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Abstract

Biomedical imaging is a key tool for the study of host-pathogen interactions. New techniques
are enhancing the quality and flexibility of imaging systems, particularly as a result of develop-
ments in laser technologies. This work applies the combination of two advanced laser imaging
methods to study the interactions between a virus and the host cells it infects.

The first part of this work describes the theory and experimental implementation of coher-
ent anti-Stokes Raman scattering microscopy. This technique—first demonstrated in its current
form in 1999—permits the imaging of microscopic samples without the need for fluorescent
labelling. Chemical contrast in images arises from the excitation of specific vibrations in the
sample molecules themselves. A laser scanning microscope system was set up, based on an
excitation source consisting of two titanium-sapphire lasers synchronized with a commercial
phase-locked loop system. A custom-built microscope was constructed to provide optimal
imaging performance, high detection sensitivity and straightforward adaptation to the specific
requirements of biomedical experiments. The system was fully characterized to determine its
performance.

The second part of this work demonstrates the application of this microscope platform in
virology. The microscope was configured to combine two nonlinear imaging modalities: co-
herent anti-Stokes Raman scattering and two-photon excitation. Mouse fibroblast cells were
infected with a genetically modified cytomegalovirus. The modification causes the host cell
to express the green fluorescent protein upon infection. The host cell morphology and lipid
droplet distribution were recorded by imaging with coherent anti-Stokes Raman scattering,
whilst the infection was monitored by imaging the viral protein expression with two-photon
excitation. The cytopathic effects typical of cytomegalovirus infection were observed, includ-
ing expansion of the nucleus, rounding of the cell shape, and the appearance of intracellular
viral inclusions. In some cases these effects were accompanied by dense accumulations of lipid
droplets at the nuclear periphery. Imaging was performed both with fixed cells and living. It
was demonstrated that the lipid droplets in a single live cell could be imaged over a period of
7 hours without causing noticeable laser-induced damage. The system is shown to be a flexible

and powerful tool for the investigation of virus replication and its effects on the host cell.
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Introduction

This thesis presents a new method for studying the interactions between viruses and the host
cells they infect. The topic of this thesis is coherent anti-Stokes Raman scattering (CARS)
microscopy. The objective is to construct a CARS microscope and apply it to an area of bio-
medical science. For the application two different imaging techniques, CARS and two-photon
microscopies, are combined in a single experimental set-up and used to study cultured cell spe-
cimens under infection by a virus. This chapter will give a general introduction to the topic, a
short description of the method and results, and an outline of the thesis.

The development of new optical materials has led to substantial advances in the quality
of lenses for microscopes. At the same time a wealth of technological innovations—such
as video microscopy, confocal optics, digital image analysis and chemical labelling—have
brought about a Renaissance in the science of microscopy [1]. As a result of the introduction of
laser scanning confocal microscopy in the 1980s modern microscopes, whilst still based around
light and lenses, now incorporate the latest laser sources and detection technologies providing
unprecedented levels of clarity and detail. In turn, the paramount importance of this scientific
instrument, particularly for biomedical studies, is motivating further advancements in laser
technology which are pushing the light microscope to its limits. The research described in this
thesis has been enabled by just such advancements. Specifically, the nonlinear processes used
here, CARS and two-photon, require pulsed lasers which can deliver momentary bursts of high-
intensity light into the specimen inducing the simultaneous interaction with multiple photons.
The result is that the excitation of molecules in the specimen can be targeted and confined to a

small volume with pinpoint accuracy allowing high-resolution microscopic imaging.




Meaningful contrast is critical in microscopy [1]. The traditional microscope provides
very limited contrast and most thin specimens appear transparent. Enhanced contrast can be
achieved by staining, but this usually damages or destroys the specimen. Fluorescent labels
added to samples can localize to specific compounds allowing their selective imaging when
excited by a lamp or scanned by a laser beam. A huge variety of such compounds have been
developed providing microscopists with the specificity required to pick out certain compounds
or chemicals. However the use of fluorophores suffers several drawbacks. The addition of
foreign compounds to the specimen can interfere with the natural functions or processes being
studied. This is particularly an issue in biomedical studies which image the complex and
dynamic intracellular environment. Label-free imaging can circumvent these difficulties and
permits imaging without the addition of exogenous fluorophores. CARS microscopy is a label-
free technique which provides chemical contrast by selectively exciting molecular bonds in the
sample molecules.

The history of CARS begins at the Ford Motor Company in 1965 with the systematic study
of this spectroscopic effect by Maker and Terhune [2]. CARS microscopy, i.e. the use of the
CARS process for microscopic imaging, made something of a false start. After its invention
by Duncan et al. [3] in 1982 it appears to have languished in obscurity for over a decade until
its accidental rediscovery by Zumbusch and co-workers in 1999 [4]. Since its comeback the
field has blossomed and CARS microscopy has been applied in a wide variety of biomedical
imaging studies [5].

The undoubted success of CARS as a tool for label-free imaging comes with two important
caveats. Firstly, CARS microscopy is, like almost all techniques of light microscopy, limited
in resolution by diffraction. Secondly, CARS is affected by a background signal which com-
plicates interpretation of images and can obscure the features being studied. Whilst progress
has been made in addressing the second of these issues [6, 7], the first is more fundamental in
nature. This is problematic for any virological application of light microscopy, such as this one,
as viral particles are too small to be imaged with light. Such applications therefore concentrate
on observing the effect of the virus on its host and this is the approach adopted here. The under-
standing of the complex nature of virus-host interactions leads to a clearer understanding of the
virus life cycle with the ultimate aim of producing more effective interventions and treatments
for viral diseases.

The experimental work presented in this thesis therefore links two areas of science: the
physics of laser microscope systems and the virology of host-pathogen interactions. The
techniques applied—CARS microscopy, two-photon microscopy, cell culture and live cell
imaging—will all be described, but the focus will be on CARS microscopy as this is still a
maturing technique. In contrast, two-photon microscopy [8] has already followed the route
from the optical bench to the bioimaging lab and will therefore be outlined only briefly. The
results will demonstrate that the combination of the two imaging modalities provides a power-

ful platform for imaging host-pathogen interactions, specifically to aid understanding of the




complex relationship between viruses and their host cells and the perturbations they can cause
to host cell lipids. This thesis is structured as follows:

Chapter 2 describes the theory of CARS and explains its relationship with other optical
processes. It outlines the instrumentation involved, including the laser system and the unique
features of a CARS microscope. A review is presented of the techniques and applications
developed around CARS microscopy.

The experimental set-up is detailed in Chapter 3. This gives a brief description of the laser
system, followed by a more detailed explanation of the construction, operation and testing of
the microscope system.

In Chapter 4 the microscope is used to image intracellular lipid droplets in fixed cell
specimens. The performance and reliability of the system are demonstrated.

Chapter 5 presents the results of experiments imaging the interactions between a virus
and its host cell. The chapter begins with a brief introduction to virology and explains the
methods applied, which include the combination of CARS and two-photon microscopies. The
results of imaging experiments conducted on infected cells are presented and a discussion of
the biomedical significance of these results is given.

Chapter 6 extends the microscope system to support live cell imaging. The ability to image
single cells over a periods of hours is demonstrated.

Finally, Chapter 7 concludes and offers suggestions for future work.




Coherent anti-Stokes Raman Scattering

2.1 Introduction

The purposes of this chapter are to outline the theory of coherent anti-Stokes Raman scattering
(CARS) and to provide a broad overview of the present-day field of CARS microscopy. The
literature review presented here aims to put the work of the following chapters into context.

The first section of this chapter will outline the theoretical aspects of CARS relevant to its
use for microscopy. It will begin with a brief overview of Raman scattering, the antecedent of
CARS. Then, the mechanism and conditions for CARS signal generation will be given. The
presence of a background signal is a significant complication when applying the process. The
origin of this background will be explored. Raman spectroscopy is an important complimentary
technique to CARS, though there are significant differences between the two processes and
these will be explained in detail. The significant distinctions between CARS, two-photon, and
confocal microscopies will also be highlighted.

Setting up a CARS microscope requires a careful choice of instrumentation. There is as yet
no universal design and commercial systems have appeared only very recently. An overview
will be given of the design decisions that must be made, with emphasis on the properties of the
laser system and the ways in which the microscope set-up differs from standard commercial
systems such as confocal and two-photon.

A review will be made of the most important techniques and applications of CARS micro-
scopy. CARS is, foremost, a spectroscopic technique. The literature review in this chapter will

focus primarily on its use for microscopy, and mention the broader arena of CARS spectro-




2.2. THEORY

scopy only where specifically relevant.
Finally, a brief description of stimulated Raman scattering will be given. This is a recent
spin-off from CARS microscopy that addresses some of its shortcomings. An outline of this

new technique will be given as a pointer to the likely future direction of this research field.

2.2 Theory

This section outlines the theoretical background to Raman scattering and CARS, then high-

lights the important differences between the two.

2.2.1 Raman scattering

The Raman effect is the inelastic scattering of a photon from a sample, manifested as a shift in
the photon’s frequency. The shift is the result of the exchange of energy between the photon
and the molecule’s vibrational state. The effect is very weak; of those photons which are
scattered, most are Rayleigh scattered with no change in wavelength whilst around 1 in 10°
are Raman scattered [9]. The scattered light carries detailed chemical information about the
sample encoded in its Raman spectrum. Raman spectroscopy is often used as a companion to
CARS as the Raman spectrum can be used to select a target vibrational resonance for CARS.

This theoretical outline will use a classical model to illustrate the origin of the Raman
effect and to define the terminology and notation used in later sections. A quantum-mechanical
treatment, which explains the selection rules that produce Raman spectra, is given by Ferraro
et al. [10].

The light wave incident on a sample molecule is represented as a time-varying sinusoidal

electric field with frequency wg and vector amplitude Eg
E = Eg coswyt

This field induces a time-varying molecular dipole moment p. Generally, p can be expressed

as a series expansion in powers of the electric field
p=p" +p® +p® 4 . 2.1

If the incident light is not too intense, the induced dipole moment will be small, and the first-
order term p(!) is sufficient to accurately describe the dipole oscillation. The problem can
be further simplified by considering a diatomic molecule vibrating in one dimension. The

polarization is then simply proportional to the applied field
p) = aE = aEy cos wot (2.2)

where « is the molecule’s polarizability. « will depend on the nuclear coordinate ¢ which
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defines the vibrational displacement. A change in g will change the separation between charges
and hence alter the molecular polarizability. For small nuclear displacements, o can be expan-
ded to first-order in ¢

a=ag+dq (2.3)
where « is the polarizability at equilibrium (¢ = 0) and o/ = da |, is the derivative of the
polarizability evaluated at the equilibrium position.

Assuming mechanical harmonicity, i.e. that the restoring force of the molecular bond is
proportional to g, the molecule will execute simple harmonic motion with amplitude gy and
frequency €2

q = qo cos 2t (2.4)

Substituting Equations 2.3 and 2.4 into Equation 2.2 gives the first-order time-varying di-

pole moment
1
pN = agEq cos wot + io/quo (cos(wo + )t + cos(wy — N)t)

This represents an oscillating dipole with three distinct frequency components, causing radi-

ation at each of these frequencies:

» Rayleigh scattering: Frequency wy is scattered at the same frequency as the incident
light.

* anti-Stokes Raman scattering: Frequency wys = wg + (2 is blueshifted from the incident
light.

* Stokes Raman scattering: Frequency ws = wqg — 2 is redshifted from the incident light.

For a given frequency wy, Rayleigh scattering can occur from any polarizable molecule.
Stokes and anti-Stokes scattering will only occur for Raman-active vibrations where o’ # 0,
i.e. where the polarizability has a non-zero gradient at the equilibrium position. Figure 2.1(A)
and (B) shows energy diagrams of the three processes. Anti-Stokes scattering transfers energy
from the molecule to the photon and occurs when light is scattered from a molecule already in
an excited vibrational state. Stokes scattering transfers energy from photon to molecule, leaving
the molecule in an excited state. At room temperature, assuming a Boltzmann distribution of
molecular vibrational energies, Stokes scattering is dominant.

This model considered only a single vibration in one-dimension. In general there will be
many molecular vibrations present in different directions. The generalization of this model to
three dimensions therefore sees o become the polarizability tensor. It was assumed that the
variation of the polarizability is proportional to the first power of the nuclear displacement (g).

The more general model is outlined by Long [11].
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Figure 2.1: Energy diagrams of scattering processes (A—C) and two-photon fluorescence (D).
Two-photon excitation is shown using the Stokes frequency (see Section 5.3.2). Unlike the
scattering processes (A—C) two-photon fluorescence (D) produces a broad spectrum of emis-
sion frequencies wop,.

2.2.2 CARS

CARS is a four-wave mixing process. Three fields—pump, Stokes and probe—are mixed in
a sample producing a fourth anti-Stokes (CARS) field. In most set-ups the pump and probe
photons derive from the same laser beam, with the same frequency w,, and both are referred
to as pump. The Stokes field comes from a separate laser and has a frequency w,, which is
lower than the pump frequency. The mixing process produces a CARS field with frequency
wWqs. An energy diagram of the process is shown in Figure 2.1(C) from which the frequency of
the CARS field can be determined

Was = 2wp — Ws (2.5)

The CARS field is resonantly enhanced when the frequency difference €2 between the pump

and Stokes fields is tuned to a vibrational resonance of the sample molecules
Q=w, —ws (2.6)

In contrast to Raman scattering, CARS is a coherent technique. The pump and Stokes fields
drive all resonant oscillators in the excitation volume at frequency €2 with a well-defined phase.

The CARS field results from the combined radiation from these oscillators. As a consequence
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the signal cannot be considered from a single molecular dipole alone, but must be expressed as
the superposition of the signals from an ensemble of dipoles. The expansion shown in Equation

2.1 is therefore rewritten in terms of the dipole moment per unit volume, i.e. the polarization
P=PY 1+ pP® PO 4 2.7)

CARS is a third-order process, with the signal originating from the induced third-order
polarization P(®). The electric field resulting from the third-order polarization of a material is
the sum of 44 different frequency components representing different mixing combinations of
the three fields [12]. In CARS, the anti-Stokes frequency is produced by frequency mixing of
the wavelength combination given by Equation 2.5. The corresponding relationship between

the third-order polarization and the applied field is
PG — 3€OX(3)E;2,E:

where x() is the third-order electric susceptibility tensor and E, and E; are the pump and
Stokes fields. Other third-order processes will also be present, however the CARS process can
become significant when exciting a resonance of x(%), although an appreciable nonresonant
polarization will also be caused. The general form for x(®) was derived by Lotem et al. [13].
The full expression may be simplified by separating it into nonresonant (NR) and resonant (R)

parts

3)

X
X3 =& + s 2.8)

where A is the detuning from the Raman vibrational energy {2

A=w,—ws—N

and I is the half-width of the resonance.
The relative intensity of the CARS field I, can be found by solving the wave equation

with the assumption that the pump and Stokes fields are plane waves [5]

2
Tos o [ I§IS< 2 ) (2.9)
2

where z is the sample thickness and Ak is the magnitude of the wavevector mismatch
Ak = |kqs — (2kp — ky)| (2.10)

Equation 2.10 is known as the phase-matching condition and depends on the beam fre-

quencies, the refractive index of the nonlinear material and the angular relationship between
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Figure 2.2: Graph of the magnitude of the susceptibility (in arbitrary units) against the detuning
A = wp — ws — §2 showing the three terms in Equation 2.11. This figure is reproduced from
Evans [5].

the beam directions. The efficiency of nonlinear optical processes is maximal when perfect
phase-matching is achieved, Ak = 0 [12]. This is often difficult to arrange experimentally and
is generally achieved by careful angular tuning of the beam directions to optimize the nonlin-
ear signal generated. Early experiments in CARS spectroscopy [14] and microscopy [3] used
complex beam geometries to allow efficient signal generation. Whilst Equation 2.9 describes
the intensity for plane waves, the conditions for efficient signal generation are altered when
the beams are focused. For the CARS process specifically, the efficiency depends on the tight-
ness of the beam focus [15]. The tightness of focusing is defined by the numerical aperture,
NA = nsin 6, where 6 is the half-angle of the cone of focused light and 7 is the refractive in-
dex of the material. If using a lens with a high NA the wide angular spread of the wavevectors
of the incident light ensures there are rays which will satisfy the phase-matching condition al-
lowing efficient signal generation without a complex geometric beam configuration. In 1999,
over a decade after the invention of CARS microscopy [3], Zumbusch et al. [4] reported a
CARS microscope which used a collinear beam geometry and focused the beams with a high
NA microscope objective lens. This set-up, with its simpler arrangement of the laser beams,
immediately rekindled interest in CARS microscopy.

The proportionality relationship between the CARS signal intensity (I,5) and the nonres-
onant and resonant susceptibilities can be determined by substituting Equation 2.8 into 2.9.

This gives the relative intensity as a function of the detuning A

1s(8) o G+ @ @) + 2@re X (a)) @.11)

The three terms in this equation are graphed separately in Figure 2.2. The first term, which
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is nonresonant, does not depend on the detuning. Its effect is to add a constant background
to CARS measurements. It contains no chemical information and is, from an experimental
perspective, useless. The second term is resonant and does depends on the detuning. The
third term indicates that there is interference between the nonresonant and resonant parts of
the signal. As this term depends linearly on XS ) it becomes particularly significant at low

concentrations or when imaging weaker Raman bands.

2.2.3 Comparison of CARS with other optical processes

This section will provide a brief comparison of CARS with other nonlinear imaging techniques,
i.e. those in which the detected signal results from a higher-order polarization of the material
(Equation 2.7). Besides CARS, these methods include two-photon [8], second harmonic gen-
eration [16] and third harmonic generation [17] microscopies. Whilst the technologies and
methods applied for CARS imaging are broadly similar to these other techniques, there are
distinct features, the experimental implications of which are discussed in the following section.
In this section, a brief comparison is made in order to highlight these distinctions and place
CARS in the context of other nonlinear techniques. A comparison is also made with Raman
spectroscopy as the two techniques are complimentary and are often used side-by-side.

Whilst both Raman and CARS target the same vibrational bands, there are differences
in the spectra caused by the presence of the nonresonant background in CARS. In contrast,
Raman is background-free. The nonresonant background is a significant complication in CARS
microscopy as it can mask the resonant CARS signal, especially when imaging weak Raman
bands or low molecular concentrations. It also distorts CARS spectra slightly when compared
to their equivalent Raman spectra. The differences arise from the interference between the
resonant and nonresonant parts of the signal (the third term in Equation 2.11). As a result, the

shape of the CARS resonance has two distinct characteristics when compared with the Raman:
* The peak is redshifted (i.e. to a lower energy).
e There is a sharp dip on the blue side.

These features can be seen in Figure 2.2. For this reason it is not possible to compare Raman
and CARS spectra directly. This limits the utility of CARS as a spectroscopic technique and
means care must be taken when imaging to correctly locate peaks in the CARS spectrum.
CARS imaging can be performed on an adapted two-photon (or confocal) microscope,
however there are significant differences between CARS and processes which rely on fluores-
cence. Specifically, the coherent nature of CARS means that the signal is the result of con-
structive interference from all the oscillators in the excitation volume. As a consequence the
signal is highly directional, with the direction depending on the size and shape of the scatterer.
In techniques which excite fluorescent molecules, such as two-photon microscopy, the excited

fluorophore molecules emit in all directions.

10
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Unlike Raman and two-photon microscopies, in CARS the intensity of the signal is propor-
tional to the square of the number of oscillators in the excitation volume (\X(?’) |2 in Equation
2.9). This gives a signal that scales nonlinearly with the concentration of sample molecules
which can complicate the interpretation of CARS images. The scaling law also results in a

rapid drop-off in signal as concentration is lowered.

2.3 Instrumentation

The theory outlined in the previous section enables a concrete specification of the instrument-
ation required for CARS microscopy. The most significant advances over the past decade have
been due to improvements in the laser technology. This section will provide a brief review of
these developments, then describe the broad features of the CARS microscope. The specific

details of the set-up used in this thesis will be explained in Chapter 3.

2.3.1 Laser source: requirements

The laser source for CARS has the following requirements:

* It must provide two frequencies w;, and w;. At least one frequency must be tunable such
that the difference 2 = w, — ws (Equation 2.6) can be arranged to exactly coincide with

the selected Raman vibration.

e The laser light must be pulsed to provide the high peak power required for effective
nonlinear signal generation whilst maintaing a moderate average power which will not

destroy the sample.

* The pulses must be temporally synchronized in both separation and phase, and spatially

overlapped when focused into the sample. This enables pulses of each frequency to mix.

In addition to these absolute requirements there are a number of desirable properties that the

sources should have. These are discussed in more detail below.

Wavelengths

The first CARS microscope was implemented with visible lasers [3]. However visible
wavelengths are not ideal for CARS due to the photodamage they cause to biological speci-
mens. Switching to infrared wavelengths, in the range 780-1300 nm, provides a number of
advantages. Biological specimens generally have lower absorption at these wavelengths, min-
imizing sample heating effects and reducing photodamage. Additionally there is reduced non-
linear absorption, such as two-photon, reducing the chance of nonlinear photodamage [18].
There are also fewer two-photon electronic resonances which contribute to the nonresonant

background [19]. Finally, Rayleigh scattering of light within the sample, with wavelength A,

11
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scales as A~%. Moving to longer wavelengths therefore increases the penetration depth as both
the excitation beams and the CARS signal suffer less scattering. The penalty of moving into
the infrared is a reduction in spatial resolution, however this drawback is generally offset by

the advantages and most CARS microscopes therefore use infrared excitation.

Pulse duration

Most nonlinear imaging techniques such as two-photon microscopy utilize the shortest possible
laser pulses to provide the maximum peak power and hence optimize the efficiency of nonlin-
ear signal generation. Titanium-sapphire (Ti:sapphire) lasers [20] are a popular choice for
two-photon microscopy due to their tunability over a range of red-to-infrared (660-1180 nm)
wavelengths. The short pulse duration, typically A7 = 100 fs or shorter, provides efficient sig-
nal generation whilst maintaing a modest average power that will not damage photosensitive
samples. In contrast, the nature of CARS is more complex and requires a careful selection of
the pulse duration to optimize the sensitivity.

Light emitted by pulsed lasers consists of a range of frequencies which define the pulse
spectral bandwidth Aw, usually specified in units cm™!. When the shortest possible pulse is
generated from the available bandwidth the pulse is transform-limited. The time-bandwidth
product [21] defines the inverse relationship between the shortest pulse duration A7 and the
minimum spectral bandwidth with the constant determined by the pulse shape. For pulses with

a sech? profile

ATAw = 1.98 2.12)

where both A7 and Aw are the full width of the range at half the maximum (FWHM) intensity.

The spectral bandwidth of a typical 100 fs pulse used for nonlinear imaging is 100 cm ™.
This is much wider than many Raman vibrational linewidths (10—20 cm ') and is therefore less
suitable for CARS. As well as compromising spectral resolution, such short-duration pulses
will cause nonresonant excitation outwith the CARS resonance, giving a large nonresonant
background which can swamp the resonant signal. Cheng et al. [22] calculated, by numerical
simulation, the relative intensities of the resonant and nonresonant contributions to the signal as
a function of the pulse duration, or equivalently (Equation 2.12) the pulse spectral bandwidth.
Their graph is shown in Figure 2.3.

