructively. Rapid identification of the spheres, via their corresponding
Raman tags, can be achieved, with the appropriate test wavelengths and the proper

considerations for limiting damage.

4.3. Microfluidic monitoring of particles in solution

4.3.1. Interpreting particle events.

Measurements of the solution are made by simultaneously recording the CARS and
LS signal observed from within the microfluidic chamber. The optical signals are
expressed as timetraces, where the CARS and LS optical signals vary in time in

response to perturbations of the beams from within the microfluidic chamber. Both
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signals demonstrate a non-zero signal from the water, resulting from a transmitting
LS signal with little overall scattering, and a CARS response from the non-resonant
contribution, and a minro resonant response from the OH band of the water. The
signal is characterised by a roughly constant signal in the bulk solution, with sharp
spikes occurring simultaneously on both timetraces, at random intervals. These
simultaneous sharp deviations from the baseline signal correspond to beads passing
through the beam focus. These sharp changes in both optical signals, (seen as spikes
on the timetrace in Figure 32), are categorised as in-focus events, or particles passing
through the beams’ focus. Events that occur only on one signal are considered to
arise from out-of-focus events. The LS signal would possess a larger focal volume in
comparison to the nonlinear optical volume, and so tends to possess more overall
perturbations from the baseline in comparison to the CARS signal. The LS signal is
categorised as having a baseline response, with a loss in signal as beads pass through
the beam. The CARS response is more complex. The baseline response is noisier in
comparison to the LS signal, owing to the dark current of the photomultiplier tube
(PMT). The CARS response from simultaneous events on both timetraces, can be a
positive or negative perturbations from the baseline. In addition, shadowing of the
CARS signal is observed, which results in a broadening of the baseline reposne from
the water (see Appendix B for explanation of shadowing). An example of the
timetrace is shown in Figure 32. It is therefore difficult to extract data from direct
inspection of the timetrace. The data is assessed by examining the response of both
signals as a gestalt of all events rather than as individual datapoints. The relationship
between both signals is examined through a 2D plot of both signals. The magnitudes

of each signal from simultaneous measurements are plotted on a 2D histogram to
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establish how the signals vary in response to one another. Examination of the 2D

histogram reveals a characteristic response between both signals.

Figure 32: Left) Subset of timetrace for CARS and LS signals. Right) 2D plot of CARS and LS signal for full
scan. A 50 fM solution of 5 um beads is passed through channel at a rate of 100 pl/min. CARS is tuned to Raman
shift of 3050 ecm™. The colour scale of the 2D plot is denoted such that all bins in the histogram sum to 1.

At a flow rate of 100 pl/min through a 100x175 pm channel, the flow speed is 197
mm/s. This means that a 5 um particle passing directly through the focus, would
spend approximately 25 us in the laser focus. As the sampling rate of 1 kHz is lower
than the time taken for the bead to pass through the focus, we only obtain random
degrees of CARS and LS signal perturbation. From the 2D plot of the CARS and LS
signal in Figure 32, we can see a definitive correlation between the two signals. The
red spot in plot corresponds to the most frequently occurring state, which is the bulk
solution of the water solution. As the bead passes through the focus, both the signals
drop and rise again in a U-shaped pattern. This trend is categorised as a characteristic

curve related to the polymer bead interacting with the laser focus. This will be

detailed further in Section 4.3.2. The properties of this characteristic curve will be
exploited to obtain chemical information and quantitative event data from the scans

in later sections.
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4.3.2. Interpretation of the characteristic response of polymer beads

We note a characteristic response from the in-solution measurements from the CARS
and LS signals. In order to establish a better understanding of this curve, we use
images of these particles on glass slides to develop a means of interpreting and

ultimately exploiting the 2D in-solution plots.

Figure 33: (a) LS pump transmission image showing 4 clustered PS microparticles on glass (scale bar 5 um). (b)
CARS image (Raman shift 3050 cm™) of the same area as in (a). (c) Line profiles extracted from (a) and (b)
normalised so that the maximum signal is 1. (d) LS versus CARS scatter plot constructed from the data in (c).
The plot exhibits a U-shape with the C branch marking positions in the line profiles where the microparticle
crosses the optical focus and thus where the PS resonant CARS signal is measured. The S branch marks those
positions where there is no microparticle and where the LS is decreased from scattering at the microparticle
edges.

In focus LS images and matching CARS (3050 cm™) images are shown in Figure
33a-b. Line profile are extracted across one PS microparticle are shown in Figure
33c. In the CARS image, the microparticles are observed as single protrusions, while
in the LS image, they are seen as ringed depression as a result of the pump beam
being more scattered at the microparticles edge and beam transmission only slightly
reduced at their centre. Thus, it is already apparent that monitoring the LS intensity
alone cannot unambiguously discriminate between the cases where a microparticle is
in-focus or not, unless the entire profile is recorded and unless this is achieved

without perturbation from out-of-focus events, as it is the case here with the
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microparticles dispersed on a glass slide. The data points from the line profiles from
Figure 33c are plotted on a 2D scatter plot, seen in Figure 33d, in the same manner
that the microfluidic measurements are plotted on the 2D histogram in Figure 32.
The corresponding LS versus CARS scatter plot presented in Figure 33d reveals a
characteristic U-shaped curve where the gap between branches (labelled C and S, see
Figure 33d) is proportional to the resonant CARS signal strength at a given Raman
shift. In the unconstrained microfluidics where out-of-focus events will strongly
affect the LS intensity and where full microparticle profiles cannot be recorded (due
to the microparticles velocity with respect to the laser pulse duration and repetition
rate), we propose to exploit such scatter plots to associate in-focus microparticle
events. It is worth noting that only points in the C branch can be unambiguously
exploited to collect the in-focus CARS signals, as the S branch includes both (near-)
in-focus and out-of-focus events. In comparison to these line scan profiles of beads
on glass, the aqueous measurements show a definitive tilting of the designated
branches (refer to Figure 32 for reference). This is due to out-of-focus scattering,

particularly of the CARS signal, and is discussed in further detail in Appendix B.

4.3.3. Aqueous measurements across a Raman shift

Our interpretation of the dataset from Figure 32 and Figure 33 suggest that the
strength of the CARS response can be interpreted based on the separation of the c-
branch from the s-branch. This hypothesis is explored through measurements of PS
beads at a range of Raman shifts. Aqueous solutions (ca. 50 fM) of PS microparticles
were pumped into the microfluidic system (100 pul/min). CARS and LS time traces
were recorded for 50 seconds in the centre of the 175 um wide channel, with the
focus set 100 um below the top glass cover slip. The excitation power of the pump

and Stokes beam were 30 uW and 15 uW, respectively before the objective entrance.
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An estimated 50 beads pass through the microchannel cross-section per ms with a
flow velocity of ca. 95 mm/s. Also in keeping with the pulse duration of ca. 2.5 ps
and with the CARS diffraction-limited probing volume being less than the size of a
microparticle, it is thus expected for a laminar flow that only ca. 1 out of 350 of the 1
kHz laser pulses will probe an in-focus microparticle. Also the same microparticle

should only be probed by a single pulse.

Figure 34: (a-i) LS versus CARS 2D histograms with the Raman shift set from 2800 cm ~' to 3200 cm™. The
histograms are presented in logarithmic scale to emphasize the C branches, which are clearly visible where
CARS resonance occurs (at 2800 cm™ and 3050 cm™). The counts were normalised such that all plots sum to 1,
as denoted on the colour scale.
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LS and CARS time traces were simultaneously recorded for a set of scans, where the
Raman shift is scanned from 2800 cm™ to 3200 cm™. The corresponding LS versus
CARS 2D histograms are presented in Figure 34a-i. At 3050 cm™, where the
aromatic CH stretch CARS resonance is expected, we clearly recognize the U-
shaped distribution seen in Figure 33d for drop casted PS microparticles. The intense
spot at ca. LS 0.15 a.u. and CARS 0.2 a.u. matches with the non-resonant CARS
generated from water (verified in a separate experiment where pure water is flowed
in the microfluidic system). This intense spot marks thus those events where the
microscope focus is empty of microparticle. Moreover, both ¢ and s branches are
tilted towards low LS and CARS values because of out-of-focus microparticles
scattering pump, Stokes and CARS beams and reducing their intensities (see
Appendix B). The 2D histograms also clearly reveal that c-branches are better
defined at ca. 2800 cm™ and 3050 cm™, respectively in the spectral vicinity of the
aliphatic and aromatic C-H stretch Raman resonances. The c-branch is characteristic
of in-focus microparticle events, and it is clear that these events can be
unambiguously and individually recognised on those 2D histograms where the c-
branch is well separated from the s-branch, that is when CARS spectral resonance

occurs.
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Figure 35: 2D plot of CARS (3050 cm™) and LS response for 5um PS beads in flow in aqueous solution. Left
shows full plot with dotted line indicating filtering threshold. Right shows only filtered data.