The pulse duration should be selected not to maximize the overall signal, but to optimize
the ratio of resonant signal to nonresonant background. In practice pulse durations in the range
2-7ps (2-5cm ™! spectral bandwidth) provide a good balance, producing sufficient resonant

signal for imaging whilst maintaining the spectral resolution that gives chemical contrast.

12
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Figure 2.3: Graph of the intensities of the nonresonant (/ng) and resonant (Ig) parts of the
CARS signal, and their ratio I /INg, as a function of the pulse spectral width or, equivalently,
the pulse duration (Equation 2.12). The intensity units are arbitrary. This figure is reproduced
from Cheng [22].

Repetition rate

Most mode-locked lasers used for two-photon imaging have a repetition rate of around 80 MHz.
Whilst this is partly for historical reasons [23] it also provides a reasonable compromise between
the high peak power required for efficient two-photon excitation whilst maintaining a pulse spa-
cing longer than typical fluorescence lifetimes to avoid saturation. Higher repetition rates (for
the same average power), also carry a greater risk of photodamage to specimens. The com-
promise (at 80 MHz) for two-photon imaging is also suitable for CARS. Where samples are
particularly sensitive to damage the repetition rate can be reduced with a pulse picker, but the
reduced rate must be carefully chosen to provide the ideal balance between average power,

peak power and image acquisition speed [24].

2.3.2 Laser source: implementations

The ideal light source for CARS microscopy would be a compact turnkey laser system tuneable
over a wide range of Raman shifts (500-3600 cm ') with all the properties described above.
As yet there is no single light source which can provide this, though the demands of CARS
microscopy are motivating the development of new lasers which may yet achieve this ideal. As
there is no universally-adopted laser source for CARS it will be useful to outline the salient
features of some of the laser systems which have been implemented. These fall into several

broad classes which are represented in Figure 2.4.
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Figure 2.4: Illustration of several laser sources for CARS microscopy. CARS requires two
pulsed synchronized beams at the pump (w),) and Stokes (ws) frequencies. At least one of these
must be tunable. The first CARS microscopes used an optical parametric oscillator (OPO)
pumped by a Ti:sapphire amplifier (A). CARS can be implemented with a pair of independent
Ti:sapphire lasers with active feedback to synchronize pulses (B). A dual-wavelength OPO can
provide synchronized and overlapped pump and Stokes pulses (C). A nonlinear fibre can be
used to shift the pump wavelength to generate an inherently synchronized Stokes wavelength
(D). For CARS microscopy the two frequencies must be overlapped both spatially and tempor-
ally with a beam-splitter and optical delay line (not shown in the diagram). Source (C) is an
exception to this, as the two frequencies are inherently overlapped when they exit the OPO.

14



2.3. INSTRUMENTATION

The rediscovery of CARS microscopy in 1999 used a Ti:sapphire regenerative amplifier
and an optical parametric oscillator (OPO) to generate the pump and Stokes pulses respect-
ively [4]. This setup is illustrated in Figure 2.4(A). The synchronous pumping of the OPO
produced femtosecond pulses at the Stokes wavelength that were inherently synchronized to
the pump pulses from the amplifier. Tuning the OPO adjusted the difference between the Stokes
and pump frequencies (Equation 2.6) allowing selection of specific Raman shifts in the range
2600-3300 cm™!. The two output beams were combined collinearly on a dichroic mirror and
temporally overlapped by adjusting an optical delay line inserted into one of the beam paths
(not shown in the diagram).

The revival of CARS microscopy immediately triggered efforts in several research groups
to find more suitable laser sources. Hashimoto et al. [25] extended the range of the laser
source into the fingerprint region, the congested spectral range 5001800 cm ™! where many
chemically important vibrational bands reside. Cheng et al. [22] reported a microscope based
on a pair of synchronized Ti:sapphire lasers with an electronic feedback system to maintain
a pulse separation and phase lock, Figure 2.4(B). However the relatively large timing jitter
(0.5 ps) between the pump and Stokes pulses caused the appearance of visible noise in im-
ages. Subsequent improvements in the synchronization method [26] reduced the jitter, leading
to CARS images free of jitter noise [27]. Ganikhanov et al. [28] developed a tunable OPO
in which both the outputs, signal and idler, are used as the pump and Stokes frequencies re-
spectively, Figure 2.4(C). The OPO was synchronously pumped by a mode-locked frequency-
doubled neodymium:yttrium orthovanadate (Nd:YVOQOy) laser [29] at a wavelength of 532 nm,
a commonly-used pump for modern Ti:sapphire lasers and ultrafast OPOs. Ganikhanov’s OPO
source is elegantly simple; the two beams are spatially and temporally overlapped when they
exit the OPO and can be coupled directly into a microscope, obviating the need for an optical
delay line. Unfortunately the output wavelengths from the OPO are further into the infrared
(900-1300nm) than ideal, reducing the spatial resolution and requiring major modification
to commercial microscopes to accommodate the long wavelengths. At Raman shifts below
1600 cm~! the CARS signal is above 850 nm, pushing it into a spectral region problematic for
photomultiplier detectors. To work around some of these difficulties a subsequent development
of the source included the option to use the fundamental wavelength of the Nd:Y VO, laser at
1064 nm, illustrated by the dashed line in Figure 2.4(C), as an alternative shorter-wavelength
source for the Stokes [30]. When mixed with the pump wavelength from the OPO output this
gave improved resolution and better access to the fingerprint region. However, this modifica-
tion reinstates the practical complexities of maintaining spatial and temporal overlap between
the two beams, including the need for an optical delay line. Extensive automation could make
this system more practical; at the time of writing, a commercial version of this light source is
under development (picoEmerald, Angewandte Physik und Elektronik [31]).

The cost and complexity of the sources described so far have been the main obstacle to

the widespread adoption of CARS microscopy. Accordingly extensive effort has been made
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in searching for simpler, more affordable lasers. A variety of solutions have been proposed.
Silberberg et al. [32] synthesized the pump and Stokes wavelengths from a single femtosecond
pulse using pulse-shaping techniques on a spatial light modulator. However the accessible Ra-
man shifts were limited by the available spectral bandwidth in the pulse (around 800 cm™1).
Andresen et al. [33] demonstrated the implementation of CARS microspectroscopy (see Sec-
tion 2.4.2) with a single-laser source and a nonlinear optical fibre. A femtosecond Ti:sapphire
laser was used to provide the pump frequency, whilst part of the beam was frequency-shifted
with a short length of photonic crystal fibre to produce the Stokes frequency. This scheme is il-
lustrated in Figure 2.4(D). Generally, the magnitude of the wavelength shift in a nonlinear fibre
can be controlled by varying the input power, providing the tuning capability in this type of set-
up. The same group later implemented CARS microspectroscopy with a fibre laser providing
both the pump and Stokes frequencies, again by exploiting the frequency-shifting properties of
nonlinear fibres [34]. Very recently, Pegoraro et al. [35] demonstrated CARS imaging using
a light source based only on fibre components. An all-fibre light source holds the promise of
developing into a low-cost and alignment-free laser that can be fitted onto existing confocal
or two-photon microscopes. As yet these sources are not sufficiently robust for reliable ima-
ging but are likely to become the lasers of choice in the near future. For the time being, most

applications of CARS continue to rely on ‘big’ laser systems.

2.3.3 Microscope

Whilst the laser source is the defining feature of a CARS imaging system, the microscope is
largely similar to a standard confocal or two-photon set-up and most CARS imaging systems
are based around such commercial systems. The background information on laser scanning
microscopes will not be given here, but is covered in detail by Pawley [36]. This section will
restrict the discussion to the aspects of the design and use of the microscope that are distinct to

CARS by comparison with more standard techniques.

Resolution

The resolution of a microscope is usually specified by the Rayleigh condition [1]. This is the
closest that two incoherently emitting point sources can be whilst remaining distinguishable.
The resolution r depends on the wavelength of the illumination A and the numerical aperture

of the objective lens NA
~0.61A

r =
NAb;

(2.13)

In confocal microscopy the resolution can be slightly enhanced by placing a pinhole (of
correct diameter) in front of the detector. The combination of point-like illumination and point-

like detection leads to an improvement in the resolution [37]
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This resolution enhancement is also realized in two-photon microscopy (without a pinhole).

(2.14)

Tconfocal =

As the excitation of fluorescent molecules depends quadratically on the beam intensity the spa-
tial width of the excitation is narrower than the intensity [38]. Similarly, in CARS microscopy
the same resolution enhancement occurs due to the quadratic dependence of the signal on the
number of vibrational modes [39]. CARS therefore provides resolution comparable to that of

confocal and two-photon microscopes.

Wavelengths

CARS excitation involves two different wavelengths, the pump and Stokes. For effective mix-
ing the two wavelengths must be focused together by a microscope objective lens to create
overlapping focal spots. However the presence of any aberrations in the system may cause this
overlap of the foci to be less than perfect.

Although the highest-corrected microscope objective lenses are generally corrected for
chromatic aberration at 4-5 wavelengths and spherical aberration at 3—4 wavelengths [40] the
pump and Stokes wavelengths may lie outwith these values, causing inherent aberrations to
become more severe. Longitudinal chromatic aberration in particular is likely to affect the
overlap of the two foci [41]. Spherical aberration in the objective lens generally limits the
imaging depth that can be achieved in CARS microscopy, although additional correction with
adaptive optics can be applied [42]. Note that the CARS signal is usually (though not al-
ways) collected by a separate condenser lens. The objective must provide good performance at
the pump and Stokes wavelengths, but need not necessarily provide good performance at the
signal wavelength. In contrast, in two-photon microscopy the objective also functions as the
condenser.

As well as the objective lens, aberrations may result from other lenses in the system. This
is particularly true when confocal or two-photon microscopes are used for CARS imaging.
Whilst two-photon microscopes are built to accommodate the wavelength range of Ti:sapphire
sources (702-925 nm) some modification of the microscope is generally required, either to re-
place lenses in the laser scanning system or to interface with the more specialized detectors
required for CARS (discussed later). Additionally, some of the laser sources outlined in Sec-
tion 2.3.2 provide longer wavelengths requiring more extensive customization to commercial
microscopes [30]. As the transmission of objectives at infrared wavelengths is generally poor
[41] this may also be a limitation where available laser power is low.

Very recently the first off-the-shelf CARS microscope (Fluoview FV1000MPE femtoCARS,
Olympus) has been developed; however this is a fixed-wavelength system with a limited range
of applications. The use of a modified confocal or two-photon microscope provides more

flexibility, however some degree of customization is invariably required to accommodate the

17



2.3. INSTRUMENTATION

L e ——— Forward
S.u..- 101_- 1’
2 ! - - - -forward
g 4p! backward
A § 1071
= |
o 10°4
< 10° )
$ 10° t=rrr o0,
0 2 4 6 8 P
D/,
Sphere D=0.14, Sphere D=0.24, Sphere D=3.0 4,
(x1.9 x10%) (x800) (x1.0)

Figure 2.5: Graph of the relative intensities of the forward and backward signals from a spher-
ical scatterer at the focus (A). The horizontal axis is the scatterer’s diameter D relative to the
pump beam wavelength \,. Radiation pattern from spherical scatterers of increasing size (B).
This figure is reproduced from Cheng [43].

wavelengths used for CARS. The greatest flexibility is provided by a custom-built microscope
(see next chapter), at the expense of the greater complexity and maintenance required of this

set-up.

Forward and backward detection

In many imaging techniques, such as confocal and two-photon microscopies, the signal is
emitted in all directions and can therefore be most efficiently collected by a lens with a high
numerical aperture (NA), usually the same microscope objective lens which focuses the excit-
ation beam. With CARS the signal arises from the coherent superposition of the radiation from
all oscillators in the excitation volume. Therefore the signal direction depends on the size (re-
lative to the pump beam wavlength )\,) and the shape of the scatterer, as well as the nonlinear
susceptibilities (x®)) of objects in the excitation volume. This gives a strongly directional sig-
nal which can be collected in either direction: forward (F-CARS) or backward (E-CARS). The
F-CARS signal arises from the constructive interference of the signal from dipoles throughout
the excitation volume. The directional nature of this signal means that a standard air condenser
provides sufficient numerical aperture to effectively collect the signal. For small (relative to \;)
objects an E-CARS signal is generated which is collected by the objective lens. However, for
larger objects destructive interference causes cancellation of the E-CARS signal. The relative

intensities of the two directional signals were calculated by Cheng et al. [43] and are shown in

18



2.3. INSTRUMENTATION

Figure 2.5 for a spherical scatterer of diameter D.
In experiments a backward signal has been observed through three different mechanisms

[5]:
1. Objects of small size (< A, /3) produce a significant E-CARS signal.

2. Sudden discontinuities in x(%), such as at the interface of the sample and coverslip, gen-

erate a strong E-CARS signal.

3. Thick or turbid samples can cause considerable scattering of the F-CARS signal, some of

which will be collected by the objective lens and thus detected in the backward direction.

Where samples are imaged in a medium (typically water) a strong non-resonant signal is
generated by the medium. This undergoes constructive interference in the forward direction,
and is cancelled by destructive interference in the backward direction. Therefore E-CARS im-
ages can provide greater contrast than F-CARS due to the absence of this background. Despite
this, in general, the weakness of the E-CARS signal and its size-dependence limit its utility.
When imaging thick samples detection in the forward direction is not possible and the back-
ward signal must be recorded. When this is done it is usually the third of the above mechanisms

that is responsible for most of the signal [44].

Optical sectioning

The nonlinear nature of CARS and the use of a high-NA objective lens to focus the beams
means that excitation only takes place within the focal volume (< 1 zm3). This gives CARS
inherent 3-D optical sectioning capability. As with two-photon microscopy (and unlike con-
focal) there is no need for a pinhole to block light from out-of-focus planes, and the use of
large-area direct (non-descanned) detectors, positioned close to the sample, improves the de-

tection efficiency.

Detectors

Asides from a large active area, the detectors for the CARS signal need a high quantum effi-
ciency across the range of CARS signal wavelengths. Detectors used for confocal microscopy
are typically selected for sensitivity to visible-wavelength fluorescence emission, whereas the
CARS signal can be visible or near infrared depending on both the specific laser source used
and the selected Raman shift (Equation 2.5). For Ti:sapphire lasers the signal (anti-Stokes)
wavelength falls in the range 570-680 nm and a photomultiplier detector with a photocath-
ode made from multiple alkali metals can provide high detection sensitivity over this range.
However these detectors suffer from a sharp infrared cut-off at 850 nm [45], which limits their

application for CARS imaging if using a longer-wavelength laser source.
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Image processing

Confocal and multiphoton microscopy make use of deconvolution techniques whereby the re-
corded pixel values are deconvolved with the measured (or estimated) point-spread function
[46]. The coherent nature of CARS in which the signal intensity depends on the interference of
the field from oscillators in different parts of the excitation volume means that this cannot be
applied. However other 3-D image processing techniques [47], such as volume rendering from
optically sectioned stacks, are equally applicable to CARS.

2.4 Techniques

This section will provide an overview of a few of the specific techniques which have been
applied to develop, modify or improve CARS microscopy.

2.4.1 Suppression of the nonresonant background

The presence of the nonresonant background is the most significant drawback of CARS and
many technical developments have concentrated on addressing this problem.

Polarization CARS (P-CARS) takes advantage of the difference in the polarization between
the nonresonant and resonant parts of the signal. First demonstrated for spectroscopy in the
1970s [48], P-CARS has been applied to CARS imaging to effectively suppress the nonreson-
ant background [49]. A half-wave plate is inserted into the Stokes beam to rotate its polariza-
tion relative to the pump in order to produce the optimum extinction ratio for the nonresonant
background when the signal is detected through an analyzer. However the improved contrast
offered by P-CARS comes at the expense of attenuating the resonant signal as well. It is a
convenient method to distinguish nonresonant and resonant parts of an image, but is unsuitable
for imaging damage-sensitive samples where it is critical to minimize laser power.

The simplest method to identify nonresonant and resonant components is to record images
on- and off-resonance and subtract them [50]. This is effective because the resonant part of
the CARS signal (Xg )) depends on detuning, whilst the nonresonant part (X%){) is essentially
spectrally flat (see Equation 2.11 and Figure 2.2). Applying this technique to every recorded
CARS image would be tedious. Instead the subtraction can be achieved automatically by mod-
ulating the frequency of one of the excitation lasers (typically by around 3 nm) such that the
Raman shift moves rapidly on and off the CARS resonance and extracting the background-free
CARS signal with a lock-in amplifier on the detector. This technique is known as frequency
modulation CARS (FM-CARS) [51]. The implementation requires a total of three synchron-
ized excitation frequencies to be able to perform the modulation. This further complicates
the laser source, though recently-developed specialized sources for FM-CARS are making it a
more viable option. For example, Saar et al. [7] have implemented an FM-CARS system using

an OPO with intracavity wavelength modulation.
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Other techniques for background suppression include interferometric methods [52, 53, 54],
time-resolved detection [55], and spectral [56] and spatial [57] phase control of the excitation
beams. These methods have been widely demonstrated on test samples, but less widely used

for biomedical imaging due their relative complexity.

2.4.2 Microspectroscopy

CARS microspectroscopy is the recording of a (CARS) spectrum at a selected point in a mi-
croscopic sample; or the recording of one spectrum for every pixel of a microscope image.

Whilst a CARS spectrum can be recorded by step-by-step tuning of the Stokes (or pump)
laser [25], this method is time-consuming and only practical over a small spectral region.
The development of multiplex CARS (M-CARS) [58] made fast acquisition of CARS spec-
tra possible. In M-CARS, multiple Raman vibrations are excited by a narrowband picosecond
pump pulse (around 3 cm ™! spectral bandwidth) and a broadband femtosecond Stokes pulse
(~ 160 cm™!). The resulting CARS spectrum is recorded with a spectrograph. This method
can be used for fast characterization of the chemical properties of samples. Where two Raman
bands reside within the spectral bandwidth—which is usually no more than 300 cm™'—it can
be used for quantitative imaging by comparing the intensities of different bands. For example,
Bonn et al. [59] applied M-CARS for imaging the ratio of two CARS resonances to map out
the degree of unsaturation in cellular lipid droplets.

As M-CARS requires a femtosecond pulse and a picosecond pulse it lends itself to the use a
laser-and-fibre type source, as illustrated in Figure 2.4(D). The high peak power available in the
femtosecond pulse allows easier exploitation of nonlinear effects the fibre. In one such system,
demonstrated by Andresen et al. [33], a broadband Stokes pulse was generated by frequency-
shifting the femtosecond pump pulse in the fibre. Meanwhile the residual femtosecond pump
pulse was spectrally filtered by a separate fibre to provide the required spectral resolution.

Despite the rich chemical information on offer and the relative simplicity of single-laser
CARS sources, M-CARS has not enjoyed widespread application for CARS imaging. Acquir-
ing a spectrum at each pixel in an image requires acquisition times of milliseconds per pixel
or greater, leading to significant photodamage and resulting in overall image acquisition times
that are too slow for many applications in biomedical imaging [5]. Additionally the collected
CARS spectra cannot be directly compared with the vast literature on Raman spectra due to the
inherent differences between the two (see Section 2.2.3). Whilst Raman spectra can be extrac-

ted by a detailed analysis of CARS spectra [60] this requires significant offline processing.

2.4.3 Multimodal microscopy

The combination of CARS microscopy with other better-established nonlinear imaging tech-
niques increases the scope and versatility of CARS imaging. CARS has been combined with

fluorescence imaging methods such as two-photon, and with other label-free techniques such
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as second and third harmonic generation (SHG, THG) and sum frequency generation (SFG).
Where multiple modalities have been combined on the same microscope images may be recor-
ded sequentially (i.e. one modality after the other) or simultaneously. Simultaneous imaging
relies on the ability to physically separate the light from different processes into different detec-
tion channels. This is generally achieved by having separate forward and backward detectors
and using filters to sort signals by wavelength. Whilst CARS relies on picosecond pulses
to maximize contrast in images (Section 2.3.1), femtosecond pulses are preferred for other
nonlinear imaging modalities as they maximize the signal generated. Multimodal microscopy
inevitably involves a compromise and several different approaches have been taken.

Le et al. [61, 62] combined CARS with both SHG and two-photon imaging by attaching
two laser sources to the one microscope. A flip mirror was used to switch between the two,
providing sequential imaging. Several applications have used combined CARS and two-photon
for simultaneous imaging [63, 64]. For example Nan et al. [24] used CARS to image lipid
droplets and simultaneous two-photon to record mitochondria (labelled with MitoTracker Red)
in mouse cortical adrenal cells. A pair of synchronized picosecond Ti:sapphire lasers provided
the pump and Stokes wavelengths for CARS, whilst the Stokes laser wavelength also excited
the fluorescent dye. Energy diagrams for this excitation scheme are shown in Figure 2.1(C) and
(D). Using a similar method, Wang et al. [65] demonstrated the application of simultaneous
CARS and SFG imaging.

The use of picosecond pulses, whilst advantageous for CARS, results in lower nonlinear
signal generation for SFG, SHG and two-photon [66]. Chen et al. [67] reverted to using femto-
second pulses for CARS. Their laser source produced synchronized pulses at four different
wavelengths creating a microscope that can perform SHG, THG, two-photon and CARS. The
shorter pulses provided enhanced nonlinear signal generation, however the large spectral width
of the CARS pulses limited its application to broad Raman bands (> 50 cm ™). In a recent
development, Pegoraro et al. [68] showed that the limited spectral resolution available from
femtosecond pulses can be enhanced by controlling the pulse’s chirp.

Clearly there is a trade-off between accommodating the different modalities, and the ideal
laser configuration has yet to be realized. Nonetheless, multimodal microscopy has already
pushed CARS imaging into new areas of application. As many laboratories are already equipped
with confocal or two-photon imaging systems, and researchers are often familiar with these
methods, the integration of CARS with established techniques—and onto existing microscopes—

holds exciting possibilities.

2.5 Applications

CARS microscopy has found applications across a diverse range of research topics. This sec-
tion will present a brief review of the two that have most benefited: biology and medicine.

Despite the limitations of photodamage and the stringent demands of minimizing laser power
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these areas have developed rapidly over the past decade. Several applications of CARS imaging
to non-living materials, which may have higher damage thresholds, include imaging materials
such as photoresists [69] and liquid crystals [70]. This review will concentrate on biological
and medical applications as these are most relevant to the application developed for this thesis.

The first tests of CARS microscopy (with a collinear beam geometry) [4, 25] applied the
technique to model systems to determine the basic imaging properties, including the contrast,
spatial resolution and spectral resolution; and to demonstrate the optical sectioning capability
of CARS. Polystyrene beads were extensively used due to the presence of a number of Raman
bands which could be targeted [71]. These samples provided the basis for further development
of microscope systems to reach a level of refinement suitable for more interesting studies.