Spectral identification of the in—focus microparticles is also verified by
reconstructing a spectrum for the c-branches for all Raman shifts. It is noted that
extraction of one CARS values from the 2D histograms is not straightforward. We
define a relationship between the CARS and LS signals such that a line is defined
above which the data is filtered (see Figure 35), the exact filtering criteria will be
discussed in further detail in the following chapter. Here, we decided to pick the
CARS value which matched half the c-branch counts measured at 3050 cm'], which
has the clearest defined C branch. For these values where the count number is too
low (i.e. where a c-branch is not readily apparent), the CARS value of the water spot
was taken. Such reconstructed CARS plot is superposed to the CARS and
spontaneous Raman spectra recorded on glass in Figure 36. A qualitative agreement
is observed in both aliphatic and aromatic region of the spectrum, confirming the
chemical specificity of the multimodal CARS/LS approach. It is noted that a
complete agreement is not expected as non-resonant water CARS also interferes, and

the effect of shadowing add complexity to estimation of the relative signal strengths.
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Figure 36: CARS (orange) and spontaneous Raman (red) spectra of PS microparticles dried on glass. Recording
of CARS spectrum (orange), described in Figure 28. A CARS spectrum is reconstructed from filtered c-branch
data from microfluidic timetraces shown (blue).

4.3.4. Effect of filtering of c-branches in 2D plots

To highlight the advantage of co-analysing CARS and LS simultaneously, we show
in Figure 37 b & c, 1D histograms of the LS and CARS time traces recorded with the
Raman shift set at 2800 and 3050 cm™, respectively. As expected, the two LS 1D
histograms do not vary with the change in wavelength, as the LS signal is not
wavelength dependant. Moreover, with empty focus and in-(full)-focus events
leading to approximatively the same LS intensity it is not possible to extract any
information on the in-focus microparticle events, which are several orders of
magnitude less likely. Conversely, the 1D CARS histograms exhibit a wavelength
dependence with the event distribution showing a shoulder at 3050 cm™ where the

resonance is the strongest (see arrow). However, at 2800 cm™ such shoulder is
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unclear in the 1D histogram, even though a clear C branch is observed in the 2D

histograms in Figure 37a.

When the c-branches are extracted from the 2D histograms, via the filtering
mechanism shown in Figure 35, a more accurate statistics of the in-focus events can
be made. In the 1D histograms plotted only from C branch events (i.e. in-focus
events) shown in Figure 37d, we count at 3050 cm™ that ca. 1 out of 156 laser pulses
detect an in-focus microparticle. At 2800 cm™, we count that ca. 1 out of 500 pulses
successfully detect in-focus microparticles. These values are to be compared to our
estimation above that in an idealised system 1 out of 350 pulses probe in-focus
microparticles. It is thus likely that at 3050 cm™ most of the detectable in-focus
events are indeed detected. The better statistics found at 3050 cm™ versus 2800 cm™
is attributed to the difficulty in separating the C and S branches at the “bottom” of
the U-shape curve when the gap between branches is small. Some in-focus events at
2800 cm” are thus not unambiguously discriminated and are lost. Yet, the
improvement with respect to CARS alone analysis remains significant. For
comparison, if we were to only rely on the recorded CARS signal, we can only
distinguish CARS events that possess a magnitude unambiguously larger than the
baseline signal. Observation of the plots in Figure 34 clearly shows that virtually all

c-branch information is lost.
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Figure 37: (a) 2D histogram at 3050 cm™ with the boundary between C and S branches shown as a dashed line.
The whole histogram count is normalised to 1. (b) LS 1D histograms at 2800 and 3050 cm™ (respectively orange
and blue; offset for clarity). (c) Same for CARS. (d) .1D histograms of the c-branches at 2800 cm™ and 3050 cm’™
(linear norm. count scale).

4.4. Conclusions

In this, it has been demonstrated that by co-monitoring the LS and CARS response
from solution of polymer particles in flow, we demonstrate that it is possible to
significantly enhance the fraction of unambiguously and instantly recognised in-
focus microparticles in unconstrained flows. The spectral response from the CARS
signal was reconstructed from a series of images of PS beads and from the beads in
flow. Our experiments move away from the focussed flow conditions reported by
others[20]-[22] and closer to realistic, optically more complex flow systems such as
the vascular system. It is also confirmed that CARS retains its spectral sensitivity
when measuring these in-focus events despite the heavy scattering of the pump,
Stokes and CARS intensities from out-of-focus transits. In principle the multimodal
approach can be extended to multiplex or broadband CARS [18], [20], [21] and to

other optical signals (TPEF, SFG, SHG, etc.) for increased robustness and
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selectivity. These steps will strengthen the approach and help move further towards

the monitoring of biologically complex specimens in a diagnostic setting.
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5. Chapter 5
High rate monitoring of

microparticles in microfluidics via
multimodal CARS platform

5.1. Introduction

In this chapter I report on a microfluidic monitoring system developed from a fibre
laser-OPO system. In previous chapters, the CARS platform utilised a Ti:Sapphire
regenerative amplifier based laser source. Although the laser and OPA allowed for
generation of a tuneable pump beam with fixed Stokes necessary for CARS
microscopy, the low repetition rate of the laser meant it was not an ideal platform for
CARS. A 1 kHz repetition rate inhibited the ability to record multiple data points
from events occurring in less than 1 ms. This rate limit meant that individual events
of particles passing through the laser focus occurred on a timescale that prevented
multiple successive pulses to record a single event. In order to collect a useable
sample size of particle events, a sufficiently high flow rate was chosen; 100 pl/min
in the case of the OPA system. This translates to a maximum event time of 25 ps for
a 5 um particle. Reducing the flow speed to compensate for a 1 ms acquisition speed,

would make scan collection times impractical.

In order to collect a useful CARS signal from a single laser pulse, the energy in each
pulse needed to be quite large. The estimate per-pulse excitation energy for the OPA
system ranges from 5 — 40 nJ, depending on the type of measurement. This power
was what was required to detect a CARS signal from the sample at the PMT. As

such, replicating the in-solution monitoring system to a higher repetition rate laser
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source represents a substantial improvement in the capabilities of the platform.
Increasing the number of pulses reaching the detector in the same time period
reduces the per-pulse excitation power. The fibre laser system possesses an 80 MHz
repetition rate and is thus better suited to CARS micro-spectroscopy. The excitation
power used for the OPO system was typically 50 mW, or ~625 plJ per laser pulse.
This represents a reduction in the per-pulse energy by a factor of 64. The higher
repetition rate allows for reduced energy per-pulse, which limits the potential for
sample photodamage while still collecting a strong signal at the detector. In addition
to the reduced peak energies, the high repetition rate allows for <I ms acquisition
times, which present a clear improvement over the Ti:Sapphire-OPA system, in
terms of rate of acquisition. The performance and capability of the new platform
allow for further insight and examination of the particles in an unconstrained flow.
Examination of flow rate dynamics is observed, showing that the measurement
criteria of the system accurately reflect the timing of in-focus events. I will also
elaborate on the selection criteria for in-focus events and how these criteria affect the

quality of results obtained from the acquired data.

5.2. Instrumentation and imaging

A full description of the Fibre laser-OPO platform on which the following
measurements were taken is given in Section 3.3. [ will comment briefly on how the

signals are recorded and how they differ from the OPA platform.

A pair of photomultiplier tubes (Hamamatsu H11901-20) is used to collect the
CARS and LS signals from the solution simultaneously. The photomultiplier tubes
are connected to pre-amplifiers (Hamamatsu C7319), with a bandwidth of 200 kHz.

A dichroic mirror (Chroma, T770lpxr) separates the CARS signal from the pump
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and Stokes beam. Spectral filters eliminate any leakage of the pump and Stokes
signal from the dichroic before collection by the PMT. The outputs of the
preamplifiers are connected to a National Instruments DAQ, BNC-2110 shielded
connector block, and PCle-6351 I/O device. No pulse stretcher circuitry is required
for signal acquisition, in comparison to the Ti:Sapphire-OPA system, as the high
repetition rate of laser, coupled with the decay time of photomultipliers and the
bandwidth of the preamplifiers create an effective DC signal that can be recorded by
the DAQ without the need for additional circuitry. The solution is monitored by
pumping it through a 100x175 pum (depthxwidth) microchannel (microfluidic-
ChipShop) with a NE-300 Just Infusion™ Syringe Pump. The CARS and LS signals
are recorded simultaneously by the DAQ at a rate of 700 kHz, and averaged to a per-
data point rate of 10 kHz. An advantage of this platform over the previously
described OPA platform is that the NIR laser source reduces the non-resonant
electronic excitation induced CARS signal[1]. This reduces the CARS contribution
from the bulk water signal. In addition, the higher sampling rate, afforded from the
80 MHz laser repetition rate allows for the study of individual events of features

passing through the CARS focus.

5.2.1. Imaging on glass slides

As with the OPA system, the spectral sensitivity of the CARS microscope was
established by imaging monodispersed polystyrene microparticles (Sigma Aldrich,
Sum) drop casted from aqueous solutions dried on a clean glass slide. The reduced
peak pulse power of the OPO system meant no discernible loss in CARS signal from
successive scans, so the same field of view could be imaged across the Raman shift,
without needing to account for focal drift, or sample damage. A series of CARS
images was collected on the sample at a spectrum of wavelengths from 800 nm to
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820 nm, which corresponds to a Raman shift from 2800 cm™ to 3100 cm™. The beam
was focused onto the sample with a Leitz Wetzlar 0.6 NA 50x objective, and
collected with a Zeiss 0.75 NA 100x objective. The excitation power at the sample
was 60 mW, 30 mW pump and Stokes. The per pixel dwell time was 2 ms. The
intensity over a single bead was integrated, and used to determine the CARS
intensity at that Raman shift (see Figure 38). A CARS spectrum was then
constructed. The Raman spectrum of PS, as shown in Figure 38 is superimposed for
comparison. Both datasets are normalised to 1 for relative contrast and plotted

below.

Figure 38: Left) CARS spectrum for PS, as recorded by OPO system is shown in solid line. Raman spectrum is
shown in dashed line. Right) Image of PS bead recorded at 3050 cm™. Intensity integrated over dotted circle
used to obtain CARS value for graph.

As a note, the FWHM of the CARS peak at 3050 cm™ is approx. 50 cm™. For
comparison, the FWHM for the same peak from the OPA system is approx. 75 cm’.
This is in line with expectations for both systems, due to the longer pulse duration of
the fibre laser, and the NIR excitation wavelengths reducing the non-resonant CARS

contribution, which can have a perturbing effect on the CARS spectrum|[2].
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5.3. Defining in-focus events

Conventional flow cytometry constrains the flow of particles into a well-defined
flow volume, for consistent measurement, via hydrodynamic focusing[3]-[5]. This
simplifies measurement and analysis reducing sample level factors that can affect
results, as the sample of interest will consistently pass through the laser focus in a
narrowly defined sample stream. Papers that report on CARS cytometry also use
hydrodynamic focusing to aid measurement[6], [7]. Examination of unconstrained
flows complicates the interpretation of the optical data measured from the system.
Out-of-focus beads above the laser focus that scatter the optical signal create a
shadowing effect on nonlinear signals such as CARS, which introduce a significant
perturbation of the signal (see Appendix B). Free-flowing beads also pass through
the optical focus at varying magnitudes; they can pass directly through, or at a
glancing position, which does not perturb the signal as strongly. This can cause
partial events, which in aggregate widen the range of responses observed by the
system. As such we utilise multimodal detection schemes to aid in interpretation of
the data. For interpretation of the optical signal, the most crucial requirement for
study of the particle solution is to define an in-focus event. The CARS and LS signal
exhibit a constant signal in the bulk water, which is affected by the presence of
particles passing through the laser focal volume. As discussed in Chapter 4, the
multimodal CARS and LS response of the beads create a distinct branching pattern.
In Figure 39, the bead interacts with the laser focus, perturbing the linear scattering
beam for approximately 10 ms, and generating a CARS signal for approximately 5
ms. The sample scan shown below, had not yet achieved a stable flow rate, as the
syringe pump had yet to fully make contact the syringe. We estimate the flow rate to

be <1 pul/min. Typically scans are recorded at flow rates up to 20 pl/min, to increase
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event statistics, but the data recorded allows for estimation of measurement activity,

which will be discussed in Section 5.5.

Figure 39: Left) Timetrace of CARS and LS signal for a 5 um PS bead passing through the beam focus. Right)
2D plot of CARS and LS timetrace. Solution is a 250 pM solution of PS beads. Excitation power is 20/10 mW,
pump and Stokes. The shape of the response is characterised by the ‘s-branch’ and ‘c-branch’. The s-branch is
defined as the region of the 2D plot where the LS value drop below the value for the bulk solution with little
change in CARS signal. The c-branch is the region where the CARS and LS signals rise as the centre of the bead
passes through the focus.

It has been found that simple thresholds values of the CARS signal limit the
potential sensitivity to only strongly in focus beads generating a distinct CARS
signal well above the baseline CARS from the water solution. This makes the CARS
response a more binary resonant/non-resonant measure in solution. Shown below, in
Figure 40, is an example of the spectral response obtained from thresholding of the
CARS timetraces obtained from in-solution measurements of PS. Solution
concentration is 25 fM, flow rate is 20 pl/min. The laser excitation power is 40 mW,
10 mW pump and Stokes, at the sample. The 0.6/0.75 NA configuration described
earlier in Section 5.2 focuses the beams into the microchannel. For comparison, it is
superposed to a spontaneous Raman spectrum of the same beads. The latter was
recorded with a commercial instrument (Horiba Scientific, LabRam HR Evolution)

equipped with a Synapes MCD detector (Horiba Scientific). The Raman spectrum
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was acquired in 3s in back reflection using an infinity corrected long working

distance objective (Leica, NA 0.55 x50 Leica) with excitation of ca. 1 mW at 532

nm.
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Figure 40: Reconstruction of CARS spectrum of PS in solution using a number of threshold values of CARS
signal. Spectra are offset for clarity. Intensity is in arbitrary units. The Raman spectrum is shown in black, at
bottom.

Note that lower threshold values do not resolve the spectrum, and higher values have
less resonant responses drop to zero, as not data points fall above the threshold
value. We find that using a combination criterion dependent on both the CARS and
LS signals better reconstructs a less binary spectrum with more relative intensities in
its response. As seen in Figure 39, the CARS response from the particle follows the
reduction in scattering of the LS signal at the centre of the bead. This can be
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interpreted as a positive correlation between the CARS and LS signal. As such we
define a line based on the linear relationship between the CARS and LS response. If
the LS signal is greater than the value defined by the line, it is filtered out, and only
values that fall below the line remains. The magnitude of the threshold is defined by

the slope of the line, normalised by the ratio of the mean CARS and LS values.

LS
LS = TARS * slope x CARS + of fset

Equation 22: Line equation to define filtering domain of LS-CARS plot, separating the s-branch and the c-
branch. This is the sample filtering method used in Chapter 4, using different parameters for a different system.

A value of 0.35 was selected as the slope magnitude, with an offset of -0.05. How
these values were obtained will be discussed further in Section 5.6. All events which
fall below this line are defined as an in-focus event, or that it is within the c-branch.
Shown below is a typical scan of PS beads taken at 3050 cm™. Solution
concentration is 25 fM, flow rate is 20 ul/min. The laser excitation power is 40 mW,

10 mW pump and Stokes, at the sample.
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Figure 41: Top left) Full 2D histogram of CARS and LS to 5 um PS beads in solution. Colour scale is
logarithmic, scaled to fraction of total events in histogram. Top right) 2D histogram of filtered events. Bottom
left) Subsection of CARS and LS timetrace. Bottom right) Filtered events from same subsection of timetrace.

Using this filtering mechanism, we extract information from the filtered dataset
about the particles in flow. In the following sections, I will discuss the sorts of

information that can be obtained from analysis of this dataset.

5.4. Spectral response

5.4.1. Reconstructing in-solution spectrum

Recovering the spectral response of the CARS platform via imaging, as described in
Section 5.2.1, is comparatively simple in comparison to recovery from microfluidic
measurements, as we can spatially resolve the presence of the resonant material to be
monitored. Even when the positions of the beads are not apparent, as with non-

resonant shifts, scattering images are recorded simultaneously, and unambiguously
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present the location of the beads. For in-solution measurements, extraction of the
spectrum is more complex. The system is dynamic and the measure of spectral
response must be made statistically. Individual events vary significantly as beads can
pass through the focus either partially or completely, or such that the scattering
signal is perturbed, but no CARS response is seen, due to the smaller interaction
volume of the nonlinear CARS response, in comparison to the LS response. The
relative interaction volume is shown below via the lateral profile of a 5 um on glass

slide. We observe a similar relationship across the axial dimension.
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Figure 42: Line profile of 5 um PS bead, with respective CARS and LS response. Note that the CARS response
falls to background level before LS signal.