Of all the Raman bands that produce useful CARS images the C-H stretch, around
2845cm ™!, is such a strong vibration that the resonant CARS signal is dominant in images,
even without subtraction or suppression of the nonresonant background [50]. As lipids contain
a high density of these bonds, imaging lipid-rich samples has proved a fruitful area for CARS.
In model membrane systems CARS imaging of lipid domains was used to push the sensitivity
to a level that can detect single lipid bilayers [72, 64]. In cellular studies, lipid droplets have
been shown to provide high contrast in CARS images allowing investigation of their transport
and biogenesis [73, 24]. Both fixed and live cells have been studied. Imaging live cells is
clearly advantageous as it avoids anomalies introduced by the fixing process [74], although
an assessment must be made of the ‘safe’ power level to ensure photodamage does not occur
[24, 75]. The combination of CARS with other label-free techniques, discussed in the previ-
ous section, has provided a means to conduct studies into the effects of obesity on cancerous
tumours [61] and the composition of atheromata [62]. These studies suggest that CARS may
be able to play a role in elucidating the link between obesity and disease, including certain
types of cancer and atherosclerosis. CARS also shows promise in the investigation of other
diseases. For example, CARS is a good means to image myelin, which is 70 % lipid. This
could assist with the studies of demyelination disorders of the nervous system [76]. As myelin
is also present in brain tissue it provides a good target for brain imaging. For example, Evans
et al. [30] used a motorized stage to record a mosaic of CARS images showing a full mouse
brain section.

The inherent difficulties of fluorescent labelling are compounded when working in the com-
plex in vivo environment. There is therefore significant interest using CARS for label-free
in vivo imaging. By reconstructing stacks of CARS images, Evans et al. [44] created three-
dimensional images of mouse skin showing the skin layers to a depth of 100 ym. In the same
experiment they applied baby oil to the skin and were able to track its diffusion. This could
open up new ways to study drug delivery in living systems, especially if methods are used to
improve the depth penetration of CARS [42, 77]. More generally, skin is an important med-
ical application for nonlinear microscopy [78] as it is both the largest organ of the body and

the most accessible. Imaging other organs requires adapting CARS for endoscopic imaging,
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and some progress has been made towards this goal [79]. The use of fibre-based delivery [80]
could eventually allow CARS to be used for in situ medical diagnosis. Meanwhile improve-
ments in laser sources are making CARS simpler and more cost-effective, opening avenues to

new biomedical applications.

2.6 Stimulated Raman scattering

Recently, the drawbacks of CARS microscopy have been addressed by the development of
stimulated Raman scattering (SRS) microscopy [6, 81]. SRS is the Raman analogue of stimu-
lated emission. As with CARS, the sample is excited with two frequencies, w), and w;, arranged
such that their difference corresponds to the Raman shift to be imaged, €2 = w, —w,. The amp-
lification of the Raman shift by stimulated Raman gain causes an increase in the intensity of the
Stokes beam, and a corresponding loss in intensity of the pump beam. The effect is measured
by modulating the intensity of the Stokes beam with an an electro-optic modulator. The mod-
ulated loss in the intensity of the pump beam is detected by a lock-in amplifier. (Alternatively
the converse effect, stimulated Raman loss, can be measured.)

Unlike CARS, SRS is not afflicted by a nonresonant background, so SRS spectra corres-
pond directly with Raman spectra, allowing the two techniques to be used together more easily
and eliminating problems associated with the background. Additionally the signal scales lin-
early with concentration of sample molecules, improving the sensitivity at low concentrations
and making image interpretation easier.

The advantages of this techniques are clear and its initial applications look promising. It
remains to be seen whether it will supersede CARS. As both processes use the same frequencies

existing microscopes can be adapted to it without replacing the laser source.

2.7 Conclusions

The theory of CARS presented here allows an understanding and interpretation of recorded
images. Raman spectroscopy is a valuable tool for selecting target bands for CARS, however
there are significant differences between the spectra of the two processes due to the interference
of the nonresonant background in CARS. Given the complexity of the light source, laser para-
meters must be carefully selected to provide good performance of the whole imaging system.
When CARS microscopy is implemented with (or added to) a confocal or two-photon micro-
scope some modification is required to accommodate the wavelengths involved in the CARS
process, and the directionality of the CARS signal.

CARS microscopy is a rapidly-developing field. Recent developments have focused on
finding simpler, more robust laser sources and combining CARS with other nonlinear tech-
niques to improve its versatility. Advances in the implementation of the technique, particularly

those related to optical fibres, are reducing cost and complexity, and opening up new biomed-
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ical applications. At the same time efforts to address the shortcomings of CARS have resulted
in a variety of techniques to suppress the nonresonant background, and the development of

stimulated Raman scattering.
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The CARS microscope

3.1 Introduction

This chapter will describe the set up, operation and testing of the CARS microscope. It will
start with a general overview of the complete set-up. The detailed explanation will be divided
into two parts: the laser system (Section 3.3) and the microscope system (Section 3.4). The
laser system comprises a number of commercial units which will be described only briefly. The
microscope system was constructed from components and will be described in greater detail.
The operation of the set-up will be explained with particular focus on the unique aspects of
CARS microscopy which differentiate it from other techniques. The results of characterization
of the microscope’s performance will be presented here, including measurement of the spatial
resolution. All experiments in this chapter were conducted on test samples, including solvents
and polystyrene beads. Chapter 4 will test the microscope’s capability for imaging cellular

specimens and a specific application will be developed in Chapters 5 and 6.

3.2 Overview

A diagram of the CARS microscope is shown in Figure 3.1; a photograph is shown in Fig-
ure 3.2. The pump wavelength A\, and the Stokes wavelength A\, are provided by a pair of
Ti:sapphire lasers. The pair are powered by a frequency-doubled 10 W Nd:YVO;, laser (not
shown) split fifty-fifty between the two. A portion of each beam is picked off and used to

generate a pulse separation error signal between the two lasers which is minimized through a
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Figure 3.1: Diagram of the CARS microscope. Symbols are defined in Section 3.2. The
backward (E) detector was used for detection of the E-CARS signal (not shown) in Section
3.5.8. It was later adapted for detection of a two-photon signal (A2;,), as described in Chapter
5. The cell chamber is an optional addition for live cell imaging and is described in Chapter 6.
A photograph of the system is shown in Figure 3.2.
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Figure 3.2: Photograph of the CARS microscope.
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phase-locked loop system (PLL) keeping the pulses synchronized. The Stokes laser is reflec-
ted from mirror M into a beam-splitting cube (BS) which combines the two collinearly. Half
of this combined beam is used to monitor the laser wavelengths and synchronization, using a
spectrometer and two photodiodes. The other half is expanded with a pair of lenses, L; and
Lo, from a diameter of W to W;. The beam is attenuated by a variable neutral density (ND)
filter and directed onto a pair of galvanometer scanning mirrors, M, and M,. Further beam
expansion occurs through the scan and tube lenses, Lg and Ly, to give a beam diameter Wy at
the back aperture of the microscope objective lens. The beam is scanned in the sample plane
by driving the scanning mirrors through a computer interface (not shown). The same interface
controls the image acquisition.

The CARS signal, with wavelength A\, is detected with a photomultiplier tube which can
be set up for detection in the forward (F) or backward (E) directions. In the forward direction
the signal is collected by a condenser lens and in the backward by the microscope objective
lens. It is separated from the laser wavelengths by reflection from a long wave pass dichroic
mirror and additionally filtered with multiple band pass filters.

For heterogeneous samples bright field imaging is used to identify interesting regions and to
focus the sample prior to CARS imaging. Translation and focusing of the sample are performed
by a manual three-axis stage. An infrared light-emitting diode (LED) provides illumination
through the dichroic mirror and condenser lens. The magnified image is directed from a flip

mirror below the objective lens onto a camera.

3.3 The laser system

This section will outline the aspects of the laser system which are specifically relevant to the
operation of the CARS microscope. This includes a description of mode-locking, an explana-
tion of the phase-locked loop (PLL) system used for synchronization, and a discussion of how
the laser wavelengths are tuned for CARS.

The laser system is based around a number of commercial units manufactured by Coher-
ent. A frequency-doubled Nd:YVO, (Verdi V10) powers the pump (Mira 900-D) and Stokes
Ti:sapphire lasers (Mira 900-P) and a PLL system (Synchrolock) synchronizes the output
pulses. The description given in this section will cover only some aspects of the laser sys-
tem’s capabilities; full technical documentation is provided by the manufacturer [82, 83]. A
diagram of the Ti:sapphire laser cavity is shown in Figure 3.3. The devices marked in green

are part of the PLL system; they are present in the pump laser, but not the Stokes.

3.3.1 Mode-locking

Both lasers use passive Kerr-lens mode-locking [20]. Self-focusing in the Ti:sapphire crystal
due to the optical Kerr effect causes high-intensity pulses to be focused more than continuous

wave (c.w.) light. An adjustable slit inserted before the output coupler (at the position shown
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Figure 3.3: The cavity of the pump and Stokes Ti:sapphire (Ti:AlyO3) lasers powered by an
Nd:YVOy laser. Devices marked in green are present in the pump cavity only. Key: M; to Mo
cavity mirrors, GTI Gires—Tournois interferometer, BRF birefringent filter, BS; to BS4 beam-
splitters, PZT piezoelectric transducer. This Figure is adapted from the Mira 900-P Operator’s
Manual [82].

in the cavity diagram, Figure 3.3) blocks the c.w. components whilst preferentially transmitting
the slightly focused pulses. The alignment of this slit is achieved using a power meter built into
the laser head (off BS3). As Kerr-lens mode-locking employs a passive shutter, the cavity must
be momentarily disturbed to initiate the first pulse that will start mode-lock. This is achieved
by vibrating a butterfly-shaped starter, shown in Figure 3.3, causing a slight but rapid variation
in the optical path length of the cavity sufficient to initiate mode-lock. To determine when the
cavity has mode-locked a Fabry—Pérot etalon, built into the laser head (off BSy), detects the
presence of any c.w. component in the output beam. The etalon automatically activates the
starter whenever c.w. is detected, and switches it off once mode-locking is established. Dur-
ing mode-locking a Gires—Tournis interferometer (GTI) actively compensates for intracavity
dispersion [84].

Water absorption is high at certain infrared wavelengths, especially above 870 nm [85].
The losses can be significant enough to make mode-locking impossible. To minimize the water
absorption the cavity humidity can be reduced (to < 5 %) by purging with dry nitrogen gas for
around 1 h before use.

3.3.2 Synchronization

The CARS process involves the mixing of two different wavelengths, the pump and the Stokes,
from pulsed sources. Pulses of each wavelength must therefore arrive in the sample at the same
time, requiring careful synchronization of the laser system.

The need for synchronization becomes evident when comparing the pulse separation to the
pulse duration. The pulse separation is the time taken for a single pulse to make a round trip of

the laser cavity [20]
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2L
tsep = —
where L is the optical path length of the cavity and c is the speed of light. The Ti:sapphire
lasers used here both have cavity lengths (and also optical path lengths) of approximately 2 m.
This length can be manually adjusted over a limited range by translating the output coupler
(M1 in Figure 3.3). The pulse separation is therefore approximately 13 ns. Equivalently, the
repetition rate (1/ts,) is 75 MHz which is standard for this type of laser [23]. Pulse durations
used for CARS are typically in the range 2—7 ps as this choice maximizes the ratio of the
resonant signal to the non-resonant background (see Section 2.3.1). The lasers used here both
have pulse durations around 2 ps (measured later, in Section 3.5.1). The pulse duration is
therefore 0.01 % of the pulse separation. If the pulses derive from independent laser cavities
(as in this system') the slightest disturbance to the cavity length of either laser will quickly
cause the overlapped pulse trains to walk off from each other. Such disturbances are caused
by environmental conditions such as vibrations and temperature changes and are impossible
to eliminate completely. To achieve any kind of sustained overlap therefore requires active
synchronization.

The techniques for active synchronization of pulsed lasers running at different wavelengths
have been developed for a variety of applications, including two-colour pump-probe spectro-
scopy [86, 87] and difference frequency generation of mid-infrared pulses [88]. The devel-
opment of CARS microscopy has also motivated improvements to the technique [89]. The
general design involves mounting one of the cavity mirrors (usually the output coupler) on a
piezoelectric transducer (PZT) in order to control the length of the laser cavity. A feedback
loop drives the PZT to synchronize the laser to a stable reference signal, or to another laser.

The system used here is a commercial feedback device (Synchrolock, Coherent) which
synchronizes the Stokes laser (the master) to the free-running pump laser (the slave). Mirror My
in the pump laser cavity (Figure 3.3) is attached to a PZT to provide precise control of the cavity
length. It is important to note that, whilst the PZT must provide nanometre-precision control
of the cavity length, the acoustic vibrations which disturb the cavity occur on millisecond
timescales [90]. The response speed of the PZT (200 us [83]) must therefore be faster than
these disturbances, but need not be as fast as the pulse separation (13 ns).

The PZT provides only a limited range of movement, 8 um. To enable a wider range of
adjustment an additional cavity length actuator is also required. The starter is used for this, thus
serving dual roles: first in mode-locking (Section 3.3.1) and then in synchronization. This is
possible as once mode-locking has been achieved the starter is free to assist in synchronization.
Rotating the starter, through a motor drive, changes the optical path length of the laser cavity.

It is driven continuously so as to keep the PZT near the centre of its 8 um range.

'In contrast, laser sources in which a portion of a pulsed laser output is used to seed an optical parametric
oscillator are inherently synchronized and require only an optical delay line to overlap pulses. This type of source
was discussed in Section 2.3.2.
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Finally, for the most coarse level of cavity length adjustment, the pump laser’s output
coupler (M1) is fitted to a stepper motor with 25 mm of travel. The stepper motor is not part
of the active feedback loop; it is used to achieve a rough equalization of cavity lengths before
enabling the synchronization system.

The actuators in the pump laser cavity are driven by phase-locked loops (PLLs). A portion
of each of the beams is picked off into optical fibres outside the cavity (see Figure 3.1) and
detected with fast photodiodes. By electronically mixing the two signals an error signal is
generated which contains information about the differences between the lasers’ repetition rates
as well as the phase relationship between the two pulse trains. The calculation of the error
signal is described in detail by Yu et al. [87]. The signal is forced to zero through a PLL at the
fundamental frequency of the repetition rate (75 MHz). To achieve tighter synchronization the
system is then switched over to a PLL on the ninth harmonic (675 MHz) of the repetition rate.
The use of higher harmonic locking is an established technique for CARS imaging [89]. The
ninth-harmonic lock reduces the jitter to 215 fs [91] which is sufficient to eliminate jitter noise
from CARS images. Methods to measure the timing jitter are described by Ma et al. [26].

To summarize, there are three stages to achieving the synchronization. First the stepper
motor is driven to minimize the initial cavity length difference. Then active synchronization
is enabled using a PLL on the fundamental frequency of the error signal. Once this has been
achieved, a second PLL is switched on operating on the ninth harmonic of the error signal. The
fundamental loop is then switched off. This procedure locks the pulse separation and phase
relationship between the two lasers. However to ensure overlap in the sample, the phase shift
in the combined beams must also be adjusted. Whilst this could be achieved with an optical
delay line, the PLL includes a phase shifter which allows the addition of an arbitrary phase
(0-360°) between pulse trains. This final stage of the process requires an external detector to

monitor the overlap. It is described later, in Section 3.4.2.

3.3.3 Wavelength tuning

To image a specific vibration the difference in frequency (£2) between the pump and Stokes
lasers must match the energy of the chosen Raman band. Rewriting Equations 2.6 and 2.5
from Chapter 2 in terms of wavelength gives the required condition, and the corresponding
wavelength of the CARS signal

1 1
R=——-— 3.1
by (3.1)

1 2 1
= — - — 3.2
Aas  Ap s (3-2)
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Figure 3.4: Illustration of the relationship between the pump A,, Stokes Ay and CARS Ay

wavelengths and the corresponding Raman shift. The pump laser wavelength is fixed near

the short wave edge of its tuning range. The maximum accessible Raman shift, 3370 cm™*, is

determined by the laser tuning range. The minimum, 720 cm ™!, is determined by the properties
of the filters used to separate \,s from ), see Section 3.4.6.

where )\, As and A\, are the pump, Stokes and CARS wavelengths. The symbol R = Q/2mc
is used here to denote the Raman shift; cm ™! is the usual unit>. The Ti:sapphire lasers can be
tuned over the range 705-925 nm by rotating a birefringent filter in the laser cavity (BRF in
Figure 3.3). This allows imaging at Raman shifts up to 3370 cm~!. The above equations are
illustrated in Figure 3.4 for a fixed pump wavelength of 709.1 nm.

CARS requires very precise tuning of the lasers, especially when targeting a narrow Raman
band. Assuming the wavelengths of each laser can be measured with equal precision, i.e.
AN = A), = A, the error in the Raman shift is

[1 1

An external laser spectrometer (WaveScan, Angewandte Physik und Elektronik), positioned
as shown in Figure 3.1, was used to measure the laser wavelengths with a specified precision
of 0.2nm. However this precision is not sufficient to tune to the narrow Raman bands in
some samples. For example, the width of the ring breathing mode in toluene® at 1001 cm ™! is
2 cm~!. When tuning the lasers to this band the error in the Raman shiftis 5 cm~!. However, as
the spectral bandwidth of the laser pulses (measured in Section 3.5.4) is also around 5 cm ™! the

laser tuning is unlikely to miss the band completely and should at least generate a detectable

If Ap and X, are in nm, the Raman shift in cm ™! is 107 (i — A%)

3The full Raman spectrum of toluene is shown in Figure 3.10(A).
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CARS signal. Once detected the wavelength of one of the lasers can be adjusted slightly,

maximizing the CARS signal to ensure they are tuned precisely on the Raman band.

3.4 The microscope system

The microscope system was constructed from a number of components which will be described

in this section. The methods of operation will also be detailed here.

3.4.1 Collinear overlap of pump and Stokes beams

The CARS microscope requires the pump and Stokes lasers to be combined collinearly and
overlapped. The beam-splitter (BS in Figure 3.1) is mounted on a kinematic stage allowing it
to be rotated and tilted with high precision. The pump beam is used as a fixed reference, and the
Stokes beam alignment is set up to achieve approximate overlap with the pump when viewed
over a distance of around 4 m. This alignment method is sufficient to generate a detectable
CARS signal in a solvent such as toluene. Once detected, the signal is progressively optimized

by ‘walking’ the beam between Mg and BS to find the position of optimum overlap.

3.4.2 Detection of synchronization

The PLL system can lock with an arbitrary constant phase shift, 0° to 360°, between the two
pulse trains. To determine when the two pulse trains are in phase in the overlapped beam, i.e.

downstream of the beam-splitter, two photodiodes are set up
* a fast photodiode and
* a slow photodiode

at the positions shown in Figure 3.1.

The fast photodiode, a silicon P-I-N type (818-BB-02, Newport), has a spectral response
range of 300-1100 nm. The rise time, 0.2 ns, is less than the pulse spacing (13 ns), but greater
than the pulse duration (2 ps). It is therefore fast enough to resolve individual pulses, but not
fast enough to completely overlap them. The signal, viewed on an oscilloscope, is shown in
Figure 3.5. The phase shift is adjusted through the PLL system to bring the pulses approxim-
ately into phase, whereupon a signal is detected on the slow photodiode.

The slow photodiode is a GaAsP type (G1116, Hamamatsu) and has a rise time of 4000 ns.
It therefore integrates the signal over several hundred pulses. The photocurrent is converted to
a voltage by a transimpedance amplifier (LF351, ST Microelectronics)*. The spectral response

range is 300-680 nm. As the pump and Stokes wavelengths both lie outside of this range,

*The diagram of the amplifier circuit was provided by Douglas Munro of the School of Physics and Astro-
nomy’s Electronics Workshop.
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Figure 3.5: Oscilloscope screen showing the signal from the fast photodiode (positioned as
shown in Figure 3.1). The pump and Stokes pulses trains shown here are approximately 180°
out of phase.

any signal generated is due to multiphoton processes such as two-photon absorption [92]. The

signal detected on the photodiode is given by [93]

S(r) = / g (D) d + / gD dt + / gp(t) x ga(t — 7)dt

where g, and g are the pump and Stokes fields and 7 is the (constant) delay between the two
pulses. The final term is the cross-correlation between the two beams, with the first two simply
adding a constant background to the measurement. The maximum value of the signal therefore
occurs when g, and g, have the greatest area of overlap, i.e. when 7 = 0. This condition
occurs when the pulses are completely in phase. The signal can therefore be used to optimize
the phase shift to bring it to zero.

To summarize, two photodiodes enable overlap of the beams by adjusting the PLL phase
shift between the two. The beams are first brought approximately into phase using the signal
on the fast photodiode. The signal from the slow photodiode is then used to fine-tune the phase
shift.

3.4.3 Beam expansion

Ideally the light incident on the back aperture of the microscope objective lens will be a col-
limated beam with uniform intensity across the aperture. To achieve an approximation to this
the laser beam, which has a Gaussian intensity profile, must be expanded to fill the aperture. A

beam which does not fill the back aperture will not use the full numerical aperture of the lens,
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MAG. MAN. NA IMMERSION BACK APERTURE ¢ RESOLUTION
60x  Nikon 1.20 water 9.3 mm 0.26 pm
100x Nikon 1.4 oil 7.2mm 0.22 pm

Table 3.1: The microscope objective lenses used for CARS: magnification, manufacturer, nu-
merical aperture, immersion fluid, diameter of the back aperture and the diffraction-limited
resolution calculated by Equation 2.14 with a pump wavelength of 709 nm.

resulting in an increased focal spot size and lower resolution.

The diameter of a Gaussian beam is defined as the full width of the intensity profile at e%
of the maximum intensity. A common arrangement in confocal microscopes is to expand the
beam to twice the diameter of the objective lens back aperture [94]. This arrangement leads to
a variation in intensity of 40 % over the aperture and transmits 70 % of the incident light into
the objective.

In this set-up the beam expansion occurs in two stages, before and after the scanning mir-
rors (Figure 3.1). Lenses L; and Ly expand the beam width from Wy to

f2
= —
Wi T Wo

This must be less than 5 mm to ensure the beams fit onto the scanning mirrors. Further expan-

sion is provided by the scan lens Lg and tube lens L to give

_ Sty Jif2
W2 B fsz B fsfl

The diameter at L.; was measured, by scanning a knife-edge across the beam [95], as Wy =

Wo

2.1 mm. The back aperture diameters of the two objective lenses used in this thesis are listed
in Table 3.1. The focal lengths of lenses L1, Lo and Ly were are chosen to overfill the back

aperture of the 100x objective lens; the focal length of Ly is fixed by the objective manufacturer:

First beam expanding lens fi 60mm
Second beam expanding lens fo 150 mm
Scan lens fs  7hmm

Tube lens ft 200 mm
This gives a final beam diameter of 14 mm. This is ideal for the 100x objective lens, but

underexpanded for the 60x. Although a greater beam expansion would provide more even
intensity across the objective lens back apertures this can only be achieved by reducing the
focal length of the scan lens. In practice this did not lead to any improvement in image quality
or resolution. This could be due to aberrations introduced when using a scan lens with a short
focal length.
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3.4.4 Beam attenuation

A linear gradient ND filter (NDL-25C-4, Thorlabs) was set up to control laser power, as shown
in Figure 3.1. The filter allows continuously variable adjustment down to a minimum of 0.01 %
of full power. The power is measured with a thermopile sensor (PowerMax PM3, Coherent)
positioned before the scanning mirrors. The power incident on the sample will be lower than

the measured power due to losses in the optical system:

* There may be losses in reflection from the scanning mirrors. These are assumed to be

negligible.

* There are losses in transmission of the beam through the scan and tube lenses. These are

also assumed to be negligible.

» The beam overfills the back aperture of the objective lens. Around 70 % of the incident
beam enters the objective.

» The objective lens has a transmission of approximately 65 % at infrared wavelengths
[96].

As a result of these losses it is estimated that the power at the sample is 46 % of that incident

on the scanning mirrors.

3.4.5 Beam scanning

The scanning mirrors set up for CARS imaging are arranged as a closely-spaced pair, illus-
trated in Figure 3.6. The microscope system is configured so that the telecentric plane of the
microscope objective lens is conjugate to the plane between the mirrors (see Figure 3.1). This
arrangement closely approximates telecentricity [94].

The mirrors M, and M,, are mounted on scanners (6215HSM60, Cambridge Technology).
Each scanner has a motor, and a rotary optical encoder which measures the angle of the shaft.
The mirror scanners are controlled through two servoamplifier circuits (677215HHJ, Cam-
bridge Technology), one for each mirror, to which command signals are applied as voltages.
The servo generates an error signal using the feedback from the optical encoder. It then drives
the scanner to force the error signal to zero. By applying a pair of time-varying command
signals (V, V) the mirrors can be rotated to scan the beam focus in a raster pattern through
the sample plane. The generation of the command signals and the simultaneous acquisition
of the photomultiplier signal are performed by a data acquisition device (PCle-6251, National

Instruments) controlled by a computer program?.

3The software is a modified version of Nonlinear Optical Microscopy Scanning and Imaging System (NOMSIS),
version 1.9, provided by Anthony Lee of Texas A&M University. Jochen Arlt, from University of Edinburgh,
modified the software to acquire data from current mode photomultipliers.
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Figure 3.6: An illustration of the scanning mirrors: M, (upper) and M,, (lower). This figure is
reproduced from Stelzer [94].

SCANNING PARAMETERS EXAMPLE TYPICAL
Image size L 64 x 64 pixel 512 x 512 pixel
Pixel acquisition time T, 40 us/pixel 40 ps/pixel
Line acquisition time T 2.6 ms/line 20 ms/line
Image acquisition time T; 164 ms/scan 10s/scan
Maximum command signal Vo 1.1V 0.8V
Scanning offset (Oz,0y) 0,00V (0.12,—-0.08) V
Park position (Py, Py) (2,0)V (2,0)V

Table 3.2: The scanning parameters which determine the image dimensions and the acquisition
time. A graph of the mirror scanning functions for the example parameters is shown in Figure
3.7. The typical values are those used for most of the CARS images in this thesis.

The laser beam should not be incident on the sample when not acquiring images. At the
end of each scan the beam is moved to a defined park position (P, P,) where it rests on a
beam block positioned in the primary image plane, as shown in Figure 3.1.

The absolute value of the maximum command signal voltage applied to the mirrors, Vj,
determines the size of the region that will be scanned. As the region is square, this value is the
same for both mirrors. It is essential to have a precise knowledge of the size of the scanning
region in order to be able to measure the size of objects in images. The relationship between
Vb and the dimensions of the scanning region (in um) must be measured. The method is given
in Section 3.5.6.

The scanning region is divided into L x L pixels. The pixel acquisition time is 7},. The line
and image acquisition times are therefore 1) = LT}, and T; = LQTp. M, is the fast mirror; it
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Figure 3.7: The command signals sent to the scanning mirrors to scan a 64 x 64 pixel image.
The scanning parameters are given in the example column of Table 3.2.

scans the beam across each line, then returns to the start position for the next line. Its command
signal has the shape of a saw-tooth wave. M, is the slow mirror: it makes one continuous
movement for each scan. The following functions are used to calculate the command signal

voltages as a function of time ¢

2V0(TLZ—LT%J —%)+Om for0 <t <T,
P, fort > T;
Wy (£-1)+0, for0<t<T,

P, fort > T;

The values (O, O,) in these functions are a programmable offset which can assist with center-
ing the beam in the sample plane. Some values of the scanning parameters to these functions
are shown in Table 3.2. The graph in Figure 3.7 shows an example of the command signals
used to scan a 64 x 64 pixel image.

The maximum scanning rate is limited by the response speed of the mirrors. When scanning
a saw-tooth pattern the discontinuity in the signal at the end of each line causes M, to travel
back across the line to start the next line. This limits the fastest practical pixel acquisition
time to 7, = 10 us/pixel, which is T; = 2.6 s/scan for a 512 x 512 pixel image. Faster pixel
acquisition times could be achieved by changing the command signal V,, from a saw-tooth wave
to a triangle wave. In practice slower scanning rates than this, typically T}, = 40 ps/pixel, were

used to minimize visible noise in CARS images.
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Figure 3.8: Transmissions of dichroic mirrors used to separate the CARS signal, and transmis-
sion of the band pass filters used when imaging at 2845 cm ™. Typical pump Ap, Stokes g and
CARS )\, wavelengths are shown. The width of the filter’s pass band is 20 nm. The transition
width of the dichroic mirror is 23 nm. Data were supplied by the manufacturer [97].

3.4.6 Selection of filters

The CARS signal must be separated from the pump and Stokes wavelengths before detection.
This is achieved with filters and dichroic mirrors. In the backward (E) direction the signal is
collected by the objective lens, along with some backscattered laser light. In the forward (F)
direction the condenser lens collects both the lasers and the CARS signal together. Separation
in the forward direction therefore requires more filtering than in the backward.

Two identical long wave pass dichroic mirrors (683dcxr, Chroma) were set up at 45°, as
shown in Figure 3.1, to reflect the CARS signal out of the beam path. A stack of two band
pass filters were used to further filter the CARS signal wavelength (A\,s). The selection of these
filters depends on the wavelength \,; which in turn depends on the Raman shift at which the
microscope is operated (Equation 3.2). Therefore different band pass filters were required for
each Raman shift. Although in principle short pass filters could be used to cover all Raman
shifts, the use of narrow band pass filters helps to eliminate stray light from the photomultiplier
tube by restricting the wavelengths that can be detected. Figure 3.8 shows the transmission of
the dichroic mirrors, along with the transmission of the band pass filters used for imaging at
2845 cm ™! (HQ590/20, Chroma).

When operating at lower Raman shifts, the pump laser (\,) and CARS signal (\qs)
wavelengths move closer together (illustrated in Figure 3.4). For example, at 720 cm™! Ap
and )\, are spectrally separated by only 34 nm. This is close to the practical limit for separ-

ating two wavelengths with optical filters. It is therefore the transition widths of the dichroic
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mirrors and filters used which determine the smallest Raman shift that can be imaged, whilst
the laser tuning range determine the largest (Equation 3.1). Thus the range of accessible Raman
shifts for this set-up is 720-3370 cm ™.

3.4.7 Detection and acquisition

The CARS signal is detected by a photomultiplier tube (R3896, Hamamatsu). The tube can
be positioned for forward or backward detection, F and E in Figure 3.1. The tube has a multi-
alkali photocathode with a high quantum efficiency over the range 250—850 nm, covering the
full range of CARS wavelengths. A voltage between 0 and 1250 V can be applied between the
anode and cathode. An amplifier with a gain of 107 V /A converts the photocurrent to a voltage.
The frequency bandwidth is 200 kHz allowing oversampling by a factor of 2 at the fastest pixel
acquisition rate of 10 us/pixel. The amplified signal is digitized by the same data acquisition
card (PClIe-6251, National Instruments) that controls the scanning mirrors, allowing the two to
be synchronized by an on-board clock. The samples, which are acquired continuously during
scanning, are binned and summed to give the intensity value for each pixel. The average of

several scans is typically recorded to reduce the effects of noise.

3.4.8 Bright field imaging

Bright field microscopy is the simplest technique for microscopic imaging [1]. For transmis-
sion imaging, the sample is illuminated through the condenser. The light is transmitted through
the sample and detected with a camera. Contrast is caused by differences in the absorbances
of objects in the specimen. Although this contrast is very limited for thin samples, it is gener-
ally sufficient to enable alignment, centering and approximate focusing of the sample without
the need to expose it to laser radiation. This becomes extremely useful when working with
photodamage-sensitive samples as discussed later, in Chapter 6.

In this set-up the sample is illuminated with an infrared LED (L8957, Hamamatsu) with
a (peak) wavelength of 870 nm. Infrared light is used as it must be transmitted through two
long wave pass dichroic mirrors before reaching the camera (see Figure 3.1). The camera has
a silicon charge-coupled device (ICX098BL, Sony) sensitive to this wavelength.

3.5 Testing and characterization

This section describes the testing and characterization of the laser system and the microscope
system. These were carried out to assess the performance, to measure important parameters,
and to confirm that the detected signal is caused by CARS.
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Figure 3.9: Autocorrelation traces at the pump and Stokes laser wavelengths for a Raman shift
around 1000 cm™!. The widths (FWHM) of the two traces are shown.

3.5.1 Pulse duration

The pulse duration affects the ratio of resonant CARS signal to nonresonant background as
described in Section 2.3.1. The pulse duration of the Ti:sapphire lasers is typically 2 ps, but
varies with wavelength. The pump and Stokes lasers were tuned to a Raman shift of around
1000 cm~! and their respective pulse durations measured with an autocorrelator (‘Mini’, An-
gewandte Physik und Elektronik). The two traces are shown in Figure 3.9. Assuming the
pulses have sech? intensity profiles, the width of the autocorrelation will be larger than the
width of the pulses by 1.54 [98]. The pulse durations at 711 and 835 nm are 1.6 and 2.9 ps.
For transform-limited pulses the corresponding spectral widths, given by the time-bandwidth

product (Equation 2.12), are 6.6 cm~! and 3.6 cm ™! respectively.

3.5.2 Raman spectroscopy of test samples

Raman spectra were recorded of several test samples: toluene, dodecane and polystyrene. This
information was later used to select target bands for CARS. Although Raman spectroscopy
locates the peaks in the vibrational spectra of samples, the Raman and CARS spectra are not
identical and the presence of an identified Raman resonance must still be verified with CARS;
this test is described later.

A Raman spectrometer (T800, Coderg) was used with the 514.5nm line of an argon ion
laser as the excitation source. The Raman scattering was collected at right angles to the incident
beam. A triple grating monochromator provides high spectral resolution, better than 1 cm™?.
A cooled photomultiplier tube with a GaAs photocathode was used as the detector.

Figure 3.10(A) shows a Raman spectrum of toluene. The laser power incident on the

sample was 300 mW and the acquisition time for the complete spectrum was 1.5h. Tolu-
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Figure 3.10: Raman spectra of toluene (A), dodecane (B) and (dry) polystyrene (C). The ver-
tical scales are not calibrated, so these spectra cannot be used to compare the strengths of
Raman bands between different samples.
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Figure 3.11: Measurement of the dependence of the CARS signal intensity (I,5) on the pump
and Stokes intensities (I, and I).

ene (CgH12) is an aromatic hydrocarbon made up of a benzene ring attached to a CHs group.
All aromatic substances exhibit a strong symmetric ring breathing mode at 1001 cm ™! [9]. The
width (FWHM) of this line in the spectrum is 2 cm~'. Toluene is an ideal test sample because
a strong (visible) CARS signal can be generated by exciting the ring breathing mode.

The Raman spectrum of dodecane, shown in Figure 3.10(B), indicates a strong peak around
2845 cm ™! due to the large number of C—H bonds in the molecule. The corresponding peak in
CARS spectra has been applied for lipid imaging (see Section 2.5) making this sample useful
when configuring the microscope for imaging lipids.

The Raman spectrum of a dried sample of polystyrene beads is shown in Figure 3.10(C).
Polystyrene beads in water have been extensively used as a test sample for CARS imaging.
Two of the bands visible in the spectrum can be used for CARS imaging: at 1600 cm ™" [43]
and 2845 cm ™! [99].

3.5.3 Intensity dependence of the CARS signal

The CARS signal intensity I,s has the following dependence on the pump and Stokes laser
intensities [4]

Los ~ 121 (3.3)

This relationship was tested to confirm that the detected signal is due to CARS. The signal

intensity from dodecane at 2845 cm™!

was measured whilst varying the power of the pump
laser with an ND filter. The Stokes laser power was constant. The relative CARS signal
intensity was measured by recording the signal level on the photomultiplier tube. The reverse
measurement was also made: with a fixed pump power and a varying Stokes power. The results

are shown in a log-log plot in Figure 3.11 along with straight line fits to the data. The slopes

44



3.5. TESTING AND CHARACTERIZATION

35000
- []Filtered regions of scan
30000 [~

25000 |~

20000 [~

Counts

15000 [~
10000 |-

5000 :—

0 . PR I [N ) |\ SO IR NI I S R |

700 710 720 730 740 750 760 770 780 790 800 810 820 830 840
i i th
Aas o As

Wavelength nm

Figure 3.12: Spectrum of the CARS signal from toluene. Filters were inserted when scanning
the pump and Stokes wavelengths to avoid saturating the photomultiplier tube.

of the lines are consistent with the given relationship (Equation 3.3), indicating that a CARS

signal is being detected.

3.5.4 Spectral resolution

The spectral bandwidths of the pump and Stokes laser pulses were measured along with the
wavelength and bandwidth of the CARS signal using the same high-resolution spectrometer
(T800, Coderg) described in Section 3.5.2.

A sample of toluene was placed on the CARS microscope and the pump and Stokes laser

wavelengths were tuned to the ring breathing mode at 1001 cm™1.

This band was chosen
because its narrow width (2cm™!) permits an estimation of the system’s spectral resolution.
The unfiltered emission from the toluene was collected by the condenser and coupled into an
optical fibre with an aspheric lens. The 20-m-long fibre was used to transmit the light to the
spectrometer which was situated in a different laboratory. The spectrometer was scanned from
700 to 841 nm. This range includes the pump, Stokes and CARS wavelengths and these peaks
are clearly visible in the spectrum, Figure 3.12. To avoid saturating the photomultiplier tube
ND filters were inserted when scanning the spectral regions of the pump and Stokes lasers. The
measured pump and Stokes laser wavelengths are 770.1 and 834.4 nm. The measured CARS
signal wavelength, 715.0 nm, agrees with the value given by Equation 3.2. Other features
visible in the spectrum are likely due to wavelength-shifting effects in the optical fibre. An
additional spectrum was recorded with the pump and Stokes lasers out of synchronization.
This spectrum (not shown) showed no CARS signal, demonstrating that the signal is caused by
a frequency mixing process.

The bandwidths (FWHM) of the pump and Stokes lasers determined from the spectrum
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Figure 3.13: Comparison of the Raman and CARS spectra of toluene around the symmetric
ring breathing mode at 1001 cm~!. The full Raman spectrum of toluene is shown in Figure
3.10(A). Both spectra are normalized to the height of the peak.

(Figure 3.12) are 6.8 and 4.0 cm ™! respectively. These values are consistent with the band-
widths calculated from measured pulse durations in Section 3.5.1 using the time-bandwidth
product (Equation 2.12), indicating that the pulses are near-transform-limited. The bandwidth
of the CARS signal, also determined from the spectrum, is 10.4cm™! (5.3nm). This value

gives an estimate of the spectral resolution of the system.

3.5.5 Comparison of CARS and Raman spectra

CARS and Raman excite the same vibrational energies, but are different processes and there-
fore have different spectra (see Section 2.2.3). The presence of a peak in the Raman spectrum
of a sample must therefore also be verified with CARS. To record a full CARS spectrum of a
sample would require point-by-point tuning of the lasers over the full range of Raman shifts
and this is not practical. Instead, a small part of the CARS spectrum can be recorded by tuning
over a few wavenumbers.

Part of the CARS spectrum of toluene was recorded over the spectral region
995-1023 cm~!. The Stokes laser was tuned to 821.6 nm whilst the pump laser wavelength
was adjusted from to 757.9 to 759.5nm in 0.2 nm steps. The step size was limited by the
resolution of the laser spectrometer (see Section 3.3.3). The CARS signal intensity was meas-
ured with the photomultiplier tube. The spectrum is shown in Figure 3.13 along with the
Raman spectrum of the same region for comparison. The slight variation in laser power with
wavelength was corrected by dividing the intensity by the laser powers: Igls. The signal with
the beams out of phase was also recorded and subtracted to eliminate the effect of any variation
in filter transmission with wavelength.

The CARS signal was found to be reduced when the laser wavelengths were moved away
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from resonance at 1001 cm™!. As noted in Section 3.5.5, the position of a peak in a CARS
spectrum is generally redshifted relative to its Raman equivalent and there is often a sharp dip
on the blue side. This dip is evident in Figure 3.13, however it is difficult to determine the
presence or absence of the redshift due to the limited precision of wavelength measurements

made with the laser spectrometer.

3.5.6 Microscope length scale calibration

The size of the region scanned by the laser beam can be adjusted by setting the maximum com-
mand signal voltage Vj, as described in Section 3.4.5. The relationship between this voltage
and the dimensions of the scanning region is determined by the following calibration proced-
ure. Once this is known the size and area of objects appearing in images can be measured
precisely.

Assuming that the system is telecentric [94], and that the command signal voltage applied
to the mirrors results in a proportional angular displacement, the overall size of the (square)

image, D, will be proportional to the maximum command signal voltage
D =CV

where C'is the length scale calibration constant. To measure C, images of a diffraction grating
are recorded over a range of settings for V. The number of lines visible in each image N is
counted®. The image size (in m) can then be determined by multiplying by the grating pitch
p

D =pN
Eliminating D gives
C
N=—V,
p

A graph of N against Vj should therefore be a straight line with gradient C'/p. By imaging
a grating with known (or measured) pitch, C' can readily be calculated from a linear fit to the
measurements. As this calibration constant depends on various aspects of the set-up, including
the choice of microscope objective and the focal lengths of other lenses in the microscope
system, it must be remeasured after every change in configuration.

Using a diffraction grating with a measured pitch of p = 25.5(2) um the value of C' for
a 60x water immersion objective (Table 3.1) calculated by a linear fit to the measurements
described above is 129(1) pm/V. Nonlinearity of laser scanning, or deviation from telecentri-
city, would be manifested as geometric distortions (barrel or pincushion) at the edge of images.
(Geometric distortion in the objective will also be present but is likely to be less significant.)

This was not observed, and the linear relationship between Vjy and D was maintained for image

6V is not necessarily a whole number.

47



3.5. TESTING AND CHARACTERIZATION
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Figure 3.14: A test slide imaged with bright field (A). An image of a small area of the slide was
recorded by scanning it with a laser (B). The maximum command voltage was Vy = 0.35V.
The image size shown by the ‘ruler’ is 61 x 61 yum. A 60x microscope water immersion
objective lens was used (Table 3.1). The grating with 1.0 um pitch is marked with a green
arrow in both images.

sizes up to 240 x 240 pym.

3.5.7 Spatial resolution

The spatial resolution is the key measure of performance. In a well-configured imaging system
the resolution will be close to the diffraction limit. An estimation of the resolution therefore
provides a useful measure of the imaging quality. This subsection compares the diffraction-
limited resolution with the resolution achieved experimentally. Three imaging methods were

tested separately:
1. Bright field imaging: detected by the camera with illumination from the LED.

2. Laser scanning imaging: detected by the photomultiplier tube in the backward direction

with illumination from one laser.

3. CARS imaging: detected by the photomultiplier tube in the backward direction with
illumination from the pump and Stokes lasers.

For bright field imaging the sample is incoherently illuminated through the condenser lens with

an LED. The minimum resolvable distance in the specimen is [1]

_ 1.22M\mp
B NAobj + NAcond

T'bf

where NAgp; = 1.2 is the numerical aperture of the objective lens (see Table 3.1),
NA ona = 0.65 is the numerical aperture of the condenser lens and A\;gp = 870nm is the
wavelength of the LED. This gives a diffraction-limited resolution of s = 0.57 um. The
experimental resolution was tested by imaging diffraction gratings of various pitches on a test
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slide (Type One, Richardson). Figure 3.14(A) shows a bright field image of the slide. The
smallest grating that can be resolved (green arrow) has a pitch of 1.0 um. The adjacent 0.5 pm
grating cannot be resolved. This shows that the experimentally realized bright field imaging
resolution is in the range 0.5-1.0 um. As the diffraction-limited resolution lies within this
range the image shows that the experimental resolution of bright field imaging is close to the
diffraction limit. The resolution of bright field imaging could be improved by using a condenser
lens with a higher numerical aperture or a blue LED instead of an infrared one. However such
optimizations would have no effect on the resolution of CARS imaging and would be difficult
to implement on this set-up.

Laser scanning imaging records the laser light back-reflected from the sample, and can also
be applied to image the test slide. The laser power is considerably attenuated and the filters
removed from the system to allow the back-reflected laser light to enter the photomultiplier.
The diffraction-limited resolution of this imaging method is determined by the wavelength of
the coherent illumination \j,¢e; and the numerical aperture of the microscope objective lens
NAp; (see Equation 2.13 in Section 2.3.3)

_ 0-61)\1aser
Taser = W
obj

With Ajser = 713 nm this gives a diffraction-limited resolution of d = 0.36 ym. Figure
3.14(B) shows an image of part of the test slide recorded by laser scanning. As with bright
field imaging, the smallest grating which can be resolved has 1.0 pum pitch indicating that
the laser scanning system achieves a resolution in the range 0.5—1.0 gm. This shows that the
experimental resolution achieved in laser scanning is slightly poorer than the diffraction limit.

For nonlinear microscopy, including CARS, the resolution of point objects is (see Equation
2.14 in Section 2.3.3)

~ 0.61A
B \/ENAobj

In CARS, the resolution depends on the pump laser wavelength [19]. For A = A, = 710nm

r 3.4)

the calculated resolution is 0.26 pm.

The experimental resolution for CARS was estimated by imaging titanium dioxide nano-
powder according to the method of Chen et al. [67]. TiO5 has an intrinsically high non-resonant
third-order susceptibility producing bright points in images [100]. The nanopowder (677469,
Aldrich) has particle sizes less than 0.1 um and can therefore be used as an approximation to
point sources for resolution measurement. A sample of the particles was placed in water and
sonicated for 6 min. It was dropped onto a coverslip and dried in a vacuum oven allowing the
powder to stick to the glass surface. A drop of water was placed on the coverslip for imaging.
The signal from TiOs is nonresonant, so should generate a strong signal at any Raman shift.

For this measurement the pump laser was tuned to 713.6 nm and the Stokes to 895.4nm to
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Figure 3.15: Line profiles taken laterally (A) and axially (B) through images of a single nano-
scopic particle of titanium dioxide powder. The pixel values are fitted to Gaussian functions.
The FWHM of each function provides an estimate of the spatial resolution of the microscope.
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Figure 3.16: CARS images of polystyrene beads in water at 1600 cm ™! (A) and 2845 cm ™!
(B). Both images are 512 x 512 pixels in size and are the average of 4 scans at 11 s/scan. The
pump and Stokes laser powers were: both 16 mW in (A), 15 and 12 mW in (B).

give a Raman shift of 2845 cm~!. A stack of images was recorded through one particle of the
nanopowder by focussing through sample at increasing depths. A differential micrometer on
the z axis of the microscope stage (MBT616, Thorlabs) was used to adjust the stage height in
0.25 pm steps.

Figure 3.15(A) shows a graph of a line profile taken laterally through the central slice at the
position marked by the arrows on the image (inset). The data are fitted to a Gaussian function.
The FWHM of this function, 0.36 pm, gives the estimate of the experimental resolution. This
is slightly higher than the diffraction-limited resolution calculated by Equation 3.4 and may
indicate that further optimization is possible. This value is similar to that reported by Chen et
al. [67] (0.38 um), however their microscope used a longer pump wavelength.