The CARS events are defined by the filtering criteria described in Section 5.3. The
filtered events are then used to examine the various properties of the events. An
array of scans is performed of the PS beads in a 25 fM solution at 20 pul/min. The
excitation power is 40 mW, 10 mW pump and Stokes. The pump beam is tuned from
800 nm to 820 nm, covering a Raman shift from 2800 cm” to 3100 cm™. The
average CARS intensity of the filtered events is subtracted from the mean CARS

signal of the entire scan, which is approximately the baseline CARS contribution
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from the water. The average CARS intensity as a function of the Raman shift is
plotted in Figure 43 alongside the Raman spectrum and the CARS spectrum
constructed from CARS images of the beads on slides. All three spectra show good
agreement with strong CARS response at 3050 cm™ and a secondary peak around

2900 cm™ for both the image scans and solution measurements.
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Figure 43: Raman and CARS spectra for PS as detailed in Figure 38, with reconstructed microfluidic CARS
spectrum added in dotted line.

It is worth noting that the recovery of the CARS spectrum from this CARS platform
shows greater agreement with the spontaneous Raman spectrum than the spectrum
obtained from the OPA system (see Chapter 4). The OPA spectrum possessed a
leftward shift of the chemical peaks at 2900 cm™ and 3050 cm™. We attribute this to
the large non-resonant contribution from the CARS signal in the water. In addition
the presence of a large non-resonant contribution, amplifies the shadowing effect,
which makes a background subtraction, as has been done here difficult. The baseline
correction was limited due to the screening effect from out of focus beads, which are
still present in this configuration, but less prominent as due to the relative increase in

resonant CARS.
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5.5. Estimation of flow rate

Another advantage of the OPO system is the ability to increase the sampling rate of
the measurement system. By adjusting the flow speed and sampling rate such that
the average time the particles spend in the focal volume is comparable to or greater
than the sampling rate, we can obtain additional information from the optical
measurement. The same filtering mechanism that is used to define in focus events
for chemical information is also used to establish the average time a particle spends
within the focal volume. The validity of this measurement technique is verified by
comparison to a mathematical estimation of the event time. There are a number of
well-established techniques for particle sizing in flow cytometry. Measurement of
the intensity of side scattering from a source laser is on such optical means of
particle sizing[8]. The intensity of laser light recorded from a side mounted detector
relative to the transmission line of the laser is calibrated for a range of sizes and used
to size particle populations. Cell sizes can also be determined via electrical
impedance measurement[9]. Electrodes placed along the channel wall are monitored
for changes in the recorded impedance. The differential variation of impedance is
measured from successive electrodes placed along the channel wall. This allows for
determination of the particles size and flow speed. Line scanning a laser across the
width of channel with known flow speed at a sufficiently rapid rate that captures the
width of the particles as it passes through is another means of particle sizing. Unlike
the previously mentioned methods, this technique can potentially be chemically
selective. In fact, it has been utilised on a CARS cytometry platform[6]. This
technique is limited however, by the ratio of scan rate to flow speed. The scans must
be sufficiently fast to capture the particle size, and so practically, large particles, tens

of microns in size are the optimal size category to measure. The measurement
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technique proposed here is similarly limited by measurement speed versus flow
speed, but is advantaged in that the measurement volume is fixed and does need to

scan entire lines per measure.

5.5.1. Estimating the average event time

The flow rate of the solution in the microchannel is controlled by a syringe pump.
For a given flow rate, we estimate the approximate mean time the bead spends in the
beam focus. The size of the channel is 100 um x 175 pm. For a flow rate of 10.0
pl/min, this gives a flow speed through the channel of 19.7 mm/s. If a 5 pm bead
passes directly through the focal volume, the time it takes to pass through the focus
would be 0.25 ms, assuming the focus is punctual (which is a valid assumption as the
microparticle size is about one order of magnitude larger than the focus width. This
calculation would be sufficient for a controlled flow of particles directly through the
laser focus, however, as the solution is free-flowing, we must account for partially in
focus events, where the centre of the bead does not pass through the beam focus,
reducing the average event time. We make the assumption that the focal volume is
small relative to the size of the bead, and treat the laser focus as a point source. This
assumption is made so that we can say that the recorded event time is equivalent to
the thickness of particle and not a convolution of particle dimension and the focal
volume. This is sufficient for large particles but would have to be amended for
particles comparable in size to the diffraction limited spot of beam. We also assume
that the laminar flow of the solution is sufficiently strong to neglect effects related to
optical trapping of the particle. The particle is treated as if its motion is not halted or
altered as it passes through the beam’s path. We integrate over the geometry of the
particle to establish an average interaction length over which the particle is in the
path of the laser focus. This is comparatively simple for a spherical object, as we
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need not consider the rotational configuration of the particle. The height of a circle is

described by the formula:

y =2y1r?—x2

Equation 23: Formula describing the height y of circle of radius r, across its width x.

This formula can be expanded from a circular object to a spherical object by
considering the radius r as a variable which changes with respect to the third
dimension by the same relationship. In essence, we calculate the average thickness

of several circles sliced from a sphere.

z=ﬂ2\/y2—x2dx.dy= jZ\/Z r?2 —x? — x%dx

Figure 44: Top) Visualisation of thickness variation across a sphere. Bottom) Integral for average thickness z
across the range of a sphere of radius r.

By integrating the depth across the area of a 5 pm sphere, we find an average
thickness of 1.6 um (or a scaling factor of 0.33). By taking this average interaction
length with the focus, and multiply it by the speed of the solution in the chamber, we

obtain a theoretically expected average event time.

5.5.2. Results

A series of scans were performed for flow rates up to 20.0 pl/min at 3050 cm™, with

a 25 fM solution of PS beads. Using the same filtering criteria as in Section 5.3, the
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in-focus CARS events are defined. From the CARS data points that satisfy the
filtering criteria, consecutive data points are grouped into distinct events. The
number of data points in any given event is defined as the event duration (with the
appropriate factoring from sample rate, in this case 10 kHz, making each data point

0.1 ms apart). An example of a filtered event is shown below.

Figure 45: Left) Raw data timetrace of in-focus event. Right) Same timetrace after filtering applied. Non-filtered
data points are used for event time calculations.

For each scan recorded at different flow speeds, a list of event durations is
assembled. Data is processed in Matlab, where datapoints that satisfy the filtering
criterion are converted into a list of event durations (see Appendix C). The average
event duration, with the standard deviation of the list is plotted below. From the
average event time, as calculated from the known flow speed v, with the average
interaction length z obtained from Figure 44, we obtain an average event time ¢ given

byt =2z/v.
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Figure 46: Experimentally estimated event times for a range of flow rates shown as data points with error bars
denoting standard deviation in event statistics. Theoretically calculated event time shown as solid line. 30%
variation in theoretical curve shown as dashed lines. Number of events shown as bar graphs in blue.

The experimentally obtained event time as a function of flow rate for a 5 pm sphere
passing through a punctual focus in a random distribution, agree well with the
calculated event times. The standard deviation of the event times, denoted by the
error bars in Figure 46 is quite large owing to both the inherent noise of the CARS
signal and the variation in event time due to the distribution in depth from beads
completely or partially crossing the laser focus. The error is higher for lower flow
rates also due to the lower number of events recorded for the same duration at higher
flow rates. Some flattening of the values is seen for higher flow rates, which is to be
expected due to the sampling rate of the system. A sample rate of 10 kHz means that
event times lower than 0.1 ms cannot be accurately assessed without improvement to
the technical performance of the system. The theoretical curve should be considered
to have a not insignificant margin of error. Individual event times will vary, from the

minimum interaction that will generate a noticeable CARS event, to a direct pass
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through the focus, so the timing must be considered in aggregate for a sample. Also,
we assume a point source rather than an ellipsoidal focal volume for the particle to
pass through. In the case of a 5 um bead passing through a nonlinear focal volume,
the error is approximately 10% - 15% correction. The theoretical curve is shown

with a 30% upper and lower bound to denote that some variation is to be expected.

5.6. Determination of filtering criteria

I describe in Section 5.3 that properties of the system are extracted by defining in-
focus events through a filtering criteria which is determined through a linear
relationship between the CARS and LS signals measured within the solution. In this
section, I will describe in detail how the exact filtering parameters were obtained and
how these factors, namely the slope and offset of the line function, affect the values

of the physical properties measured by the system.