The principal error in the measurement of lateral resolution comes from the uncertainty in
the microscope length scale calibration (Section 3.5.6). The error in measuring the size of the
particle is estimated at 20 nm. A more precise resolution measurement would require a more
precise microscope length scale calibration standard, as well as recording sections through
many sub-diffraction sized particles and averaging.

Finally, the axial resolution was also estimated from the recorded image stack. Figure
3.15(B) shows a reconstructed x—z section through the slices. The axial line profile was ex-
tracted at the position indicated by the arrows and fitted to a Gaussian function. This gives an
estimate of the axial resolution of 1.4 um. The poorer axial resolution (compared to the lat-
eral) is characteristic of most microscope systems as the axial resolution is proportional to ﬁ
[101]. The error in the axial resolution is due to the limited precision of the stage micrometer,

125 nm. This could be improved with an objective focus motor.
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Figure 3.17: E-CARS (A) and F-CARS (B) images of polystyrene beads in water. The images
are 256 x 256 pixels in size. They are the average of 4 scans, at 2.6 s/scan. 600 V was applied

to the photomultiplier for the E-CARS image (A). For the F-CARS image (B) this was reduced
to 460 V. The laser power incident on the sample was 19 mW.

3.5.8 CARS imaging of polystyrene beads

A sample of polystyrene beads in water was used to test CARS imaging. The average diameter
of the beads was determined by light scattering as 1.2 ym. A sample of the beads in water was
placed on the microscope and allowed to dry out to ensure some beads stick to the coverslip. A
drop of water was added for imaging.
Images were recorded at two Raman shifts, 1600 and 2845 cm ™, both shown in the spec-
trum in Figure 3.10(C). The following wavelengths and band pass filters (Chroma) were used:
Raman shift R 1600cm™! 2845cm™!
Pump laser wavlength Ap  724.9nm 712.3nm
Stokes laser wavelength As  820.0nm 893.4 nm
CARS signal wavelength A,s  649.5nm 592.2nm

Filters HQ650/45 HQ590/20
The images are shown in Figures 3.16(A) and (B). Comparing the two, the image at

1600 cm ™! exhibits a greater background from the surrounding water. This interference likely
originates from a broad Raman band in the spectrum of water around 1600 cm ™.

E-CARS images of polystyrene beads were also recorded. Figure 3.17 shows a comparison
of E-CARS with F-CARS of the same sample, both recorded at 2845 cm™!. The diameter of
the beads is 1.7\, so it is expected that most of the CARS signal will go forward. The E-
CARS image (A) therefore produced less CARS signal, and required a higher voltage applied to
the photomultiplier resulting in poorer signal-to-noise. Despite this, the signal-to-background
ratio in the E-CARS image is better than the F-CARS by a factor of 2. This was determined
by measuring the intensity in the bead centres and dividing by the average of an area of the
water. The absence of the water background generally provides better contrast in E-CARS
images. However the low intensity of the E-CARS signal necessitates higher laser powers than

F-CARS if excessive noise in images is to be avoided. E-CARS is therefore not well-suited to
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biomedical imaging, as discussed later in Chapter 4.

3.6 Conclusions

A signal was detected from toluene at 1001 cm ™! and from dodecane at 2845 cm ™!, closely
coinciding with peaks in the solvents’ Raman spectra. The following tests confirm that the

signal is resonant CARS:

* The relationship between the CARS signal wavelength and the pump and Stokes

wavelengths is in exact agreement with the calculated value (Section 3.5.4).

* The signal is only present when the pump and Stokes lasers are spatially and temporally
overlapped (3.4.1 and 3.5.4).

* The intensity of the signal is proportional to the square of the pump laser intensity and
directly proportional to the Stokes laser intensity (3.5.3).

* The signal is significantly reduced when the laser wavelengths are moved away from the

resonance (3.5.5).

A laser scanning microscope was constructed to record CARS images. The microscope is cap-
able of recording 512 x 512 pixel images at a maximum image acquisition time of 2.6 s/scan.
A photomultiplier tube, set up for F-CARS or E-CARS, provides high detection sensitivity
across the full range of possible CARS signal wavelengths. The spectral resolution of the
system was estimated at 10.4 cm ™!, demonstrating the laser system provides the chemical spe-
cificity required for contrast in CARS images. The spatial resolution was estimated as 0.36 um
laterally and 1.4 pm axially. The lateral resolution is close to the diffraction limit and similar
to values quoted in the CARS literature. The overall performance of the CARS microscope
allows its application to study biomedical samples of research interest, which will be the topic

of the next chapter.
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4.1 Introduction

The previous chapter described the set up and operation of a CARS microscope. The micro-
scope’s performance was evaluated by imaging polystyrene beads. In this chapter the system
is applied to ‘real’ specimens—specifically, for imaging lipid droplets in fibroblast cells. The
reasons for the choice of this cell type will be explained below. For any biomedical application
of CARS imaging the set-up must meet two crucial benchmarks: performance and reliability.
The purpose of this chapter is to demonstrate that the system achieves these benchmarks. The
next chapter will then apply the microscope for a study of the interactions between a virus and
host cells.

Fibroblasts are a type of connective tissue. Their function is to synthesize collagen and
other components of the extracellular matrix. Whilst they are interesting from a biomedical
perspective—for example, they play an important role in wound healing—they were chosen
here because they are one of the most stable cell lines to grow in culture. Their relative ‘ease
of use’ has resulted in their becoming a widely-used cell line for studies in many biological
areas [102], including virology [103]. As this cell type is already the subject of active research
projects', it is an ideal test specimen for the microscope and will readily allow the subsequent
application of CARS microscopy for biomedical investigations.

CARS was first applied for imaging fibroblast cells by Cheng et al. in 2002 [39]. Nan et al.

"The work described in this chapter and the virological study in Chapter 5 were undertaken in collaboration
with the Division of Pathway Medicine at the University of Edinburgh. The cell samples used in this project were
grown by Holly Gibbs (Texas A&M University) and Michael Ochsenkiihn (University of Edinburgh).
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[73] extended this study by, among other results, making a detailed comparison of CARS and
fluorescence imaging of cellular lipid droplets. Lipids droplets are a cellular organelle whose
primary function is an energy reservoir for the cell. They are composed mainly of neutral lipids
and surrounded by a phospholipid monolayer [104]. CARS is the ideal platform for imaging
lipid droplets as the high density of C—H bonds produces a strong resonant signal at a Raman
shift of 2845 cm ™! [73]. Whilst lipid droplets were once thought of only as a passive energy
store, recent evidence suggests they have a diverse range of secondary functions [105]. For
example, they carry various proteins, are involved in cellular signaling and play a role in the
replication of some viruses—a topic addressed in further detail in Chapter 5.

This chapter will describe the sample preparation procedures, specifically the cell culture
methods used, and present the results of a Raman spectroscopic study of the cells. The CARS
images presented will demonstrate how both the sample preparation and the microscope system

were optimized to achieve the best performance and improve the reliability.

4.2 Background

The theory and background related to CARS microscopy was given in Chapter 2 and the oper-
ation of the CARS microscope was explained in Chapter 3. This section will provide a general
introduction to cell culture methods in order to provide an understanding of the sample prepar-
ation methods used. The explanation given will be an outline only, a comprehensive account

can be found in the laboratory manual by Freshney [102].

4.2.1 Cell culture

Cell culture is the growth of cells—animal cells in this case—outside of the organism from
which they originate under carefully controlled physiological conditions. Cell culture tech-
niques play a key role in biomedical research, and have important applications in tissue engin-
eering and vaccine production.

The process of laboratory cell culture is illustrated in Figure 4.1. A small number of stock
cells are diluted in a medium and seeded into a culture flask. Various media, such as Eagle’s
[106], have been developed to provide all necessary nutrients for growth. Media usually also
contain antibiotics to prevent contamination of cultures with bacterial growth. The physiolo-
gical conditions of the cells are precisely controlled during incubation to maintain the ideal
temperature and pH (37 °C and 7.4 for fibroblasts). Cell cultures can be prepared in two dis-
tinct types: as a suspension in the medium, or as monolayer adherent to a substrate (usually
glass). The two types of preparation produce cells with very different morphologies. Suspen-
sions of cells adopt a round shape, whilst cells in an adherent monolayer stretch out across
the surface and become very flat. The latter is the more commonly used [102] and is the type

illustrated in Figure 4.1.

55



4.2. BACKGROUND

Stock cells D Medium (e.g. Eagle's)

Controlled temperature H Culture flask

and humidity ¢

After several days' growth...

First passage

Daughter cultures / \

C ) C )

i Further passages i Further passages

Figure 4.1: Illustration of general cell culture procedure for producing adherent monolayers
of cells. The related method for preparation of cells in suspension in media is described by
Freshney [102].

During incubation, cells settle and become adherent to the bottom of the culture flask. The
cells naturally exhibit contact inhibition and stop growing once the monolayer covers the entire
surface area, i.e. when the culture reaches 100 % confluency. At this point cells must be pas-
saged for growth to resume. Passaging involves removing cells from the surface by treatment
with trypsin, an enzyme that digests the proteins required for adherence. The detached cells
are resuspended in medium and seeded into fresh culture flasks, creating the daughter cultures.
The fresh medium added during passaging also keeps the cells nourished. Cells suspensions in
medium are passaged in a similar way, with the cells separated from the medium by centrifu-
gation. For both types, cells are routinely counted at each passage by pipetting a small volume
of the fluid into a hemocytometer and counting the cells by eye on a low power microscope.
This is done to monitor the growth rate and check that the culture remains viable.

The cell samples used in this chapter were fixed before imaging. This allowed optimization
of the imaging system without the need to continuously maintain the required physiological
conditions on the microscope. An extension of this method to imaging living cells will be
described in Chapter 6.
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4.3 Methods

4.3.1 Sample preparation

Fibroblast cells were cultured from the 3T3 line [107] in Dulbecco’s modification of Eagle’s
minimum essential medium [102] supplemented with 200mol/m?® L-glutamine,
10 000 units/mol of penicillin/streptomycin and 10 % calf serum. They were incubated in
standard conditions, at a temperature of 37 °C and in a 5% COz atmosphere to control pH.
Cultures were regularly passaged upon reaching confluency until sufficient cell numbers were
grown for the experiment.

For Raman spectroscopy cell samples were grown as a suspension in the medium, then
fixed with a solution of 1% formaldehyde in phosphate buffered saline (PBS) for 15 min at
room temperature. For most imaging experiments the cells were grown as adherent mono-
layers. After the final passage they were seeded at 50 % confluency onto glass coverslips
(22x50x0.14 mm) immersed in the medium, and incubated for a further 12 h. The coverslips
were then removed from the medium and fixed with formaldehyde solution. They were washed
three times with PBS and stored in a fridge at 4 °C.

4.3.2 Raman spectroscopy

Raman spectra of cells were recorded® with the spectrometer (T800, Coderg) described in
Section 3.5.2. An argon ion laser was used as the excitation beam with wavelength 514.5 nm
and power 300 mW. A small fluid volume of cells in suspension in medium was pipetted into
an X-ray capillary tube. The thin walls of this container minimize the contribution of the glass

to the recorded Raman spectra.

4.3.3 Imaging

The methods for imaging were as described in Chapter 3; a diagram of the setup is shown
in Figure 3.1. For most experiments a coverslip of fixed adherent cells was placed on the
microscope (which has an inverted configuration) and a drop of PBS added to wet it. Cell

selection and coarse focusing were performed by bright field imaging (Section 3.4.8).

4.4 Results

4.4.1 Raman spectra show potential target bands

A Raman spectrum of fibroblast cells in medium is shown in Figure 4.2. This spectrum has not
been processed by background subtraction. A large broad band around 3000 cm ™! is therefore

present due to water in the medium. The prominent peak near 2900 cm ™! (superimposed on

>The Raman spectroscopic study of fibroblast cells was conducted as a master’s degree project by Robert
Menzies and co-supervised by the author.
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Figure 4.2: Raman spectrum of fixed fibroblast cells in suspension in medium. The water
background has not been subtracted. This spectrum was recorded by Robert Menzies [108].

the water band) is due to aliphatic C—H vibrations [39]. This peak was used for all of the CARS
images in this chapter.

A systematic study of the Raman spectra of fixed fibroblasts was conducted by Menzies
[108]. This study found that the use of a high power argon ion laser for recording the Ra-
man spectra did not cause noticeable damage to fixed cells. Samples imaged by bright field
microscopy after Raman spectroscopy showed cell membranes were still intact. Additional
processing of the spectra, for example subtracting the background contribution from the sus-
pension medium, revealed the locations of peaks with greater clarity and identified those inher-
ent to the cells and those due to products present in the growth medium such as calf serum. A
study by Ochsenkiihn et al. [109] used a tweezers Raman spectrometer to record spectra from

individual cells, and assigned peaks within the fingerprint region (500-1800 cm ™).

4.4.2 Adherent monolayers provide clearer CARS images

Cells samples were prepared in two types: as a suspension in the growth medium and as mono-
layers adherent to a glass surface. Figure 4.3 shows CARS images of each cell type. The
different morphologies adopted by the two cell types can be seen in these images.

In general it was found that suspensions of cells, Figure 4.3(A), were problematic for ima-
ging. To confine the medium a small volume of the fluid was sandwiched between a microscope
slide and a coverslip, with a thin (23 um) spacer between the two. However the spherical shape
of cells made focusing difficult and their movement inhibited imaging. Additionally there was
a strong background from water in the surrounding medium, clearly visible in Figure 4.3(A).

By comparison, imaging of adherent monolayers, Figure 4.3(B), produced clearer CARS
images as the stretched morphology adopted by the cells means they are directly adjacent to the

coverslip at all points. This resulted in significantly less background signal from the medium.
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Figure 4.3: F-CARS images of fixed fibroblast cells cultured as a suspension in the medium
(A) and as an adherent monolayer on a glass coverslip (B). The pump laser wavlength was
713.3 nm, the Stokes 894.9 nm, giving a Raman shift of 2845 cm ™. The laser power incident
on the sample was around 35 mW for both images.

A 10um— B 10 pom ——

Figure 4.4: Images of different cells within the same sample of fixed fibroblasts recorded at 3 d
(A) and 20 d (B) after fixing.

Adherent monolayers were therefore used for all subsequent imaging experiments.

Figure 4.3(B) shows the general features typical of CARS images of fibroblasts recorded at
2845 cm™'. The overall cell shape is triangular, with the nucleus appearing as a dark circular
outline, the cytoplasm as a patchy network with a distinct edge at the cell membrane, and lipid

droplets as bright points within the cytoplasm.

4.4.3 Fixed samples degrade after several days

It was found that fixed samples suffered from a very limited storage time. Figure 4.4 shows two
images of the same sample recorded at 3 d (A) and 20 d (B) after fixing. The comparative lack
of contrast in Figure 4.4(B) is due to the absence of lipid droplets. In fact, few clearly-defined
lipid droplets were detected anywhere in the sample at 20 d, suggesting that lipid droplets are
not preserved by fixing. Further imaging experiments were all performed on samples within

three days of fixing in order to avoid this problem.
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Figure 4.5: E-CARS image of a fixed fibroblast cell. Laser power incident on the sample is
around 70 mW.

B 10 g —

Figure 4.6: F-CARS images of a fixed fibroblast cell recorded on-resonance at 2845 cm ™! (A)
and off-resonance at 2895 cm ™! (B). The laser power incident on the sample was 31 mW. A
voltage of 444V was applied to the photomultiplier detector for both images.

4.4.4 E-CARS images require higher laser powers

Images recoded using the backward, E-CARS, signal required a significantly higher laser
power than F-CARS to produce images with clearly-defined cellular features. This was due
to the reduced signal in the backward direction (see Section 2.3.3). Figure 4.5 shows an E-
CARS image of a fibroblast cell. The laser power incident on the sample was estimated at
70 mW, much higher than the ~ 30 mW required for F-CARS images.

4.4.5 Images recorded off-resonance identify the nonresonant background

To interpret images and determine the origin of the detected signal two CARS images of
the same cell were recorded at different Raman shifts: on-resonance at 2845 cm™! and off-
resonance at 2895 cm ™!, The off-resonance image was recorded by retuning the Stokes laser.
The images are shown in Figures 4.6(A) and (B) respectively. The reduced appearance of lipid

droplets when moving off-resonance indicates that the signal from the droplets is due to res-
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onant CARS. The nonresonant background signal, Figure 4.6(B) reveals the outline of the cell
and the nucleus.

There are two reasons why the resonant signal from lipid droplets is substantially brighter
the background. Firstly, the C—H stretch vibration at 2845 cm ™! is particularly strong relative
to other vibrations (see Raman spectrum in Figure 4.2). Secondly, lipid droplets are solid
bodies with a high density of C—H bonds. This gives an enhanced signal due to the quadratic
dependence of CARS on the bond concentration (Equation 2.11).

These results are consistent with those of Nan [73] who determined that 2845 cm ™! is the
optimum Raman shift for imaging of lipid droplets in fibroblast cells, as it provides the highest
signal intensity from the droplets. In the same study, Nan also confirmed that the signal from
lipid droplets is resonant by comparing CARS images with P-CARS images (see Section 2.4.1)
of the same cells.

4.4.6 CARS imaging provides near-diffraction-limited resolution

Figure 4.7(A) shows a typical fibroblast cell with a large number of lipid droplets visible
throughout the cytoplasm. The identifiable cellular features are illustrated in Figure 4.7(B).
To estimate the resolution achieved, a smaller region of the same cell was recorded, Figure
4.7(C), by reducing the maximum command signal voltage applied to the scanning mirrors
(defined in Section 3.4.5). The size (FWHM) of the smallest lipid droplets visible in this image
is 0.36 ym. This size coincides with the measured resolution of the microscope determined
from images of titanium dioxide nanoparticles (Section 3.5.7). This indicates that the resol-
ution is close to the diffraction limit (0.26 ym) and suggests that at least some of the lipid
droplets are sub-diffraction sized, i.e. their actual size is smaller than their apparent size. Fig-
ure 4.7(A) also shows the presence of some structure within the nucleus. This may be part of
the nonresonant background or could be due to the presence of nuclear lipids [110].

It is likely that some distortion of the microscope focus occurs at the interfaces of lipid
droplets due to the refractive index difference between the interior and exterior of the droplet.
Whilst there is no obvious manifestation of this in Figure 4.7(C) reports elsewhere have found
a dip in signal at the interface of spherical beads [39]. Although the scattering from spherical
particles has been extensively studied in confocal microscopy [111, 112] there has been little
research on the lens-like behaviour of spherical particles imaged with CARS.

In order to demonstrate the optical sectioning capability of CARS a stack of images was
recorded through the cell. 21 images were acquired by successively adjusting the stage height
using a differential micrometer in steps of 0.25 pm, to a total depth of 5.25 um. The stack is
shown in Video 4.1. From this stack, the approximate dimensions of the cell were estimated as
20 pm wide by 5.25 um deep, indicating that it has the thin, stretched shape typical of cells in

an adherent monolayer.

61


http://www.era.lib.ed.ac.uk/

4.4. RESULTS

B Nucleus
O Cytosol
0O Lipid droplets

C 10ym ——— D 10pum

Figure 4.7: F-CARS image of a healthy fibroblast cell (A). The features visible in the image are
identified in (B). The area marked by the green square was scanned a second time, producing an
image of a smaller region of the cell (C). The pump laser wavelength was 713.8 nm, the Stokes
895.6 nm giving a Raman shift of 2845 cm~!. A 60x water immersion objective lens was used
(see Table 3.1). The laser power incident on the sample was 28 mW and a voltage of 491V
was applied to the photomultiplier tube. The pixel acquisition time was 7}, = 40 us/pixel, the
image acquisition time was T; = 2.6 s/scan and images are the average of 4 scans. Video 4.1
shows a stack of images through this cell.
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4.5 Discussion

The experiments conducted on fibroblast cells were undertaken in order to optimize the per-
formance and reliability of the microscope system. The images presented demonstrate that
CARS is the ideal platform for imaging lipid droplets. Whilst the use of fluorescent markers
is a widespread technique for generating chemical contrast, such markers are liable to pho-
tobleaching and can cause unintended perturbations to specimens. For example, Nile Red and
Oil Red O, traditionally used to label lipids, are known to cause lipid droplet deformations [74].
CARS provides the means to image these important organelles avoiding any problems caused
by the addition of exogenous fluorophores.

Tuning to the C-H stretch vibration at 2845 cm™! provided the most favourable ratio of
resonant signal to nonresonant background despite the presence of some background signal
due to the overlap between the C—H vibration and the much broader water band (see Raman
spectrum in Figure 4.2). Imaging at other Raman shifts, especially in the fingerprint region,
has the potential to provide additional chemical information, however this was inhibited by
the strong background which completely swamped the resonant signal. In these experiments
therefore imaging was restricted to the strongest Raman band at 2845 cm~!. The interpretation
of images to determine the resonant and nonresonant components revealed a strong resonant
signal from lipid droplets. This allows visual interpretation of images without the need for
background subtraction. When comparing CARS images, such as these, with those recorded
by other modalities it should be noted that the CARS signal intensity depends on the square of
the molecular concentration (Equation 2.9).

The degradation of fixed samples after several days limited their utility. The degradation
occurs because the formaldehyde used as a fixative cannot enter the dense hydrophobic envir-
onment of lipid droplets and therefore does not fix them efficiently [74]. It appears that the
lack of complete fixation causes the breakdown of lipid droplets over a period of days. The
short storage life of fixed samples severely limits their use as it requires that all sample must
be imaged within three days of fixation. This was a motivating factor in the later extension of
the microscope system for live cell imaging described in Chapter 6.

Of the two types of cell culture prepared (see Section 4.2.1), adherent monolayers proved
to be the more useful for CARS microscopy. Their flatter morphology means that a single
image, recorded in a single focal plane, can capture most of the cellular features, as indicated
by Figures 4.3(B) and 4.7(A). Whilst CARS microscopy has the ability for optical sectioning
(Video 4.1), the thin shape of the cells means this is not generally required, although stack
data could for example be used to analyze the volume of lipid droplets with software such
as ImageJ [113]. The ability to ‘zoom’ to recorded regions of interest in greater detail was
demonstrated in Figure 4.7(B). However reducing the scanning area increases the intensity and
is therefore more likely to cause photodamage. The resolution achieved (0.36 um) was close

to the diffraction limit (0.26 pm) and consistent with values quoted in the CARS literature
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(0.30 pm [73]) and the measurement made in the previous chapter (Section 3.5.7).

Whilst E-CARS images in general provide better rejection of background from the solvent
or medium (see Section 2.3.3 and also Figure 3.17) the low signal requires higher laser powers
to realize sufficient image contrast. Additionally the size-dependence of the E-CARS signal
complicates image interpretation as smaller features become unduly prominent. No signs of
any photodamage were observed when conducting these experiments. The robustness of these
fixed cell samples was also demonstrated during Raman spectroscopy by the lack of cell mem-
brane damage when exposed to a 300 mW argon ion laser beam for extended periods (Section
4.4.1). Whilst in principle using the maximum available laser power (~ 240 mW) for CARS
imaging provides the highest contrast in images, such high laser powers introduce other prob-
lems. For example, reflections of the laser beams from optical surfaces, including the coverslip,
back into the laser cavity caused significant disruption to the laser mode-locking and loss of
synchronization. This problem was remedied when the beam was sufficiently attenuated with
an ND filter (Figure 3.1) as the back-reflected light is doubly attenuated by this filter (once in
each direction). More seriously, a requirement for high laser power would prohibit the exten-
sion of the system to live cell imaging. It is therefore desirable to keep the incident laser power
at the sample to a minimum. For this reason (and to facilitate the later integration of CARS and

two-photon) only F-CARS imaging was used in further experiments.

4.6 Conclusions

It was demonstrated that the performance and reliability of the CARS microscope system
achieved a level suitable for its application to biomedical imaging. Adherent monolayers of
fibroblast cells provide high quality CARS images revealing cellular features and achieving the
expected optical resolution. By comparing CARS images recorded on- and off-resonance the
signal from lipid droplets was identified as resonant CARS. A specific application of CARS
microscopy, examining virus-host interactions, will be developed in the next chapter.
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5.1 Introduction

In this chapter a new method for imaging virus-host interactions is established. The method
combines two-photon microscopy with CARS in a multimodal imaging system to record the
changes in the host cell that occur during infection. CARS imaging at the C—H stretch vibration
(2845 cm™1) is used to reveal the cell morphology and lipid droplet distribution whilst two-
photon imaging shows the location and extent of viral protein expression.

The virus used in this study is cytomegalovirus. This is a globally endemic pathogen for
which over 40 % of the world population is seropositive [114]. It is a latent lifelong infection
which is usually asymptomatic but can cause acute disease in immunocompromised hosts.
For example, it is a cause of sight loss in AIDS patients [115] and can lead to congenital
diseases in newborns [116]. It is used in this study as the fibroblast cells described in the
previous chapter are permissive to cytomegalovirus infection and carrier cultures can readily
be established [114]. The experiments described here were conducted on the mouse strain of
the virus, murine cytomegalovirus (MCMYV). The restricted host range of this strain means it
is safer for use in an optical physics lab, whilst its characteristics are similar to other animal
strains, including the human strain [117].

The previous chapter demonstrated that CARS microscopy is the ideal technique for ima-
ging lipid droplets in fibroblast cells. Whilst CARS is a powerful tool for imaging changes
in lipid metabolism that occur as a result of infection, it is not sufficient to image lipids alone

when studying these processes; observed perturbations to the host cell must be correlated with
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the action of the virus. Unfortunately viral particles cannot be imaged directly on a light mi-
croscope as their size is below the diffraction limit. However indirect imaging is possible by
fluorescence methods, e.g. two-photon [8], and can reveal the subcellular presence of viral
particles (but cannot localize them precisely). For example Nan et al. [118] transfected cells
with viral ribonucleic acid (RNA) tagged with fluorescin. Using a system which combined
simultaneous CARS and two-photon imaging allowed investigation of the apparent stimulation
of lipid metabolism caused by the hepatitis C virus (HCV). A recent extension to this study
[119] labelled the RNA with the more stable Alexa Fluor 488. However, cells transfected with
fluorescently-tagged nucleic acid do not incorporate the fluorophore into progeny. This limits
the two-photon imaging capability to the lifetime of the fluorescent RNA, around 6 h [118],
after which the signal fades.

The approach adopted in this study uses a genetic modification to the virus to incorporate
the gene for the green fluorescent protein (GFP) [120] into the viral genome. Upon infection the
virus initiates the production of the protein by the host cell; alongside the other translated viral
proteins. The location and extent of GFP expression can therefore be mapped out with two-
photon microscopy whilst CARS shows the host cell morphology and lipid droplet distribution.
Use of the modified virus provides a definitive indicator of cell infection. Any GFP expression
observed by two-photon imaging must be viral in origin, and therefore indicates that the cell
has begun transcribing viral nucleic acid and translating viral proteins. As the modified genome
is replicated and incorporated into newly-assembled viruses, the progeny will continue to cause
fluorophore expression in subsequent infections. This allows imaging over extended periods
post infection without any loss fluorescence.

This chapter will explain the background relevant to this study', the methods applied and
the results obtained. It forms the basis of the publication in Appendix A. The following section
provides a brief outline of the history of virology and highlights the role of light microscopy
as a key tool in the science. Cytomegalovirus is a member of the family Herpesviridae, and
the description of the virus structure and life cycle given in this chapter will be specific to
this family. The known host-pathogen interactions for cytomegalovirus will be identified and a
more general review of the role of lipid droplets in virus replication will be made. The methods
section will briefly outline the sample preparation procedures and describe the extension of the
microscope platform for combining two-photon with CARS. The results show the profound
effects of the virus on the host cells. An analysis will be given, along with suggestions for the
causes of the observed virus-host interactions. Finally, a motivation is presented for extending

this study to live cell imaging, which is developed in Chapter 6.

!This study was conducted in collaboration with the Division of Pathway Medicine at the University of Ed-
inburgh. The genetically modified virus was provided by Garwin Sing. All cell samples used in this study were
prepared by Michael Ochsenkiihn.
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5.2 Background

This section presents a brief history of virology, assesses the role of light microscopy in this
science, and outlines three aspects of viruses: structure, life cycle and the interactions with
their hosts. It is intended for a reader familiar with general biology, but less familiar with vir-
ology. The description of virus structure and life cycle will relate to the family Herpesviridae.
Detailed reference material relating to other virus families can be found in the relevant chapters
of Fields Virology [121]. The methods applied in this chapter combine CARS and two-photon
imaging on a multimodal microscope. A review of multimodal microscopy was given in Sec-
tion 2.4.3. A description the CARS microscope was provided in Chapter 3. As two-photon
microscopy is an established imaging technique it will not be explained in detail here; a guide
is provided by Denk et al. [8].

5.2.1 History of virology

The scientific study of viruses got off to late start for the simple reason that viruses are too
small to be seen with a light microscope, i.e. a microscope which uses propagating light and
glass lenses. Although the existence of viruses was hypothesized in the mid-nineteenth century
it was not until the 1940s that a significant understanding of these infectious agents emerged
[122]. Two developments in particular marked the start of the modern era of virology. Firstly
the invention of the electron microscope allowed virus structure to be seen for the first time.
Secondly significant advances in cell culture techniques (described in Section 4.2.1) allowed
animal viruses to be studied in vitro for the first time. Prior to this all studies were conducted
in vivo and all vaccines were grown in animals or embryonated chicken eggs. In addition to
the associated ethical and cost implications, cell samples explanted from animals were not ho-
mogenous, leading to poor consistency and reproducibility of results. Among the key develop-
ments of the mid-twentieth century were the optimization of the cell growth medium by Eagle
[106] and the addition of antibiotics to media which prevented contamination of the cultures.
These advances and others were largely motivated by the need to develop new vaccines. This
culminated with the development of the polio vaccine in 1952, the first to be grown entirely in
cell culture. The second half of the twentieth century has seen important new techniques added
to the virological toolkit, including the genetic transformation of viruses and cells. Despite
these success there remain many viruses that cannot be propagated in cell culture, significantly
hampering research into them [123]. However improved techniques are increasing the range of
viruses that can be cultivated in vitro. For example, it has recently become possible to establish
HCYV in cell culture [124], opening unprecedented opportunities for studying it.

The ultimate aim of researching pathogenic viruses is their eradication. This has been suc-
cessful for smallpox and the end of poliomyelitis is imminent. An understanding of the virus
life cycle, and the interactions between the virus and its host organism is crucial to this goal.

Antiviral drugs, which target specific points in the life cycle, have been in development since
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Figure 5.1: Histological image showing the typical “owl’s eye” intranuclear inclusions (green
arrows) caused by cytomegalovirus. This image is reproduced from Collier and Oxford [125].

the 1960s and have led to effective treatments for a number of infections including, recently,
human immunodeficiency virus (HIV). Vaccination programmes have prevented disease by re-
ducing host-to-host transmissions. However, due to their high mutation rate viruses evolve
quickly and new viral diseases are often caused by zoonotic infections which jump the spe-
cies barrier from other animals to humans. These emergent viruses, such as the severe acute
respiratory syndrome virus [125], require rapid analysis to develop prevention strategies and

treatments. Continuous research on viruses will always be required.

5.2.2 Microscopy in virology

Light microscopy is subject to the diffraction limit, achieving resolution of around 200 nm at
best (see Section 3.5.7). This is not sufficient to observe viruses, which are generally below
the diffraction limit>. Most of current knowledge about virus structure therefore comes from
images recorded by electron microscopy [126], which provides much higher resolution, up to
0.3nm [127]. This resolution is sufficient to visualize individual virions, and their detailed
structure can be deciphered through studies of many images from the same viral family. Whilst
electron microscopy can elucidate the details of viral structure it reveals less about the life
cycle. Static images can show the location of the virus in the cell, however electron microscopy
cannot image living samples due to the high powers used and the need for staining [128]. It
cannot be used to ‘watch’ viruses in action. Instead the life cycle must be reconstructed by
inferring the stages from a series of snapshots and there are often significant gaps in the overall
picture.

Although light microscopy cannot image viral particles, the effects of infection on the
host—the virus-host interactions—can readily be observed. Bright field microscopy has long
been used to identify the cyfopathic effects which reveal the infection of cultured cells [123].

These effects, though highly virus-specific, have two broad manifestations: a change in cell

The exceptional size of poxviruses, up to 300 nm, allows them to be seen with conventional microscopes.
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Figure 5.2: Diagram of a herpesvirus. The viral DNA is surrounded by a protective protein
shell, the capsid. An amorphous tegument of viral and cellular proteins is enveloped by a lipid
layer with protrusions of gylcoproteins. The image was provided by Dr. Marko Reschke.

morphology and the appearance of viral inclusions. Inclusions are regions of foreign material
sequestered by the cell in a lipid membrane. For example, cytomegalovirus is named for the
enlarged cell effect, cytomegalia, which it causes. In the late stage of cell infection typical
“owl’s eye” inclusions in cell nuclei can be revealed by histological staining [129]. An example
is shown in Figure 5.1.

The lack of inherent contrast in bright field microscopy led to the development of laser
imaging techniques based on fluorescence [36]. A huge library of fluorescent labels is now
available for tracking specific cellular compounds or organelles. The development of various
label-free techniques (see Section 2.4.3), including CARS, allow observations of cells under
conditions closer to their natural state. Recent advancements in superresolution imaging [37]
and single molecule fluorescence [130, 131] have even begun to push microscopy beyond the
diffraction limit.

In spite of its limitations then, light microscopy has an important role to play in viro-
logy. Advances in microscopy and the development of new techniques continue to improve the
chemical selectivity, reduce the invasiveness, add flexibility and enhance the resolution. This

progress is critical to provide the tools needed for studying viruses and their pathogenicity.

5.2.3 Structure of viruses

Viruses are macromolecular machines evolved to efficiently transmit the genetic code in their

nucleic acid from host cell to host cell. Most viruses are not capable of copying their own
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genetic code, and are completely reliant on the machinery of their host for replication. Their
small size allows them to more easily take over host cells, but also forces them to adopt a min-
imalistic structure carrying a small efficient genome sufficient to provide the tools for entering
and leaving a cell, but relying on the host for a suitable environment for replication.

The typical herpesvirus is illustrated in Figure 5.2. At its core is the capsid, a protein
shell approximately 125 nm in diameter [132] and highly symmetrical due to the self-assembly
method by which it is formed. The capsid encases the viral genome, a linear double-stranded
deoxyribonucleic acid (DNA) sequence, which in cytomegaloviruses is approximately 235 kbp
in length encoding around 165 genes [133]. The nucleocapsid, i.e. the DNA and capsid to-
gether, is surrounded by the tegument, a largely featureless collection of viral proteins that

constitutes around 40 % of the total virion®

mass. These proteins are ready for immediate use
by the virus upon entry into a host cell. They assist in disassembling the virion during cell
entry, control transport of the virus through the cell, and aid in managing the host cell envir-
onment. The tegument also contains small amounts of RNA of viral or cellular origin. The
whole structure is surrounded by a lipid envelope which is ultimately derived from host cell
organelles. The surface of this membrane is dotted with numerous protruding glycoproteins

which facilitate attachment to and entry through the host cell membrane.

5.2.4 Life cycle of viruses

Herpesviruses have a complex life cycle which is played out in two cellular compartments: the
nucleus and the cytoplasm. Whilst many aspects of its replication remain elusive the broad
process is understood through studies of the commonalities amongst the various members of
the Herpesviridae family. A recent review of current knowledge is provided by Mettenleiter
et al. [134], which includes the illustration shown in Figure 5.3. The numbered stages in the
Figure, (1) to (14), are referred to in the following paragraphs.

The attachment of a virion occurs through the binding of glycoproteins with cell surface
receptors (1), though the specific details of this process are poorly understood. Once docked
the virion fuses with the cell surface (2) causing removal of the envelope and release of the
tegument and nucleocapsid into the cytoplasm (3). The nucleocapsid is transported along mi-
crotubules (4) in a journey mediated by tegument proteins. The nucleocapsid docks at a nuclear
pore (5) and releases the encased viral DNA into the nucleus. The replication and transcription
of viral DNA is performed by the host cell (6). Replication occurs entirely in the nucleus and
produces fresh copies of DNA ready for packaging into new viruses. Transcription involves the
reading of DNA and the production of messenger RNAs which are exported from the nucleus
into the cytoplasm where they are translated to proteins by ribosomes. Viral proteins serve
three broad purposes: they assist in replicating the viral genome, they create the structures for

packaging the genome and they modulate various host functions to suit the needs of the virus

3Virion refers to the whole infectious viral particle, including the capsid, the tegument and the envelope. In
contrast virus may refer only to a part of the virion.
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Figure 5.3: Diagram of the herpesvirus life cycle and associated electron microscopy images,
reproduced from Mettenleiter [134]. The stages 1-14 are described in the text. The electron
microscope images are of the herpesvirus pseudorabies. Key: microtubules (MT), nuclear pore
(NP), nucleus (N), nuclear membrane (NM), rough endoplasmic reticulum (RER), mitochon-
drion (M), Golgi (G), trans-Golgi network (TGN)
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[135]. The expression of viral gene products occurs in a cascade of regulated stages throughout
the infection cycle. The detailed timing of viral gene expression will not be discussed in detail
here, further information is given by Mocarski et al. [114].

Having assumed control of the host cell the assembly of new virions commences. This
stage of the cycle begins in the nucleus where capsids self-assemble from viral proteins around
a scaffold (7). DNA is packaged into (most of) the capsids to form nucleocapsids (8). These
particles must then leave the nucleus to complete their maturation. The process by which they
do this has been disputed [132], however it appears that they egress by budding through the
two layers of the nuclear membrane [136]. Budding through the inner nuclear membrane (9)
leaves the nucleocapsids in the perinuclear space (10). This stage is referred to as primary
envelopment as they acquire an envelope in the process. This envelope is then lost again by
fusion of the particle with the outer nuclear membrane, resulting in the release of the (unen-
veloped) nucleocapsid into the cytoplasm (11). The addition of proteins to the nucleocapsid
occurs in two stages in the cytoplasm, providing the inner tegument and outer tegument. It has
been suggested that tegumentation occurs in a viral assembly complex at a specific location
within the cytoplasm [137], however this point remains unclear. The secondary envelopment
of the virus is thought to occur by budding through vesicles in the trans-Golgi network (12)
in a process that wraps the virus in two new layers. Transport to the cell surface occurs by an
unknown mechanism (13) followed by fusion of the outer layer with the cell membrane (14).
The progeny virus is then released into the intercellular space, ready to infect new cells. The
duration of the entire replication process varies between family members: for cytomegalovirus
gene expression begins, following a period of latency, at 2—8 hours post infection (hpi) and the
first viruses start to leave the cell at 48—72 hpi [114].

The viral assembly process is particularly prone to defects: for example it is estimated
that only 1% of released cytomegalovirus particles are infectious [114]. A number of the as-
sembled capsids fail to acquire DNA, resulting in viruses that lack the genetic material required
for further replication [114]. Additionally, many of the particles lack both DNA and capsid,
consisting only of an envelope of proteins [138]. These are termed dense bodies and make up

the majority of viral particles released by the cell.

5.2.5 Virus-host interactions

To replicate efficiently and produce sufficient progeny to establish further productive infections
a virus needs to optimize the host cell environment to suit its requirements. Two general classes
of host cell modulation have been identified in cytomegaloviruses: cell cycle disruption and
immune response evasion. These will be described below.

Cellular DNA replication does not occur constantly in cells, rather a tightly regulated cell
cycle ensures that the process only occurs in the S (synthesis) phase [135]. The result is that
the cell produces exactly one copy of its genome to prepare it for later mitosis. To ensure

efficient replication of the viral genome the virus must significantly alter the normal cell cycle
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control [139]. It pushes the cell towards the S phase, whilst arresting the normal transition out
of the S phase. In this pseudo-S state DNA synthesis is stimulated allowing the production of
many copies of the viral genome for packaging into progeny. In some cases the cell appears to
proceed to a state of pseudomitosis [140]. At the same time the virus suppresses the replication
of host DNA in order to divert more of the cell’s resources to replication of viral DNA.

The virus must also modulate the host environment to evade immune responses if it is to
complete its life cycle. This involves disabling cellular alarm signals and suppressing apoptosis
(programmed cell death) [141]. Without these interactions immune responses may arrest the
virus before it takes full control, or apoptosis would halt the replication process before new
virions have completed their maturation.

Recently, it has emerged that some viruses recruit cellular lipid droplets as part of their
replication cycle [104, 142]. For example it has been discovered that HCV loads viral proteins
onto the surface of lipid droplets during its replication cycle [143]. CARS microscopy, as the
ideal technique for lipid droplet imaging, has been applied to study the changes in lipid droplet
behaviour of cells transfected with the HCV genome [119, 118] and looks likely to continue to
play a key role in these ongoing studies.

5.3 Methods

The detailed method of operation of the CARS microscope was given in Chapter 3. This section
will describe the methods specific to preparing the cell samples, and to achieving multimodal
microscopy.

Two different strains of the virus were used in this study, which will be referred to as
MCMY and MCMV-GFP. MCMV is derived from the Smith strain, a virus isolated from
laboratory mice in 1954 [144]. MCMV-GFP is a version of this same strain which has been
modified* by integration of a GFP plasmid using the method of Angulo et al. [145].

5.3.1 Sample preparation

Infected cells were prepared under the same conditions as healthy cells described in detail in
Section 4.3.1. Solutions of viral particles (MCMV or MCMV-GFP) were diluted in medium
to give a multiplicity of infection of 1, and added to culture flasks during the seeding step.
Immediately after seeding, the cells were synchronized by storing them for 1 h at 4 °C. This
synchronization step allows virions to settle onto the surface of cells without entering. The cells
were then placed in an incubator in standard conditions, allowing viral entry to commence and
ensuring that the start of the infection cycle is synchronized across the majority of cells. Cell

infection was allowed to proceed for 48 h after which cells were fixed and stored, as described

*The genetically modified virus was prepared at the Division of Pathway Medicine at the University of Edin-
burgh.
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Figure 5.4: Fluorescence excitation and emission spectra of fibroblast cells infected with
MCMV-GFP. The spectral transmissions of the dichroic mirror, CARS filter and two-photon
filter are also shown, along with the wavelengths of the pump laser A, the Stokes laser Ay, the
CARS signal A\, and two-photon excitation % Filter and mirror data were supplied by the
manufacturers [97, 146].

in the previous chapter (Section 4.3.1). MCMV-GFP samples were kept in dark conditions to

avoid bleaching the fluorescence.

5.3.2 Fluorimetry for two-photon microscopy

In order to record CARS and two-photon images of the same sample, two conditions must be
met. Firstly, the fluorophore must be excited at a suitable wavelength for two-photon, which
is twice the equivalent one-photon wavelength [8]. Secondly, the emission spectrum of the
fluorophore, with peak wavelength A2, must be separated from the CARS laser wavelengths
by suitable dichroic mirrors or filters.

To determine the required optics, and to confirm the cell infection and production of GFP,
the excitation and emission spectra of an MCMV-GFP cell sample were recorded with a fluor-
imeter (FluoroMax, Spex). The spectra are shown in Figure 5.4. The excitation maximum is
486 nm; the emission maximum is 511 nm. These values are consistent with the known values
for enhanced GFP [147]. This information was used to select suitable dichroic mirrors and

filters whose spectral transmittances are also shown in Figure 5.4.

5.3.3 Imaging

The system was set up for imaging as shown in Figure 3.1 in Chapter 3. The pump and Stokes

lasers were tuned to match the C—H stretch vibration at 2845 cm ™!,

The Stokes laser also
provided two-photon fluorescence excitation, as shown in the energy diagram in Figure 2.1(D).

The wavelengths are shown in Table 5.1 and in the graph in Figure 5.4.
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CARS TWO-PHOTON
Raman shift R 2845cm™!
Fluorophore EGFP
Pump laser wavelength Ap 714.0 nm Blocked
Stokes/two-photon laser wavelength | A, 896.0nm | \s/2 448.0 nm
Signal wavelength Aas 593.5nm | Agp  ~ 500-620nm
Dichroic mirror 1x 683dcxr 1x 683dcxr
Filters 2x HQ590/20 1x FFO1-514/30

Table 5.1: The wavelengths of the lasers and signals used for the CARS and two-photon ima-
ging modalities. The corresponding dichroic mirrors and filters are also shown. The CARS
signal has a narrow spectral width (~ 0.5 nm) and can be regarded as a single wavelength. The
two-photon signal covers a broad range of wavelengths. The table data are shown graphically
in Figure 5.4.

CARS images were recorded with the photomultiplier tube set up in the forward detec-
tion, i.e. for F-CARS. A dichroic mirror (683dcxr, Chroma) and two identical band pass filters
(HQ590/20, Chroma) were used to separate the CARS signal from the excitation beams. Both
filters were attached to the photomultiplier tube with a light-tight foam seal in order to minim-
ize the effect of stray light in CARS images. The combined transmission of this filter pair at
the CARS signal wavelength A, is only 50 %. This does not pose a significant problem when
working with fixed cells as laser power can be increased to compensate for the lost signal. For
imaging live cells (Chapter 6) the pair were replaced with higher-transmission filters. The two-
photon signal was filtered by a band pass filter (FF01-514/30, Semrock). This filter transmits
the peak region of the GFP emission spectrum (Figure 5.4).

When imaging fluorescent samples, either the pump or Stokes wavelength can be used
for two-photon excitation. In this case the Stokes laser was used as its equivalent one-photon
wavelength \s/2 is closest to the excitation peak of GFP. To record a two-photon image the
pump beam was blocked and the detector was set up in the backward (E) position. Although
exciting at a wavelength with less than 50 % of the maximum absorption it was found that
sufficient two-photon signal was generated for high quality images.

All images presented in this chapter were recorded with a 60x water immersion objective
lens (Table 3.1).

5.4 Results

5.4.1 CARS imaging of infected cells identifies virus-induced changes

Figure 5.5 shows a CARS image of a typical infected cell from the (non-fluorescent) MCMV
sample. The cell has lost its characteristic triangular shape and the nucleus has expanded to
27 pm diameter compared to 16 ym in the healthy cell shown in the previous chapter, Figure
4.7(A).
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Figure 5.5: CARS image of a fibroblast cell infected with MCMV.
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Figure 5.6: Histogram of nuclear diameters comparing 43 healthy cells and 43 infected cells
(MCMV).
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Figure 5.7: CARS images of two different fibroblast cells infected with MCMYV. Both exhibit
dense accumulations of lipid droplets.
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Figure 5.8: Two-photon image of three fibroblast cells infected with MCMV-GFP (A). The
pump laser was blocked; two-photon excitation was provided by the Stokes laser at 922 nm.
The laser power incident on the sample was 15 mW. The image is the average of 4 scans at
11s/scan. A second image showing only the lower cell was recorded by scanning a smaller
region (B).