5.6.1. Categorisation of event domains

The two-dimensional scatter plots of the CARS and LS signals are useful to
establish, in aggregate, the domains of activity for a sample, as individual events
show a high degree of variation, and need to be analysed as a statistical population
rather than as discreet events. Using the scatter plot of a resonant measurement of PS
beads in flow at 3050 cm™, domains can be established relating to physical

phenomena within the system.
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Figure 47: 2D histogram of PS bead flow measurement, with categorisation of domains of event certainty. Flow
rate is 10 ul/min, CARS shift is 3050 cm™, bead concentration is 25 fM, and scan time is 1 minute. Logarithmic
colour scale such that all bins in histogram sum to 1.

Strong CARS responses, which occur along the so-called ‘c-branch’, described in
Figure 39, arise from beads passing through the laser focus. Data points found in this
domain can be unambiguously categorised as relevant in-focus events that can be
used to study the particles within the solution. Conversely, the scatter plot region
where the vast majority of events are situated, with strong LS signal and weak CARS
signal is associated with the signal from the bulk solution. The remaining domain,
which exhibit strong scattering, seen as a drop in the LS signal, but CARS
comparable to the bulk water signal contain a mix of events which can correspond to
relevant events or may contain events which do not exhibit a CARS response that
possess little to no useful information for our purposes. Much of this uncertainty

arises from the differing focal volumes monitored by the CARS and LS signal. Even
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with confocal measurement, the focal volume that is measured by the LS signal is
larger than the CARS signal, so particles passing just outside of the CARS focal
volume, particularly in the axial domain, can be detected by the LS signal, but
almost no change in the CARS signal will be registered. However the lateral
dimensions of the LS volume are also larger than the CARS volume, so data
associated with relevant CARS events can be found in this region. As such, the
linear filtering criteria must serve to wholly separate the domain which definitively
is or is not an event, and separate the uncertain region to a degree which can

accurately extract relevant physical information.

5.6.2. Effect of slope on spectrum reconstruction

To reiterate, we define the filtering criteria as follows:

LS = * slope * CARS + of fset

CARS
Equation 22: Line equation to define filtering domain of LS-CARS plot

The effect of the slope coefficient and offset is assessed both separately and in
tandem on the chemical selectivity which can be obtained from a set of scans. We
reconstruct the PS CARS spectrum for a series of wavenumber dependent scans. The
parameters of the scans are described in Section 5.4.1. The range of the slope
coefficient was examined from 0.1 to 1. A slope of 0 removes all events and collects
no data. A slope coefficient of 1 falls within the no-event domain, which is

undesirable.
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Figure 48: 2D histogram of filtered events for a range of slope coefficient. Scan conditions as in Figure 43.

The CARS intensity for a given Raman shift is defined as the average CARS
intensity of the filtered values less the average CARS for all events. The average
CARS contribution from all events is removed due to the presence of the O-H band

present within the water, as well as the non-resonant contribution. The spectrum as
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function of slope coefficient is plotted as a surface plot below.
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Figure 49: Surface plot of PS spectrum reconstruction from in-solution measurements as a function of slope
coefficient in filtering line criteria.

The PS spectrum is spectrally consistent with expectation from spontaneous Raman
for coefficient up to 0.5 and becomes spectrally featureless (and thus chemically
insensitive) afterwards. The absolute intensity of the spectrum drops as the filtering
line includes lower values on average, but more overall events are included. After
normalisation, almost no variation in spectrum shape is found for slope coefficients
below 0.5. From this, we can determine that the CARS spectrum can be effectively

reconstructed so long as the bulk events are rejected.
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Figure 50: Reconstructed CARS spectra for set of slope criteria up to 0.5, as denoted by the legend, inset. Note
that the spectrum is reconstructed with all but minor variation. All spectra shown are normalised to the
maximum value. No offset is introduced

5.6.3. Effect of slope and offset on event timing calculations

For the extraction of event times from in-solution plots, it becomes necessary to
define at what point along the U-shaped curve of the CARS/LS response the s-
branch transitions to the c-branch. I study this by plotting a number of filtering lines
that cut the characteristic curve along different points along the transition from the s-
branch to the c-branch. A series of offsets were selected to cut the scatter plot at

different positions, with corresponding slopes to filter bulk water domain.
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Figure 51: Set of filtering lines chosen to cut curve at different inflection points. All lines are overlaid on bottom
scatter plot for comparison.

The filtering lines chosen (shown in Figure 51) range from the earliest to latest
possible point at which an event could be reasonably defined. Points earlier in the s-
branch diminish chemical sensitivity, and can be likely attributed to scattering of the
LS signal in the larger focal volume that does correspond to the CARS excitation
volume. Conversely, the last line uses only a CARS threshold, with no LS
dependency. This includes all CARS signals which can be unambiguously resolved
from the bulk signal without leveraging the LS signal response. We examine the

comparative suitability of these curves through the information that is obtained from
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the filtered datasets. Each dataset is used to reconstruct the PS spectrum and the flow

rate for the dataset described in Section 5.4.1 and Section 5.5.
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Figure 52: Event duration calculations for set of filtering lines shown in Figure 51. Dotted line shows
mathematically expected time relation for given particle size and flow rate. From the average event time, as
calculated from the known flow speed v, with the average interaction length z obtained from Figure 44, we
obtain an average event time t given by t = z/v.

From the above graph, we find that a slope coefficient of 0.35 with an offset of -0.05
produces an event time that most closely matches the mathematically expected
results. Earlier filtering of the branch curves reduces the event duration, as lesser
scattering events related to perturbation of the LS signal without a CARS response
lower the average event time. Similarly, later filtering finds estimates that trend

correctly, but consistently underestimate event times.
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Figure 53: CARS spectrum for set of filtering lines shown in Figure 51. Dotted line shows Raman spectrum for
PS beads recorded from commercial Raman instrument.

Taking the same datasets, the CARS spectrum is obtained for each of these scans. As
previously, the CARS intensity for a given Raman shift is defined as the average
CARS intensity of the filtered values less the average CARS for all events. In the
cases of the extreme events, this results in negative values, as the data collected
either does not contain any data points in the filtered domain for certain
wavelengths, as with the ‘x = 0.24°, purely CARS dependent filter, or the non-
resonant events do not exhibit any positive CARS response, and drop relative to the
average, due to a shadowing effect of the excitation beams (see Appendix B). It is
found that, as with the flow rate scans, a slope coefficient of 0.35 with an offset of -
0.05, produce the spectrum that most closely matches the Raman spectrum. As such,

these factors were chosen as the default filtering criteria for all scans shown.

5.7. Conclusions

In this chapter, the technical design of the fibre laser-OPO system is outlined. The

system has superior performance relative to the Ti:Sapphire OPA system described
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in previous chapters. The higher repetition rate allows for collection of the CARS
signal at a faster rate at lower peak pulse power. The NIR excitation wavelengths
also reduce the non-resonant signal seen in the bulk water. The microfluidic
monitoring system was adapted to the new system and the spectral response of the
system from a dry sample and in-solution perspective was recorded and compared to
the Raman response from a commercial instrument. The in-solution measurement
showed greater overall agreement with the Raman spectrum in comparison to the
other CARS platform. The flow rate of the system was estimate through
approximation of the event time of the beads passing through the focus for a range of
flow rates. This was achieved using the same in-focus event filtering criteria as the
wavelength reconstruction. The criterion of the CARS and LS relationship which
defines an in-focus event was interrogated and the means by which the exact
parameters were determined was explained through comparison of different filtering
lines. Our experiments move away from the focussed flow conditions reported by
others[6], [7] and closer to realistic, optically more complex flow systems. Others
have reported using linear scattering to gate collection of CARS signals in flow[10],

but only in focused flow, with a different filtering mechanism.
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6. Chapter 6
Conclusions

6.1. Closing remarks

In closing, I will summarise the work that has been completed as part of the thesis
that has been described in Chapters, 3, 4 and 5. I will return to the research questions
that were proposed in Chapter 1 of the text, and comment on how these questions
have been addressed by the work done. I will close by commenting on the work as a

whole and in what directions it could be taken going forward.

6.2. Summary of results of Chapters 3,4 and 5

The nature of the work that was taken as part of this project required that all
technical instruments for optical measurement be designed and built from scratch.
The Ti:Sapphire regenerative amplifier served as the centrepiece upon which most of
the work was designed and developed upon. In Chapter 3, I have given the technical
design and specifications of the CARS microscope that was built using the
Ti:Sapphire regenerative amplifier and SHBC-OPA laser system. I discussed the
technical optimisations made to maximise the CARS signal, and improve image
quality, including intensity stabilisation optics, corrections for chromatic aberration,
in order to maximise focal volume overlap between pump and Stokes excitation
beams and excitation spectral profiles. The low repetition of the laser also
necessitates signal processing solutions to collect the CARS signal for image
scanning or in-solution measurements. The recording system for both the
microscopy modality and the solution monitoring modality were outlined. I
demonstrate the technical performance of the system through imaging of a mixture

of polymer beads with similar optical properties, but distinct chemical composition.
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False colour images of overlaid CARS images taken at relevant Raman shifts clearly
distinguished the corresponding beads. The CARS spectral response for polystyrene
is constructed through a series of images of PS beads. The capability of the CARS
microscopy platform was well established, particularly in regards its strengths and

weaknesses relating to sample photodamage.