To confirm that expansion of the nucleus is caused by the infection, the sizes of nuclei were
measured in 43 healthy and 43 infected cells. As the cell nuclei are generally elliptical in shape
measurements were made of the major axis (full) length A and minor axis B, and the resulting
size expressed as a diameter v/AB. Figure 5.6 shows a histogram of the measured nuclear
diameters. The median diameter of healthy cell nuclei was 13.9 pm, and 20.7 pm for infected
cells.

In addition to nuclear expansion, a number of infected cells showed very dense accumu-
lations of lipid droplets at the nuclear periphery, producing a strong CARS signal from these

regions. Two examples are shown in Figure 5.7.
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B C 10 ym ——

Figure 5.9: A CARS image of an infected cell was recorded (A). The pump and Stokes laser
beams were shifted out of phase and the same image was recorded again (B). A two-photon
image of the same cell (C).

5.4.2 Two-photon imaging of infected cells indicates viral protein expression

The MCMV-GFP infection causes cells to express GFP along with other virally-encoded pro-
teins. Two-photon imaging revealed its intracellular location. Figure 5.8(A) shows an image of
three infected cells. The three cells have different intensities, indicating different levels of viral
protein expression. (The top-right cell is barely visible.) Figure 5.8(B) was recorded by scan-
ning just the lower cell. The features it shows—a bright nucleus and a patchy cytoplasm—were

found in many cells in the late stages of infection.

5.4.3 Multimodal imaging correlates infection with morphological changes

In order to establish the validity of multimodal images it is essential to check that the signals
from each modality are adequately separated into their respective detection channels. Fig-
ure 5.4 shows that the CARS filters (HQ590/20, Chroma) will transmit a small fraction of
the fluorescence signal. There is spectral overlap between the CARS and two-photon detection
channels. To evaluate the effect of this leakage, three images of the same MCMV-GFP infected
cell were recorded, shown in Figure 5.9. Images (A) and (B) were recorded in the CARS detec-
tion channel. Before recording image (B) the pump and Stokes lasers were shifted out of phase,
ensuring that no pulses arrive in the sample simultaneously and no CARS signal is generated.
Any significant residual light in the CARS channel is therefore due to two-photon fluorescence.
Image (B) appears dark, revealing that the leak of fluorescence light into the CARS channel
does not significantly perturb CARS images. Quantitatively, the mean pixel intensity of image
(B) is 15 % of that of image (A), showing that the signal leakage is small compared to the
average CARS signal intensity. Image (C) shows the two-photon image; this image is recorded
with the pump beam blocked and so is not affected by cross-channel leakage. To summarize,
it was found that some fluorescence emission leaks into the CARS detection channel, but does

not significantly affect CARS images.
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Figure 5.10: Images of infected cells recorded with bright field (A), CARS (B) and two-photon
(C). An overlay of the CARS and two-photon images (D). The laser powers incident on the
sample were 26 mW (B) and 16 mW (C).
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CARS and two-photon images of MCM V-GFP cells were recorded sequentially, along with
bright-field images of the same region. An example is shown in Figure 5.10(A-C). This cell
has lost its normal morphology and the nuclear boundary is no longer clearly-defined. By
overlaying the two-photon image on the CARS, Figure 5.10(D), it is possible to compare the
intracellular sites of lipids and GFP.

A number of images, such as Figure 5.11(A-F) showed bright fluorescent spots, often
adjacent to the nucleus, which may be the first signs of cellular GFP expression in the cytosol,
indicating an early stage of infection. Cells in later stages of infection, such as Figure 5.11(G-
I) showed GFP throughout the cell, with the nucleus appearing brighter than the cytosol. The
appearance of ‘black holes’ in the cytoplasm was also a common feature.

5.5 Discussion

The effects of cytomegalovirus on the cells are summarized in Figure 5.12. Comparing CARS
images of healthy and infected cells allowed observation of the morphological changes the cell
undergoes during infection by MCMV: expansion of the nucleus and rounding of the overall
cell shape. As the nuclear boundary could be clearly identified in most images, its diameter
could be measured. The nuclei of the MCMYV infected cell sample were on average 50 % larger
than the healthy sample. This is probably an underestimate of the overall expansion as the cells
were in different stages of infection at the time they were fixed when some nuclei may not yet
have expanded to the maximum size. The nuclear expansion is likely due to the stimulation
of the host cell metabolism induced by the virus (Section 5.2.5) and the production of new
viral capsids within the nucleus (Section 5.2.4). Whilst measurement of nuclear expansion can
statistically confirm infection in a large sample of cells, it is not sufficient to identify infection
in a single cell. For this reason, further experiments used the MCM V-GFP strain.

The intracellular distribution of GFP was imaged by two-photon microscopy. Combining
this with CARS produced images that correlate GFP expression with the cell shape and the lipid
droplet distribution. To perform this type of multimodal imaging it is necessary to spectrally
separate the two signals. As with any multicolour imaging setup, the leaking of light from one
detection channel into the other must be assessed. A ‘CARS image’ recorded with the pump
and Stokes laser beams synchronized, but out of phase appeared dark, Figure 5.9(B). This
check confirmed that cross-channel leakage did not cause manifestations in images. Although
the setup described here is specific for imaging enhanced GFP it could readily be modified to
work with different fluorescent proteins, provided that the emission wavelengths do not spec-
trally overlap the CARS signal. This can usually be arranged, as the CARS signal wavelength
can easily be adjusted by shifting (together) the pump and Stokes wavelengths. Whilst the
picosecond pulse durations used for on this setup are not ideal for two-photon imaging, the
process has been demonstrated with such long pulses [148]. In practice it was found that the

GFP provided ample signal when excited with around 15 mW, despite the less-than-optimum
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I 10 pym ——

Figure 5.11: CARS image of cells infected with MCMV-GFP (A). Two-photon image of the
same area of sample (B). The two-photon image is overlaid on the CARS image (C). Images
(D) to (I) show different cells imaged with the same method.
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Figure 5.12: Illustration of the effects of infection on fibroblast cells by a genetically-modified
cytomegalovirus (MCMV-GFP).

excitation wavelength (Figure 5.4) providing images with a good level of signal-to-noise.

The expression of GFP by the cell is a definitive indicator of cell infection, as it can only
be caused by the integration of the GFP gene by the virus into the host. It indicates that viral
proteins have been successfully expressed in significant quantities, demonstrating that the virus
has succeeded in disrupting the cell cycle and transcribing the viral genome. GFP is expressed
by the cell in ribosomes in the cytoplasm, along with other viral proteins required for assembly
of new virions. The first signs of GFP were as bright dots, often adjacent to the cell nucleus,
as shown in Figure 5.11(B) and (E). These dots may highlight the specific cellular sites of
viral protein synthesis or folding. It is reasonable to assume that the amount of cellular GFP
increases with time post infection. Therefore images of cells containing substantial amounts of
the protein, such as Figure 5.11(H), show cells in later stages of infection. The three adjacent
cells shown in Figure 5.8(A) are apparently in different stages of infection. This may indicate
that the start of infection was not synchronized as intended (Section 4.3.1), that the infection
proceeded at different rates in the different cells, or that the cells were in different phases
of the cell cycle upon infection resulting in different viral latency times [139]. It is notable
in most images of cells in late-stage infection that the concentration of GFP in the nucleus
is significantly higher than in the cytosol (where it is produced). This difference cannot be
explained by passive diffusion alone. It is known that the virus significantly disrupts cellular
transport mechanisms, including those which shuttle proteins back and forth across the nuclear
membrane [149]. Whilst proteins required for nucleocapsid assembly must be imported into
the nucleus, GFP is not fused to any other proteins, nor does it carry a nuclear import marker.
The mechanism which transports GFP from the cytoplasm into the nucleus remains unclear.

Most two-photon images of cells in the late stage of infection contain many circular ‘black
holes’. Some of these holes are lipid droplets, as shown by overlaying the two-photon image on
the CARS, Figures 5.10(D) and 5.11(I). The GFP cannot enter the hydrophobic environment
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of lipid droplets. Other holes are viral inclusions: accumulations of incomplete viral particles,
viral proteins and other foreign material sequestered in a membrane-bound body by the cell as
a defense mechanism. These bodies are a typical cytopathic effect observed in many viruses
(see Section 5.2.2). Any GFP present in these bodies would not yet be folded, and hence not
fluorescent. These inclusions are also visible in bright field images, Figure 5.10(A), and are
often the only discernible sign of infection when using conventional light microscopy.

Whilst the morphological changes in the cell as a result of infection are unmistakable, it is
not clear from these results whether the virus induces an alteration in the cellular lipid droplet
distribution. A number of cells, such as those in Figures 5.7, showed dense accumulations of
lipid droplets, although these were only seen in the MCMYV samples and not in MCMV-GFP.
It is difficult to attribute these formations to a specific stage or function of infection and the
possibility that these are artifacts of the fixing process, or an effect non-viral in origin, cannot
be ruled out. However tests of formaldehyde fixation of lipid droplets [73] suggest it is a
safe technique and does not disturb lipid droplet structure. The connection between the viral
infection and these accumulations requires further investigation.

The method presented in this Chapter can be applied to investigate a number of virus-host
interactions, however there are several limitations to working with fixed cells. The specimens
represent snapshots of cells at the time they were fixed, leaving the intermediate details to
inference. The lack of dynamic information made image interpretation difficult as the timing
of observed effects could not be placed in sequence. For these reasons, and due to the limited
storage time of fixed cells (Section 4.4.3), this work was extended to live cell imaging. The

ability to image living cells on the microscope is demonstrated in the next chapter.

5.6 Conclusions

Combined CARS and two-photon imaging were used to study the interactions between cyto-
megalovirus and host fibroblast cells. The established morphological changes associated with
infection were observed in cells infected by MCMV. It was found that nuclei in infected cell
samples were on average 50 % larger than in healthy cells. A number of cells exhibited dense
accumulations of lipid droplets at the nuclear periphery, though this was not definitively attrib-
uted to the viral infection. As a means to confirm cell infection, a genetically modified virus,
MCMV-GFP, was also used (separately) to infect cells. The location and extent of viral protein
expression was revealed in two-photon images, whilst sequential CARS imaging of the same
cells correlated the infection with changes in cell morphology and lipid droplet distribution.
The combination of the two techniques showed that numerous ‘black holes’ appear in cells at
the late stage of infection. These holes, which are dark in both CARS and two-photon im-
ages, were identified as inclusions. Additionally, it was found that GFP was imported into the
nucleus in the late stage of infection.

These experiments focussed on studying the effects on fibroblast cells from infection with
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cytomegalovirus. The method is generally applicable and could readily be adapted to work
with other viruses or cell types. The principal requirement is that virus can be modified to
induce fluorescent protein expression by the host cell, and that the CARS signal from lipids

and the two-photon signal from the protein can be adequately separated by wavelength.
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Live cell imaging

6.1 Introduction

The previous chapter reported the specific virus-host interactions in fixed fibroblast cells in-
fected by cytomegalovirus and imaged by multimodal microscopy. In this chapter the ability
to image living cells is demonstrated. The samples used and the imaging methods are broadly
similar to Chapter 5; the description given here will focus on the specific adaptations that were
made to the microscope to support living samples and the measures taken to minimize laser
power in order to prevent photodamage. The results illustrate the importance of live cell ima-
ging as a tool for virological research and demonstrate the ability to record time lapse images
of a single cell over an extended period.

Two aspects of working with fixed specimens were found to limit their utility. Firstly, the
formaldehyde used as a fixative does not fix lipid droplets, limiting the specimen life to a few
days at best (Section 4.4.3). Secondly, it was difficult to reconstruct a sequence of events from
a series of still snapshots of different cells (Section 5.5). The same difficulty arises in electron
microscopy-based studies of the virus life cycle, where the movement of viruses through the
cell during the infection cycle must be inferred from sets of still images (see Figure 5.3 for
an example). The gaps—where crucial events are missing from the record—Iead to significant
uncertainty in how the virus replicates. Unfortunately electron microscopy cannot be applied
to living cells due to the high electron powers involved. Fluorescence microscopy can be used
for imaging live cells, however the range of compatible fluorophores is very limited. The use

of fluorescent proteins, including GFP and variants, is often applied [150]. Some synthetic
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fluorophores can be used in living cells, however they are often associated with phototoxicity
[151].

In live cell imaging CARS microscopy has a conspicuous advantage; it can be used for
label-free imaging of the dynamic intracellular environment in living cells. It does not restrict
the range of usable cells based on the limited ability to label live cells with fluorescent markers.
The study described in Chapter 5 can readily be extended as both CARS and GFP expression
are amenable to live cell imaging. The ultimate goal of applying live cell techniques to this
study is to realize the ability to observe the virus life cycle played out in a single cell through
time lapse imaging. The results presented in this chapter will show that this is feasible.

As the microscope system is custom-built it can readily be adapted to suit the needs of
a specific research objective. This chapter will outline the required physiological conditions,

describe the adaptation to the microscope and present the results of tests of live cell imaging.

6.2 Background

Cells grown in culture must be maintained at precise physiological conditions to avoid cell
stress and promote growth (see Section 4.2.1). For fibroblasts, this requires keeping the tem-
perature at 37 °C and maintaining the pH of the medium in the range 7.0-7.4 [152]. A 5%
carbon dioxide atmosphere is used to stabilize the pH by equilibriating the reaction of the air
with the medium [102]. The technical challenge for imaging living cells therefore is to repro-
duce these conditions on the microscope stage.

A variety of commercial and non-commercial systems have been developed for live cell
imaging. An up-to-date online review is provided by Nikon Corporation [153]. The simplest
systems consist of sealed microscope slides which can protect cells whilst on the microscope
and allow imaging for periods of minutes to hours [154]. For long term imaging however a
heated chamber is required. Sophisticated commercial systems allow the long-term imaging of
cells with heaters to maintain temperature and perfusion ports for changing media and main-
taining carbon dioxide tension. Other options include customized glass flasks, such as the
modified Carrel Flask developed by Stevenson et al. [155], which incorporate heating whilst
providing easy access for changes of media or passaging.

Whilst these systems would easily meet the requirements for imaging the infected cells
used in this study, they are more elaborate than is required. Maintenance of infected cells does
not need to be for more than a few days, as after this time most cells will have succumbed to the
virus. Additionally, as the virus halts cell mitosis there is no need for passaging of cells whilst
on the microscope. A completely sealed cell chamber is sufficient. The cells can be grown and
infected in cell culture, then transferred to the chamber and sealed before being placed on the
microscope. The design and construction of the chamber will be described in the following

section.
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Figure 6.1: Photograph of the cell chamber and temperature controller used for live cell ima-
ging (A). Diagram of the cell chamber on the microscope (B).

6.3 Methods

Most of the methods used for these experiments have been described in previous chapters. This
section will cover only the adaptation of the microscope for imaging living specimens. The op-
eration of the CARS microscope was described in detail in Chapter 3. The cell culture methods
used for sample preparation were described in general in Section 4.2.1 and the methods for

preparing infected samples and multimodal imaging in Section 5.3.

6.3.1 Cell chamber

A cell chamber was built to contain living cells on the microscope. A photograph and diagram
are shown in Figure 6.1. The chamber is designed to simply replace the existing microscope
stage plate, visible in the photograph in Figure 3.2, allowing the two to be readily exchanged

depending on the experiment. The design requirements for the chamber were:
* It must be sealed.

* It must include transparent optical windows to allow collection of the forward and back-

ward signals.
* It must withstand autoclaving.

* It must fit into the narrow space (24 mm) between the top of the objective lens and the

bottom of the condenser lens.
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The chamber was constructed from aluminium, which has a high heat capacity to provide
thermal stability and can withstand high temperatures during autoclaving. The chamber is
designed to accommodate a coverslip-bottomed petri dish (P35Gcol-1.0-14-C, MatTek) which
is sealed into the chamber with silicon grease as shown in the diagram in Figure 6.1(B). An
additional circular glass coverslip was glued into the lid of the chamber to transmit the F-
CARS signal. The lid was shaped such that, when closed, the coverslip is immersed in the
culture medium. This ensures that condensation does not form on the coverslip and minimizes
the number of changes in refractive index between the sample and the forward detector which
may refract light away from the detector.

High-power ceramic resistors were potted into holes drilled through the length of the as-
sembly. A thermocouple attached to the front surface of the chamber was connected to a
temperature controller (UDC3000, Honeywell) and power supply which powered the resistors.
During operation the temperature was stable to within £0.1 °C.

In Chapter 5 a 60x water-immersion objective lens was used. This is problematic for long-
term live cell imaging as the immersion fluid can dry up. Instead a 100x oil immersion objective
was used (see Table 3.1 for objective specifications), however this may cause optical aberrations

due to the refractive index mismatch between the immersion fluid and the medium [40].

6.3.2 Sample preparation

The specific sample preparation for fixed cells was described in Section 4.3.1'. The live
samples were prepared by the same method, with the final step seeding them into the petri
dish. The cell chamber was autoclaved, then loaded and sealed in a 5% COy atmosphere
before being transferred to the microscope for imaging. The air-tight seal of the chamber is
sufficient to maintain a stable pH. This was monitored with an indicator dye, Phenolred, which

changes colour when the pH deviates from 7.4 by more than 0.4 [151].

6.3.3 Imaging

The method used here for multimodal CARS and two-photon imaging is the same as that
described in Section 5.3.3, and illustrated in Figure 3.1, with a few modifications?. These
modifications were made with one aim in mind—to minimize the exposure of the sample to
laser radiation.

An additional photomultiplier tube was added to the system which allows simultaneous re-
cording of the two signals: CARS in the forward direction (F) and two-photon in the backward
(E). The two signals are acquired in synchronization by the acquisition board (see Section
3.4.7) and displayed by the microscopy software. This could eliminate the need to scan the

sample twice (once for each modality), thus reducing laser exposure significantly.

' As in Chapter 5, samples were prepared and the infection performed by Michael Ochsenkiihn.
The adaptations described in this subsection (6.3.3) were made by Christine Wong.
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Figure 6.2: Bright field image of fibroblast cells after five days on the microscope (A). The
image was recorded with a 100x microscope objective lens (Table 3.1). Outline of one of the
cells (B). Other cells can be seen in the microscope image but have indistinct outlines due to
the limited contrast of bright field microscopy.

The filters used in Chapter 5 for imaging fixed cells did not provide good transmission
at the CARS signal wavelength (see Figure 5.4). They were replaced with two 600 nm band
pass filters (FF01-600/14-25, Semrock) with 99 % specified transmission at the CARS signal
wavelength [146]. In addition to improving the signal detection efficiency, the narrower band-
width (14 nm) of these filters better excludes stray light from entering the photomultiplier tube.
The filter for two-photon imaging was replaced by one with a wider bandwidth (FF01-510/84,
Semrock). This transmits a broader range of the spectrum of GFP emission, whilst still block-
ing the CARS signal wavelength. Both of these optimizations allowed lower laser power to be
used for imaging.

The most basic method for preventing photodamage is to ensure that the cell is only exposed
to laser light during useful imaging. In live cell experiments greater use was made of bright field
imaging for both cell selection and focusing. However the resolution of bright field imaging
is poor due to the use of an infrared LED for illumination. Therefore the focus must still be
fine-tuned whilst recording CARS images, inevitably leading to additional exposure of the cell

to the laser beam.

6.4 Results

6.4.1 Live cells can be maintained on the microscope for 5 days

A sample of healthy (uninfected) cells was placed on the microscope. Figure 6.2(A) shows a
bright field image of the cells recorded after 5d. As cells were not passaged during this time
cell growth is likely to have stopped due to contact inhibition. The cells are identified as healthy
as they are still adherent to the coverslip. (See Section 4.2.1 and Figure 4.1 for an explanation
of cell culture.) This timescale is more than sufficient to observe the full virus life cycle, as
cytomegalovirus typically starts producing progeny at 48—72 hpi [114].
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6.4.2 Photodamaged cells exhibit morphology changes and detachment

The effect of photodamage on cells was investigated by subjecting a single cell to laser scan-
ning. Figure 6.3(A) shows a cell imaged with bright field imaging. The cell was then scanned
by the laser with a power of 3 mW for 3 min and imaged again in bright field (B). Comparing
the corresponding cell outlines (E) and (F), the cell’s ‘arm’ appears to have retracted. After
scanning with 6 mW for a further 3 min (C) the cell showed morphological changes; the cell
membrane bulges outwards. Scanning at 9 mW for a further 3 min (D) results in loss of adher-
ence to the glass surface suggesting that necrosis or apoptosis has occurred.

An approximate estimate of the cell’s damage threshold can made by quantifying the ex-
posure to the laser beam as the product of the laser power and the total scan time. Assuming
that cell damage is cumulative over the duration of this experiment, i.e. that the cell did not
recover between the scans, the exposure threshold for this cell lies below the total exposure of
the cell in Figure 6.3(B), i.e. less than 9 mW min. For a CARS image recorded by averaging
over 4 scans with typical scanning parameters (Table 3.2) the total acquisition time is 40s.
This suggests that the maximum power threshold for CARS imaging is around 12 mW. This

quantity was used as an estimate of the power live cells could tolerate.

6.4.3 Cell migration and lipid droplet diffusion limit the ability to record stacks

Video 6.1 shows a stack of slices through a live cell at increasing depths®. The acquisition time
per slice is 33 s with an additional 30s required between each slice to adjust the microscope
stage micrometer. The movement of lipid droplets due to diffusion can be observed between
each slice and it appears that the cell has migrated slightly during the stack recording.

Faster recording may reduce the effects of movement, however in general a stack cannot
provide a faithful three-dimensional snapshot of the dynamic intracellular environment. Even
with fully automated optical sectioning, the recording of a stack cannot be made sufficiently fast
to freeze intracellular movements, as active transport processes in cells can cause translations

of lipid droplets at speeds greater than 0.5 ym /s [24].

6.4.4 Use of low laser power increases noise in images

The cell damage caused clearly requires the reduction of laser power to the lowest possible
levels. To quantify the effect on image quality, two images of the same cell were recorded at
different laser powers. Figure 6.4(A) shows a cell recorded with 53 mW laser power incident
on the sample and a voltage of 330 V applied to the photomultiplier. Figure 6.4(B) shows the
same cell with 20 mW laser power and a voltage of 602 V.

When reducing the total laser power incident on the sample the CARS signal drops off

cubically (see Equation 3.3 in Chapter 3). Therefore a reduction in laser power from 53 mW to

3This stack was recorded by Christine Wong.

90


http://www.era.lib.ed.ac.uk/

6.4. RESULTS

O Cell L
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10 pm

Figure 6.3: Effect of photodamage on cells recorded with bright field imaging. The cell (A)
was scanned for 3 minute intervals at successively increasing laser powers: 3mW (B) then
6 mW (C) then 9 mW (D). The shape of the cell in images (A-D) is outlined in (E-H). Due to
the limited contrast the shape of the nucleus cannot be clearly defined .