Once the technical performance of the system as a CARS microscopy platform was
established, the investigations into unconstrained flows in microfluidic channels
were made. Chapter 4 discusses the in solution monitoring system developed on the
Ti:Sapphire OPA platform. A solution of PS beads was monitored as they passed
through a microfluidic chamber. The beads passed through an unconstrained flow,
and so would scatter the laser beams away from the optical focus complicating the
signal. The CARS and LS signals were monitored simultaneously for perturbations
in the signal corresponding to in focus events. Through exploration of the
characteristic relationship of the CARS and LS signal as they are passed through a
PS bead, a CARS/LS criterion was established to designate relevant in-focus activity
from scattering of the bulk water signal. A series of flow scans were performed at a
spectrum of Raman shifts. The CARS activity from the set of scans was used to
obtain a measure of the CARS intensity to compare with the known Raman
spectrum. The extracted data from the multimodal system allowed for an increase in
the amount of in-focus activity that could be recovered from the system relative to
analysing CARS data alone, by a factor of 2.65. CARS activity that could be
distinguished from the bulk solution saw 1 in 414 pulses as an unambiguous in-focus
event. By contrast, when using the multimodal filtering mechanism, 1 in 156 pulses

were determined to be an in-focus event.
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Gaining the opportunity to refine the monitoring system on a high repetition rate
laser source allowed for significant increase in the rate of acquisition of data, in
comparison to the Ti:Sapphire laser. In Chapter 5, the technical design of the fibre
laser-OPO system is outlined. The system has superior performance relative to the
Ti:Sapphire OPA system described in previous chapters. The higher repetition rate
allows for collection of the CARS signal at a faster rate at peak pulse power roughly
64 times lower than the OPA system. The NIR excitation wavelengths also reduce
the non-resonant signal seen in the bulk water. The in-solution monitoring system
was adapted to the new system and the spectral response of the system from a dry
sample and in-solution perspective was recorded and compared to the Raman
response from a commercial instrument. The in-solution measurement showed
greater overall agreement with the Raman spectrum in comparison to the other
CARS platform. The flow rate of the system was estimate through approximation of
the event time of the beads passing through the focus for a range of flow rates. This
was achieved using the same in-focus event filtering criteria as the wavelength
reconstruction. The relationship of the CARS and LS signals which defines an in-
focus event was interrogated and the means by which the exact parameters were

determined was explained through comparison of different filtering lines.

6.3. Addressing the research questions

How can quantitative and chemical analysis of colloids in an unconstrained flow be
experimentally implemented within the framework of a multimodal linear/non-linear

optical platform?

A custom built microscope platform is designed and built to monitor the flow of

solutions, through an off the shelf microfluidic channel. The flow particles within the
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solution is not controlled by and focusing technique, such as hydrodynamic forcing.
The microscope is built alongside a laser platform capable of producing one fixed
and one tuneable excitation source, so that CARS can be generated at the
microscope. The CARS signal is collected in transmission mode, and is spectrally
separated from the excitation lasers. The CARS signal is monitored, and the pump
excitation beam, which has been forward scattered through the solution, is
simultaneously monitored as the linear scattering response from the solution. Both
optical signals are recorded, via DAQ, by a LabView program which collects dual
timetraces of the signal for analysis. When both the CARS and LS signals are
perturbed from their baseline response in the solution by a particle passing through
the focus, they exhibit a characteristic response which manifests as a distinct branch
shape on a 2D histogram of the timetraces. The timetraces are then processed by a
Matlab program which defines in-focus events (particles passing through the optical
focus), by a filtering criteria which exploits the relationship between the signals. The
in-focus events are then used to assess chemical information from the sample via the

CARS response.

How can such a multimodal platform be developed with a 1 kHz high pulse energy
laser source and with an 80 MHz low pulse energy laser source? Where do these

systems perform and underperform?

The multimodal microfluidic monitoring platform was developed on two laser
sources. The first was a Ti:Sapphire laser source with a SHBC and OPA to compress
and tune the laser output. The output of the OPA and the unconverted, 800 nm
output from the SHBC served as the pump and Stokes, respectively for the CARS
system. The beams were passed through intensity stabilisation optics and pinhole

filtering optics to maintain beam intensity and improve beam profile quality. The
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CARS and LS signals collected by the detectors were processed by pulse stretcher

circuits to facilitate recording by the DAQ.

The fibre laser and OPO platform used the fundamental mode of the laser output as
the Stokes beam and the second harmonic of the laser to pump the OPO, which was
tuned to the desired wavelength for use as the pump beam. The beams were spatially
and temporally overlapped after separate expansion by telescopes. The beams were
sent through the microscope and collected by photomultipliers. The outputs of the
photomultipliers were passed through preamplifiers, the output of which was
recorded by the DAQ. The major points of contrast between these systems are the
laser’s repetition rate, and the excitation wavelengths. The repetition rate of the
Ti:Sapphire laser is 1 kHz, where by contrast, the repetition rate of the fibre laser is
80 MHz. Given the lower repetition rate of the Ti:Sapphire laser, a much higher
energy is needed per pulse in order to collect a useable CARS signal. The CARS
signal is strong enough that the system can monitor the solution at a per-pulse rate.
By contrast, the fibre laser has a much lower energy per pulse which requires
accumulation of several pulses per recording. However, given the much higher
repetition rate, the system can monitor the solution at an overall rate ten times faster
than the Ti:Sapphire system. Photodamage from high energy pulses does not play a
significant role given the dynamic nature of the system, but as a microscopy
platform, the Ti:Sapphire system has a much higher chance of damaging samples

during imaging.

The Ti:Sapphire system uses a visible spectrum pump beam, with an 800 nm Stokes
beam. The fibre laser uses NIR pump laser with a 1064 nm Stokes beam. For the
case of a Raman shift at 3050 cm™, the Ti:Sapphire system would have excitation

wavelengths of 640/800 nm, and the fibre laser would have excitation wavelengths
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of 803/1064 nm. The longer wavelength lasers used by the fibre laser induce less
electronic excitation of the water solution, which generates a non-resonant CARS
contribution, and so the background CARS signal seen between in-focus events is
lower than in the Ti:Sapphire system. Less CARS signal from the water is desirable
as CARS events can be more easily identified, and the shadowing effect from out-of-

focus events is less pronounced.

How does a multimodal platform based on CARS (coherent anti-Stokes Raman
scattering) and LS (linear scattering) outperform systems based on a single modality

such as CARS and LS, alone.

The advantage of using a multimodal platform is the leveraging of the strengths of
multiple techniques to improve the performance of others. The use of CARS brings
its own inherent benefits, as CARS is an innately chemically selective technique.
Extraction of chemical information from a sample without the need for fluorescent
labelling is useful and broadly applicable technique. However, in an unconstrained
flow, out-of-focus particles perturb the signal such that we must find ways to extract
the relevant in focus events. In the system we have developed, we leverage the LS
response to inform the extraction of in-focus CARS events. The characteristic
response between the CARS and LS signals allow for extraction of CARS events
that we could otherwise not distinguish from the bulk solution. This allows for
greater granularity in CARS responses, where monitoring the CARS alone would
only allow for very strong responses from highly resonant particles that are directly
in focus. As a result the reconstruction of CARS spectra from microfluidic solutions
more directly follows the Raman spectra, where the CARS only response can only
respond to strongly resonant features. As such, the combination of both techniques

allows for label-free chemical contrast that cannot be achieved through LS alone,
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and the collection of more in-focus event information from leveraging the CARS and

LS relationship, that cannot be extracted from CARS alone.

6.4. Future Work

The in-solution monitoring system that has been built for this thesis work possesses
many fruitful opportunities to be explored. The system itself has been demonstrated
to collect information from a sample at a 10 kHz acquisition speed, and with
chemical specificity. The system was developed to place as few restrictions on the
types of samples that could be measured and require minimal sample preparation
through using as broadly applicable optical techniques as possible. The CARS and
LS signals are largely sample ambivalent, and so the system could be used to test a
wide variety of samples and solutions. In our group, multi-functional particles are
being developed by Daragh Rice, to bind targeted proteins which are detected by
fluorescence and recognized using Raman markers, affording a high level of
multiplexity for diagnosis based on multiple protein biomarkers. The system would
be well positioned as a test platform for these particles. It may also have some utility
in a biophysics role, testing blood or urine samples for chemical markers of interest.
In theory, utilising the filtering mechanisms to account for the scattering
environment, this approach could serve as the foundation for in-vivo CARS
measurements, or any nonlinear optical techniques, for that matter. Examination of
blood for chemical markers could prove a robust method of disease diagnosis, with
rapid identification, and minimal need for sample preparation, to label or otherwise

treat the sample.

As CARS can be easily implemented alongside other optical techniques, it may be

useful to explore the relationship between the CARS signal and other optical
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techniques. SHG and THG can both be measured simultaneously with CARS
without the need for additional laser sources. All that is needed is a suitable detector
and spectral filters. The particles could be tagged with fluorescent labels, should the
sample require it. This would be trivial to measure so long as the emission spectrum
of the fluorescent label was selected to not overlap with the CARS signal. In
principle, there is no reason that this technique could not be implemented with a
multiplex CARS platform. Collection of entire spectra from a microfluidic system
would be possible, for chemical study of any number of chemically distinct mixed

specimens.

The performance of the fibre laser based platform is a substantial improvement on
the OPA system, with a superior repetition rate allowing for faster acquisition times.
The system was adapted from the OPA platform, and there may be further room for
improvement with respect to the acquisition software. The LabView program that
collects the data runs into performance issues at higher sample rates, and memory
issues with storing and saving large files. A rewrite of this program may allow for
even faster acquisition rates (the preamplifier for the detectors are quoted at a
bandwidth up to 200 kHz, a factor of 20 above the current rate) and for recording
over longer durations. This would improve the statistical certainty of scans. Current

datasets must be recorded over multiple scans and combined in post processing.
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Appendix A

A.1 Introduction

The fibre laser OPO platform, in addition to a microfluidic/solution monitoring
system, can also be used as a microscopy system. The higher repetition rate lends
well to the imaging of samples, reducing the potential for damage, allowing for more
repeatability in successive measurements. One sample that was studied using this
platform was a series of piezoelectric amino-acid glycine crystals. The different
morphological phases of the crystals display differing properties that can be studied
using CARS and SHG imaging. In this appendix, I will discuss how the different
phases of the glycine crystals can be determined through nonlinear optical

measurements.

A.2 Phase identification of Glycine amino-acid crystals

Amino-acid crystals have been a recent topic of study for their piezoelectric
properties. Many biological structures exhibit some form of piezoelectric response
although its origins are as yet not well understood. One particular amino-acid,
glycine, can exhibit a piezoelectric response when crystallised. Glycine can form
into three distinct crystal phases, designated o, B and y phases. The a-phase crystal
structure is centrosymmetric, and so does not exhibit a piezoelectric response. Both
the B-phase and y-phase crystal structures, however, are non-centrosymmetric, and
so exhibit a piezoelectric response. Theoretical simulations and experimental
verification have shown a noteworthy piezoelectric response in the B-phase of up to
8 V. mN[1]. This response is particularly large for a biological sample and may be
useful for sensing applications. Multiple phases can manifest when these crystals are

grown. They are not immediately distinguishable visibly and direct piezoelectric
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measurements can prove difficult, owing to small size and low growth symmetry in
batch samples. We propose here a non-contact method of verifying individual crystal
phases at a sub-micron scale through a combination of chemical study and

noncentrosymmetric verification through nonlinear optical imaging.

A.2.1 Nonlinear optical properties of glycine crystals

As mentioned previously the piezoelectric response in each of the glycine crystal
phases arises from their lack of centrosymmetry in the crystal structure. This
property dovetails nicely with SHG as a means of optical study for piezoelectric
crystals. As a second order nonlinear optical effect, SHG only occurs in
noncentrosymmetric media. In principle, any the piezoelectric capability of a sample
can be assessed by whether or not it exhibits an SHG response. Scanning a sample of
glycine crystals, and monitoring the SHG response will allow for distinguishing of
a-phase from B-phase and y-phase crystals. If we wish to distinguish the B-phase
crystals from the y-phase crystals, we must further look at the chemical structure of

the different crystal phases.

Raman measurements of the glycine crystals across each phase reveal a shift in a
Raman peak about 2950 cm” — 2980 cm™'[2]. Raman measurements of glycine
crystals grown by Sarah Guerin were taken by Matthew Gleeson. The Raman spectra
were recorded with a commercial instrument (Horiba Scientific, LabRam HR
Evolution) equipped with a Synapes MCD detector (Horiba Scientific). The Raman
spectrum was acquired in 3 accumulations at 10 s per accumulation in back
reflection using an infinity corrected long working distance objective (Leica, NA

0.55 x50X Leica) with excitation of ca. ] mW at 532 nm.
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Figure 54: Raman spectra of o, p and y, phases of crystallised glycine.

A Raman peak at 2953 cm™ is found in the p-phase. The peak shifts to 2964 cm™
and 2972 cm™ in the y and « phase, respectively. We exploit the shift in this Raman

peak across each crystal phase to identify the phase of crystal via CARS imaging.

A.2.2 CARS imaging of glycine crystals

We probe the sample at each transition to assess its chemical response. Typically, all
samples will exhibit some resonant CARS activity due to the small shift in
wavenumbers relative to the spectral resolution of the CARS system, but the phase
can still be determined by examining which transition gives the most intense
response. Matthew Gleeson and [ perform a series of CARS and SHG
measurements, to identify the phases of a sample of glycine crystals. We focus onto
the sample using a Nikon 0.4 NA 20x objective lens, and collect with a Leitz 0.3
NA 20x objective lens. The CARS excitation power is 13 mW, 6.5 mW pump and
Stokes at the sample. SHG images were recorded with the 1064 nm beam at

excitation power of 5 mW.
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Figure 55: CARS and SHG image of y-phase glycine crystal. Sample is SHG active and gives resonant CARS at
varying intensity at probed Raman shifis.

Figure 55 shows a series of CARS images of a glycine crystal. SHG imaging shows
the crystal to be non-centrosymmetric. A resonant CARS signal is found at all CARS
transitions. This is to be expected given the linewidth of the Raman peaks. We
establish the phase of the crystal through the relative CARS intensity at each Raman
shift. By comparison with the Raman spectra, the phase of the crystal can be

determined.
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Figure 56: Top) Line scan of crystal in Figure 55, CARS transition is denoted by the corresponding phase.
Bottom) Average intensity from line scan, overlaid on Raman spectrum for y crystal.

Shown above is the CARS intensity for a line profile of the crystal at the tested
Raman shifts. The strongest response along its length is the 2964 cm™ shift,
corresponding to the centre of the y-phase peak. By integrating the intensity of the
line scan, and plotting the response spectrally, we can see the clear correlation
between the CARS and Raman responses. From this chemical response and the SHG

activity, we can determine this crystal structure to be a y-phase polymorph.
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In another section of the sample, we find a crystal with multiple phases present along
its structure. Measurement conditions are the same as reported for previous image

set.

Figure 57: CARS, of glycine crystal. Phase of crystal shifts phase from p to a, confirmed via independent Raman
measurements. SHG image shows activity in left portion of structure, with no response in the right hand portion.

In Figure 57, CARS images of a glycine crystal with two distinct phases across its
length. A clear crack marks a change in phase in the crystal. The relative CARS
response in the separate portions changes as the Raman shift is moved from 2952
cm™ to 2972 cm™. SHG activity also denotes a clear difference in response, as right-
hand portion crystal gives no signal, which is present in the left-hand portion. As
with the previous structure, we examine the relative CARS response with the
expected Raman spectrum for the distinct phases to determine the nature of the

crystal.
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Figure 58: Left) Overlaid false colour image for glycine crystal. Right)Line scans of crystal at each Raman shift.
Note change in intensity across at phase change.

Figure 58 shows a false colour image of the three CARS images. CARS intensity for
each transition corresponds to red, green and blue, for o, f and y phases, as denoted
in the line scan in Figure 58. All images were recorded at same excitation intensity,
so RGB values are comparable. Two distinct regions emerge from the contrasting
colour in the image, indicating a change in phase, and denoting that the relative
strength of the respective Raman shifts is consistent within each domain, supporting
that the phase within each region is consistent. Similarly, the line scans across the
length of the crystal show the most intense CARS change from the  to a phase. We
designate each portion of the crystal as distinct regions, and integrate across them

respectively, to obtain a spectral response to compare to the Raman spectrum.
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Figure 59: Relative intensity of CARS on glycine crystals overlaid with Raman spectra.

The CARS intensity integrations over the respective crystal portions, as shown in
Figure 59, correspond well with the reference Raman spectra corresponding to the
respective phases. As the separations of the respective peaks are partially
overlapping, we use the trending relative intensity, with cross verification from SHG
images to determine the respective phases. In principle a full spectrum could be
reconstructed to determine the profile, but we propose this technique to limit scan

time for ease of use.

A.3 Conclusions

In conclusion, through nonlinear imaging of glycine amino-acid crystals, we can
rapidly assess the phase of the crystal structures, at sub-micron resolution. SHG
imaging determines whether a given structure is piezoelectric. The individual phases
can in turn be assessed through probing the CARS response at the standard Raman
peaks for each phase. Resonant CARS is present in each test, but the relative
strength of each signal reveals the phase of each. CARS & SHG images were
recorded on the same platform, with a secondary PM recording a corresponding

confocal scattering image from the excitation beam. With minor modifications and
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the addition of proper filters, CARS and SHG images could be recorded
simultaneously. Images were recorded at 2 ms per-pixel acquisition times, for an
approximate time of 1 minute per image. In principle, the sample was robust enough,
and the nonlinear signals strong enough, that the images could be recorded at even

faster rates.
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Appendix B

B.1 Effect of focal position within microfluidic channel

Many factors affect the optical signals measured when monitoring the liquid solution
within the microfluidic channel. Factors such as particle concentration, flow speed
and laser excitation power all play a role in the interpretation of the resultant CARS
and LS signals. A key factor in the signal response of the CARS signal is the focal
position of the beam within the microfluidic channel. The lateral position has little
effect on the optical activity, apart from reduced activity near the channel walls. The
depth of the focus, however, significantly alters the response of the CARS signal.
The unconstrained flow within the channel results in particles passing across the

optical path away from the central focal volume.

Figure 60: Diagram of laser focus passing through microfluidic channel. Depth of channel exaggerated to
illustrate role of scattering particles outside of beam focus.

For the LS signal the effect of out-of-focus particles passing across the beam path is

isotropic. Scattering of the transmitted beam from a passing particle occurs in the
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same manner before the focus as after. The practical effect of this is a variation in the
LS signal, introducing a noise component as the signal varies in response to the
number and relative position of the random distribution of scattering particles within
the cones of the laser path. This is not the case for the CARS signal. The CARS
signal is generated at the focus of the excitation beams. The CARS signal is
generated as a nonlinear optical effect and so has a nonlinear dependence on the
intensity of the pump and Stokes beam. It has a linear relationship to the Stokes
beam, and quadratic relationship to the pump beam. If we presume any given
scattering feature affects the spatially and temporally overlapped pump and Stokes
beams to the same degree, we can say that the CARS signal has a cubic response to
the total excitation source. This implies that any reduction in signal intensity due to
scattering features, before the CARS signal is generated has a disproportionate effect
on the CARS signal intensity compared to scattering of the CARS signal after
generation at the beam focus. We can presume thereafter that scattering of the CARS
signal is similar to that of the LS pump signal. Therefore, the depth of the focal
volume within the liquid channel alters the response of the CARS signal, depending
on the relative volume of water in the path of the laser before the focus, compared to
after the focus will alter the broadening of the CARS response. We will consider the
effect of this on each CARS platform, the Ti:Sapphire-OPA system and the Fibre

laser-OPO system, separately.

B.2 OPA system depth response

A key distinction between the OPA and OPO based systems is the contribution of
non-resonant CARS from the bulk water solution. The higher frequency excitation
beams employed in the OPA system increases the electronically excited non-

resonant CARS contribution. This introduces an offset into the CARS signal seen in
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the bulk water from these measurements. The effect of out-of-focus scattering from
the unconstrained particle flow on the CARS response of the water is clearly seen as
the scan is probed for a solution of particles flowing within the channel as a function

of focus depth within the channel.

Figure 61: Depth profile of CARS and LS signals for a 50 fM solution of 5 um PS spheres. Solution flow rate is
100 pl/min. Excitation power for all scans is 30 uW/ 15 uW pump and Stokes, respectively, from OPA laser
platform. Solution is scanned for 2 minutes per scan. Shown in the top left is a scan taken 20 um below the top
surface of the channel. This was found to be the highest point of the channel that still recorded sufficient particle
activity within the focus. The depth of successive scans is denoted relative to the first scan near the top of the
channel. Scan activity is shown as a scatter plot to emphasise shape of activity over relative frequency of events.

153



From the depth scan profile shown in Figure 61, a clear transition in the CARS
response emerges as the focus is moved deeper within the channel. When the focus
is positioned near the top surface of the channel, the dominant scattering of the
beams occurs after focusing. As the focus is moved deeper into the well, and more of
the beam is scattered before the CARS signal can be generated at the focus, a clear
smearing effect of the CARS is manifested. This is seen as an effective increase in a
greater reduction of the CARS signal for a commensurate loss in LS signal, relative
to the loss in CARS near the top surface. This loss in CARS signal is seen as a
shallow slope emerging from the bulk water signal. This effect is referred to as
‘shadowing’ of the signal in Chapter 4. The effect of shadowing on the LS signal
remains constant across all scans, which is congruent with our expectations of linear
scattering of the beam before and after focussing. The nonlinear nature of the CARS
beam shows the most noticeable effect as a function of depth. The in-focus activity,
seen as the curving branch on all scans appears relatively constant across all scans.
The effect on in-focus activity may not be as noticeable due to the variance in
responses inherent to in-focus activity. The difference in signal from a bead partially
passing through the focus would be far more significant to the CARS response than a
partial loss in excitation signal. As such it likely has an aggregate effect on the in-
focus activity but is a secondary effect compared to factors like bead position within

the focus.

B.3 OPO system depth response

In contrast to the OPA platform, which possesses a high CARS signal from the water
solution, the OPO system uses lower frequency, NIR lasers to excite the CARS

signal. This reduces the CARS signal seen in the bulk solution, which in turn reduces
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the shadowing effect seen in the CARS and LS 2D profiles. A similar depth profile

of the microchannel is presented in Figure 62.

Figure 62: Depth profile of CARS and LS signals for a 25 fM solution of 5 um PS spheres. Solution flow rate is
10 ul/min. Excitation power for all scans is 40 mW/ 10 mW pump and Stokes, respectively, from OPO laser
platform. Solution is scanned for 25 seconds per scan. Shown in the top left is a scan taken 20 um below the top
surface of the channel. This was found to be the highest point of the channel that still recorded sufficient particle
activity within the focus. The depth of successive scans is denoted relative to the first scan near the top of the
channel. Scan activity is shown as a scatter plot to emphasise shape of activity over relative frequency of events.

The OPO system’s response to focus depth is not as overt as in the OPA system.

However, there is a change in the 2D profile as the focus is moved through the
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channel, which is most evidently seem near the channel walls where in-focus activity

1s reduced.

Figure 63: Scatter profiles of CARS and LS response near edges of microchannel. Depth position and scan
conditions are same as presented in Figure 62.

A reduction in the out-of-focus CARS signal is evident deeper within the channel. In
practice we eliminate consideration for the depth profile with regards to other
experiments described in Chapters 4 and 5, by recording all scans at the same depth
within the channel. For all scans described in Chapter 4, all scans were performed at
the +100 pm depth as in Figure 61. The OPO scans described in Chapter 5 were

performed at +40 um depth.

The CARS response to the depth of the focus is an important consideration when
designing the experiments to study scattering solutions. We control for this
maintaining a consistent depth across all scans. The position of the focus is
monitored through a CCD camera in reflection geometry. Such considerations could
in principle be minimised by studying the cell in reflection geometry, where the

relative volume of water before and after the focus would be equal.
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Appendix C

C.1 Matlab expression for determining event times

In Chapter 5, the filtered c-branch data is used to estimate the average event time of
the beads passing through the focus. The Matlab function used to obtain this

information from the timetraces is written below.

slope = mean (LS)/mean (CARS)*0.35; // slope is defined per scaling factor

for i = 1l:length(CARS) // timetrace is interrogated
if LS(i) >= slope*CARS(i)- 0.05 //does datapoint meet criteria?
fCARS (1) =0; //set to zero
fLS (1) = 0;
else
fCARS (i) = 1CARS(i);// datapoints that meet criteria
fLS (i) = 1LS(1); // are added to filtered timetrace
end
end
hist;
flag = 0;
count = 0;
i = 1;
for x =length (£CARS) //filtered timetrace 1is interrogated
if fCARS (x) >0 //non-zero datapoints increment counter
count = count + 1;
flag = 1;
elseif fCARS(x) == 0 && flag == 1; //flag used to mark end of event
flag = 0;
hist (i) = count; //array hist is list of event durations
i = i + 1;
flag = 0;
count = 0;
end
end
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