91



6.4. RESULTS

0 500 1000 1500 2000 2500 3000 0 2500 5000 7500 10000 12500 15000
Lookup Lookup
table table
12000 110000 12000
Histogram on
10000 10000 .
B linear and
. {1000 o S
g 8000 g 8000 [ logarithmic
Q Q
) 2 scales 10000
g 6000 {100 g 6000
- —
= = 1000
4000 4000
10 100
2000 s 2000 10
2 3
0 . ] L . N 0
0 500 1000 1500 2000 2500 3000 0 5000 7500 10000 12500 15000
Mean . . . Mean i . .
Pixel intensity Pixel intensity

Figure 6.4: CARS images of a healthy live fibroblast cell. Image (A) was recorded with 53 mW
laser power incident on the sample and a voltage of 330 V was applied across the photomul-
tiplier tube. Image (B) used 20 mW laser power and 602V and was recorded directly after
image (A). (C) and (D) show the histograms of the two images.
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20 mW reduces the CARS signal level by 95 %. As the voltage on the photomultiplier tube was
increased between the high-power image (A) and the low power (B)—in order to compensate
for the lower signal—the absolute pixel values cannot be directly compared between the two
images. The overall image brightness appears similar as the lookup tables were also adjusted
to take account of the different signal levels.

To quantify the effect of the reduced signal level the histograms are plotted below the
corresponding images, in Figure 6.4(C) and (D). Comparing (D) with (C), the mean pixel
value has shifted to a higher intensity. This is largely due to the higher dark level on the
photomultiplier tube which increases as higher voltages are applied. This dark level is the
combined effect of several causes. The principal cause is dark current, which is mainly due to
the thermionic emission of electrons from the photocathode [45]. This dark current is strongly
temperature-dependent and can be reduced by cooling of the tube. It increases with voltage and
ultimately places a limit on detection sensitivity as at high voltages it will eventually swamp
the signal [156]. Other contributions to the dark level come from stray light entering the tube.

The contrast in an image defined by a set of pixel values I, is given by the dimensionless

quantity [157]
C = Imar - Imzn

1

where I, is the maximum pixel intensity, I,,,;,, the minimum, and I the mean. The contrast in
the high-power image (A) is 27, compared to 6.1 in the low-power image (B). This is probably
an overestimate of contrast in the low-power image as it includes the spurious contrast caused
by the dark level.

Further reduction of the laser power causes a further loss of contrast and a dark level which
begins to swamp the signal. The contrast is then reduced below the level required to distin-
guish image features (lipid droplets in this case). The detection sensitivity could be improved
by reducing the amount of stray light entering the photomultiplier tube and by improving the
filtering of the signal from the excitation beams. Cooling the tube to reduce thermionic emis-

sion would provide further improvement.

6.4.5 A single living cell can be imaged with CARS over 7 h

Video 6.2 shows bright field and CARS images of a single cell recorded over a 7h period.
Images were recorded once every 30 min. The image acquisition time was 66 s with a power

of 23 mW. The total exposure is therefore 354 mW min.

6.4.6 CARS images recorded at other Raman shifts have large background

All CARS images of fibroblasts presented so far were recorded at the strong C—H stretch vibra-
tion at 2845 cm~!. CARS images of healthy live cells were also recorded at two other Raman
shifts. The Raman spectra in Figure 4.2 show a number of other peaks which may have po-

tential for CARS imaging. Two of these peaks were selected. The peak at 1663 cm ™! consists
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A B

Figure 6.5: CARS images of a healthy fibroblast cell at and 1658 cm ™! (A) and 1450 cm ™!
(B). Image (B) was recorded after image (A).

C 10 ym ——

Figure 6.6: CARS image of infected fibroblast cells (A) and sequential two-photon image of
the same cells (B). The two-photon image is overlaid on the CARS (C). The laser powers were
33 mW (A) and 15 mW (B).

of the overlapped C=C stretch and amide I band; the peak at 1450 cm ™! is a CHy vibration
also present in lipids [109]. As the CARS and Raman peaks may have different positions in
their corresponding spectra (Section 3.5.5), images were first recorded over a range of around
25cm~! to determine the Raman shift which provided best contrast. Figure 6.5(A) shows a
CARS image recorded at 1658 cm ™! with a laser power of 65 mW. Figure 6.5(B) shows an
image recorded at 1450 cm~! with 84 mW. As these Raman bands are much weaker than the
C-H stretch at 2845cm ™! the contrast in the images is much reduced and the nonresonant
background dominates. The laser power is not tolerable to living cells and there are visible

indicators of cell damage in Figure 6.5(B).

94



6.5. DISCUSSION

6.4.7 Combined CARS and two-photon imaging of living cells allows monitoring
of infection stage

Images of live cells infected by MCM V-GFP (defined in Section 5.3) were recorded with CARS
and two-photon sequentially*. Figure 6.6 shows an example. The CARS image, Figure 6.6(A)
shows the lipid droplet distribution in several cells, whilst the two-photon image, Figure 6.6(B)
indicates that they are in different stages of infection. The two-photon image is overlaid on the
CARS in Figure 6.6(C). The clustering of lipid droplets is observed in some cells, similar to
that seen in fixed (MCMYV) infected cells in Figure 5.7.

6.5 Discussion

The demonstration of live cell CARS imaging showed that time lapse recording of a single
cell over a period of 7h is possible without observable photodamage. This is long enough to
observe the effect of viral infection and if the imaging period were extended to around 48 h, by
reducing laser power or number of scans, this would allow observation of a single cell through
the complete cytomegalovirus infection cycle. It was also demonstrated here that the method
of multimodal microscopy combining CARS and two-photon described in Chapter 5 can be
extended to image live cells (Figure 6.6). The images recorded show accumulations of lipid
droplets similar, though less dense, to those seen in fixed cells in Figure 5.7. This suggests
that the virus modulates the host cell lipid metabolism, however further investigation would be
required to confirm this.

Laser power was the critical concern as cells were easily photodamaged. It appeared that
cells’ susceptibilities to photodamage depended on the proximity of other cells; isolated cells
were more easily damaged than interconnected groups. Additionally cells appeared to ‘recover’
to some degree between scanning periods. The accumulated exposure of the cell imaged over
7h (Video 6.2) was over five times that which killed the cell in Figure 6.3(D). If the cause of
photodamage is the laser-induced accumulation of some noxious substance within the cell [18]
it appears that this had time to dissipate during the 30 min interval between scans.

To date there have been few systematic studies of photodamage in CARS microscopy [75,
158]. It has been suggested that photodamage in both CARS [75] and two-photon [18] is
caused by second-order processes at low laser powers and, additionally, higher-order processes
at high laser powers. The damage threshold for the cell imaged in Figure 6.3 was estimated to
be 12mW. This agrees with the general principle for nonlinear imaging that powers greater
than 10 mW are damaging to cells [18]. However, the laser powers used in this chapter were
generally significantly higher than this. Further optimization to the set-up is required to achieve
imaging at powers below 10 mW whilst retaining sufficient image contrast to clearly identify

cellular features such as lipid droplets. The various interdependent laser parameters, including

*These images were recorded by Christine Wong.
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pulse duration, repetition rate, peak power, average power and pump-to-Stokes power ratio,
can be adjusted to optimize the CARS signal and minimize photodamage. Performing this type
of optimization needs a reliable indicator of cell damage. Whilst morphological changes are
indicators of significant damage, an indicator based on observing whether cells later proceed
to mitosis would be more suitable. The progression to mitosis could be observed by recording
time lapse bright field images for a period of several hours after laser scanning [159]. This
would allow a more precise determination of the laser damage threshold for healthy cells.
By reducing laser power well below this threshold when imaging infected cells the important
distinction between virus-induced and laser-induced damage can be made.

Whilst imaging live cells circumvents the problems associated with fixed cells (discussed in
Section 5.5) it is not without drawbacks. The requirement to maintain physiological conditions
on the microscope adds an extra level of complexity to the system. Sample preparation is also
made more difficult, as cells must be prepared in a sterile environment, but imaged in a non-
sterile optical lab. It is likely therefore that fixed cells will still have a role to play in this study.
Whilst live cell imaging makes observation of virus-host interactions easier, fixed cell imaging
is required to validate results. For example, fixed samples can act as a control for live cells
to demonstrate that effects are caused by the infection, and not by poor maintenance of cell
conditions on the microscope stage.

Future work on this system will require a systematic optimization in order to identify the
causes of, and minimize, photodamage. If this can be achieved time lapse imaging of indi-
vidual cells with both CARS and two-photon should be possible over periods of many hours.
The images in this chapter were recorded sequentially, but the extension to simultaneous ima-
ging poses no distinct obstacles and will allow multimodal imaging without increasing the laser
exposure. The ability to watch virus-host interactions in a single cell throughout the infection
cycle would provide a clearer picture of the process and help to answer the questions raised
in the previous chapter. In particular it should help to identify processes causing the cluster-
ing of lipid droplets and the transport of GFP to the nucleus and identify the timing of these
processes in the infection cycle. The ability to image at Raman shifts other than 2845 cm~!
was hampered in this work by the large nonresonant background. Future attempts will require
subtraction or suppression of the nonresonant background. The congested fingerprint region of
these cell’s Raman spectra [108, 109] may contain other peaks which reveal significant chem-

ical information about the infection process.

6.6 Conclusions

Fixed cell imaging provides limited information about the virus life cycle and there is a clear
need for live cell imaging to complement it. This was demonstrated by the addition of a sealed
temperature-controlled chamber to the microscope stage. Cells in the chamber can be kept

alive for at least five days, sufficient for several infection cycles to occur. A single cell can
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be imaged by time lapse recording of one image every thirty minutes for a period up to seven
hours without causing visible signs of photodamage.

This work demonstrates that live cell imaging is a valuable technique for virological stud-
ies, especially when applied in tandem with fixed cell imaging on a flexible microscope plat-
form. The ability to perform live cell imaging demonstrated here should allow, as future work,

some of the questions raised about cytomegalovirus life cycle to be answered.
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Conclusions

The contribution of this research has been the development of an enhanced method for studying
viruses. The technique enables the imaging of the interactions between virus and host cell. It
provides the potential to develop a better understanding of virus-host interactions, and the
possibility of discovering previously-unknown interactions.

The objective here was twofold; to construct a CARS microscope and to apply it to an
area of biomedical science. The set-up of the microscope (Chapter 3) and the achievement of
suitable benchmarks of performance and reliability (Chapter 4) allowed its subsequent applic-
ation to a virological study (Chapter 5) and demonstrated that this study could be extended
to live cells (Chapter 6). This research showed that a combination of CARS and two-photon
microscopies can provide high-resolution intracellular images of infected cells. It suggests a
link between infection by cytomegalovirus and cytoplasmic accumulations of lipid droplets,
however this has yet to be demonstrated conclusively. Additionally, it was discovered that cells
in the late stage of infection transport the green fluorescent protein (GFP) from cytoplasm to
nucleus, suggesting that the virus significantly disrupts host cell transport pathways.

CARS microscopy is the ideal platform for imaging cellular lipid droplets. Previous meth-
ods relied on the use of fluorescent markers which are limited in range, especially for live cell
imaging, and are known to cause droplet deformations [74]. CARS circumvents these diffi-
culties and allows label-free imaging of lipid droplets. Recent evidence [143] shows that lipid
droplets play an essential role in replication of hepatitis C virus. A better understanding of the
mechanisms involved could provide new routes for intervention and treatments of infections.

CARS is therefore a crucial tool for investigating the link between viral infection and changes




in lipid droplet metabolism. Imaging lipid droplets alone is not sufficient to elucidate this link,
a method is also required to correlate observations with the infection state of the cell. Previous
studies have focused on imaging infection progression by transfecting cells with fluorescently-
tagged RNA molecules [118]. However the fluorophore molecule is not transcribed into pro-
geny RNA, limiting the lifetime of tagged RNA within the cell [119]. In contrast, this study
used a modified virus encoding the GFP gene within the viral genome. CARS microscopy was
applied to image the effect of the virus on host cell morphology and lipid droplet distribution
whilst two-photon microscopy was used to image GFP expression. As the GFP is produced by
the cell itself no exogenous fluorophores are needed. Expression of GFP begins when the cell
starts translating viral genes and this provides a definitive indicator of the commencement of
infection. It also enables an assessment of the stage of infection by observing the level of GFP
expression in the cell.

The principal drawback of CARS microscopy is the presence of the nonresonant back-
ground. In this thesis the background limited the application of CARS to the C-H stretch
vibration at 2845 cm ™!, which produces a particularly strong resonant signal. Whilst the non-
resonant background is inherent to CARS there are a variety of methods to suppress or elim-
inate it. Adapting the microscope for stimulated Raman scattering [6] is one possibility. With
the background removed it would be possible to search for other chemical species of interest
in infected cells, e.g. the DNA backbone or specific protein bands [109], which lie in the
chemically-important fingerprint region. The ideal microscope would be able to image indi-
vidual viral particles, however this is forbidden by the diffraction limit, a fundamental law of
optics. Despite this, recent progress in superresolution techniques [37] suggests that imaging
such small particles with light microscopy is not ‘as impossible’ as once thought, suggesting
that light microscopy will continue to play an important role in virological studies.

This thesis concludes with suggestions for future work, from both the physics and the
virology perspectives.

The ability to watch an infected cell as the process unfolds would greatly enhance the
understanding of the virus-host interactions observed in this study. The potential of the micro-
scope for live cell imaging of infection processes was demonstrated (Chapter 6) by imaging a
single cell with CARS over a period of hours. However, cells are very susceptible to photodam-
age and a systematic study of the causes of this damage is required. This should include the
use of cell damage markers and additional optimizations to the laser and microscope systems
to reduce the laser power further. The use of a custom-built microscope is advantageous as
the system can quickly be adapted in situ to meet the changing demands of experiments, or to
further explore a particular scientific thread. For example, the integration of extra modalities,
such as second harmonic generation for collagen imaging [160], would add further flexibility.
The investigation of cytomegalovirus is an ongoing research project, and the contribution of
CARS microscopy to this project is continuing. This will allow the further refinement of the

techniques involved, and ultimately the extension of this work to other viruses.
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The outlook for the field in general is promising. Whilst the cost and complexity of the
laser source for CARS remains a significant obstacle to its widespread adoption, recent pro-
gress in the development of fibre lasers [35] has moved a step closer to providing a low-cost
alignment-free all-fibre light source which can simply be fitted to existing confocal and two-
photon microscopes. The removal of this obstacle would immediately stimulate the uptake of
the technique by researchers and its integration with many existing laser scanning microscopes.
This would enable CARS to be applied more readily in existing research projects. Efforts to
reduce or eliminate the nonresonant background have also led to the development of new laser
sources, such as specialized lasers for FM-CARS, and to a new technique, stimulated Raman
scattering (described in Section 2.6). If the initial promise of this new imaging modality is

borne out it could become the future direction of this research field.
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Intracellular imaging is a key tool in the investigation of
host-pathogen interactions. Advances in this area are par-
ticularly sought to understand the effect of viral infection
processes on the host cell and its metabolic functions in-
cluding those cases where host cell lipid metabolism is
modulated as a result of infection. We demonstrate the
use of combined coherent anti-Stokes Raman scattering
(CARS) and two-photon fluorescence microscopies to 5
image fibroblast cells infected by cytomegalovirus. CARS 10 pm

is used to image the host cell membrane, lipid droplets

and morphology of the nucleus. Cell nuclei are found to Left: Infected NIH/3T3 fibroblast cell imaged with

expand during infection, approximately doubling in area. CARS microscopy at the C-H stretching vibration
Some cells also show accumulations of lipid droplets at showing lipid droplets and membranes. Right: Two-
the nuclear periphery. Using a genetically modified virus photon fluorescence image of the same cell. GFP ex-
strain expressing the green fluorescent protein also en- pression by the cell confirms viral infection.

ables two-photon imaging of the same cells to reveal the
location, nature and extent of viral protein expression.
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1. Introduction

Biomedical research is placing increasing demands
on cell imaging techniques for improved resolution,
sensitivity and chemical detail to enable critical in-
sight into the nature and dynamics of cell function.
Important applications have been reported in medi-
cal diagnosis [1, 2] and drug discovery [3].

Confocal laser scanning microscopy has been the
key tool driving progress in the understanding of cel-
lular processes. It provides chemical specificity
through fluorescence labelling and has 3-D optical
sectioning capability. Advances based on nonlinear
microscopy led to the demonstration and adoption
of two-photon imaging [4], which has brought signifi-
cant advantages over standard confocal imaging, in-
cluding greater depth penetration and reduced
photobleaching. Despite the power and widespread
use of these methods, problems inherent to fluores-
cent labelling persist. These include the extra time
and effort required in sample preparation, contami-
nation of images from autofluorescence background
signals, photobleaching with associated production
of toxic photoproducts and unpredictable disruption
to biochemical pathways [5]. As a result, there is in-
tense interest in imaging modalities that avoid the
need for fluorescent labelling. Second harmonic gen-
eration microscopy can image unlabelled samples
[6], but it is limited to structured specimens such as
collagen [7]. Spontaneous Raman imaging generates
contrast from inherent molecular vibrations, how-
ever the intrinsically weak Raman signal necessitates
long acquisition times, typically several minutes per
spectrum [8]. More recently, the nonlinear coherent
anti-Stokes Raman scattering (CARS) process has
been used to substantially enhance the vibrational
signal.

Imaging based on the CARS process received re-
vived interest in 1999 with the development by Zum-
bush et al. of a microscope using a pump-Stokes col-
linear beam geometry and tight focusing of the
beams into the sample with a high numerical aper-
ture microscope objective lens [9]. The enhanced vi-
brational signal enables imaging at speeds up to vi-
deo-rate [10]. To implement a microscope based on
CARS a light source is required which can deliver
short pulses at the pump and Stokes wavelengths
which are overlapped in the sample. The develop-
ment of laser systems which meet these demands is a
significant technical challenge and a variety of solu-
tions have been applied [9, 11]. Advances in this
area have led to simpler, more compact laser sources
[12, 13]. Whilst the ability to image label-free sam-
ples is the clear advantage of CARS microscopy it
also has other beneficial features. Due to the non-
linear nature of the scattering process it has inherent
optical sectioning capability and can be used to re-
cord stacks of images through thick samples. Addi-

tionally, the CARS signal is blue-shifted relative to
the excitation wavelengths and can easily be sepa-
rated from any autofluorescence. However, unlike
fluorescence microscopy, CARS excitation also pro-
duces a nonresonant background along with the re-
sonant CARS signal. Efforts to reduce or eliminate
this background can improve the sensitivity of
CARS imaging [14].

CARS microscopy is finding new areas of appli-
cation in biomedical imaging and clinical diagnosis
[15], especially when combined with more estab-
lished methods [16]. The use of CARS alongside
other nonlinear imaging techniques on the same mi-
croscope makes a versatile multimodal imaging plat-
form [17, 18]. The system we describe here is cap-
able of performing both CARS and two-photon
fluorescence imaging by using the Stokes wavelength
as the fluorescence excitation source. Most nonlinear
imaging techniques require ultrashort pulses, typi-
cally 200 fs duration, to provide the high peak
powers needed to generate significant signal inten-
sity. For CARS though, the ratio of the resonant sig-
nal to the nonresonant background depends on the
pulse duration with the ideal balance in the range
1-2 ps [19, 20]. Although such pulses will yield lower
fluorescence signal for two-photon imaging, longer-
duration pulses, even up to continuous wave, have
been successfully applied [21].

In this paper we discuss the benefits that arise
from using multimodal microscopy to probe the
complex relationship between a cell and a virus. The
diagnosis of diseases and the development of new
therapies rely heavily on the understanding at a mo-
lecular level of the host-pathogen interactions. Re-
cently, a number of publications have reported the
important role of lipids at various stages of cell in-
fection and virus replication [22, 23]. A CARS mi-
croscope is the ideal platform for studying the beha-
viour and chemistry of cellular lipid droplets [24].
Lipid droplets are abundant with C-H bonds which
have a strong Raman-active vibration at 2845 cm™!
providing high contrast in images. For example,
CARS microscopy has been used in the study of
cells infected with hepatitis C virus to image rearran-
gements of cellular lipid droplets that occur during
the infection process [25, 26]. By tagging the viral
RNA with a fluorescent marker and imaging with
two-photon and CARS, both the virus and lipid dro-
plets can be tracked simultaneously. However, fluor-
escent labels attached to RNA are not transcribed
into new viral particles. Consequently there is a stea-
dy decline in fluorescence signal from the viral RNA
following the initial infection.

Here, we propose a method to track virus activity
by two-photon imaging of green fluorescent protein
(GFP) whilst recording changes in lipid droplet dis-
tribution and membrane morphologies with CARS.
By using a modified version of the Smith strain
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which expresses GFP under the control of the im-
mediate-early promoter 3 [27], infected cells will ex-
hibit fluorescence as soon as they begin translation
of the viral mRNA. In most instances the modified
genetic code will persist in the DNA of newly-
synthesised viruses. Thus viral progeny will retain
the ability to express GFP in cells which they subse-
quently infect allowing continual monitoring of the
viral progression even after extended periods since
the initial infection. We use mouse cytomegalovirus,
a herpesvirus, modified for GFP expression. The hu-
man strain of this virus is endemic and found in
more than 40-80% of the worlds population aged
over 40 years. The latent virus can lead to severe in-
fection in immunodeficient individuals, e.g. the el-
derly or HIV positive. In prenatal infections it can
lead to loss of hearing and is also connected to con-
genital blindness [28].

In order to demonstrate the power of combining
CARS and two-photon imaging we examine NIH/
3T3 fibroblast cells since they are permissive to in-
fection by cytomegalovirus [29, 30] and they contain
a large number of lipid droplets, providing high con-
trast in images [31].

2. Experimental

2.1 Sample preparation

NIH/3T3 fibroblast cells with a passage number of
11-20 were grown in Dulbeccos modified Eagles
Medium supplemented with L-glutamine (200 mol/
m?), penicillin/streptomycin (10000 units/ml) and
10% calf serum and incubated in standard growth
conditions at 37°C in a 5% CO, atmosphere. The
cells were seeded on 0.12-millimetre-thick glass
cover-slips at 50% confluence for 12 h at standard
growth conditions. Cells were then fixed with 1%
formaldehyde in phosphate buffered saline (PBS)
for 15 min at room temperature, washed three
times with PBS and stored in a dry environment at
4°C. PBS was used to wet the samples for ima-
ging.

Infections with mouse cytomegalovirus wild type
mutant C3X (MCMYV) or a genetically modified ver-
sion of the Smith strain expressing GFP (MCMV-
GFP) were conducted at a multiplicity of infection
of 1, resulting in one viral particle per seeded cell,
with media containing 3% calf serum to reduce
cell growth. Seeding was followed by a synchroni-
sation step keeping cells for 1 h at 4 °C before in-
cubation for 48 h at 37 °C. Cells were then washed
twice with PBS, fixed, and stored, as described
above. Fluorescent samples were kept in dark con-
ditions.

2.2 Imaging instrumentation

A custom-built laser-scanning inverted microscope
was used to record images. A diagram of the setup is
shown in Figure 1. The pump and Stokes frequen-
cies, w, and wy, are provided by a pair of titanium-
sapphire lasers (Mira 900, Coherent). The pump la-
ser is tuned to 714 nm, the Stokes to 896 nm, to give
a frequency difference w, — w, of 2845 cm ™! which
matches the aliphatic C—H vibration in lipids. The
two beams are combined collinearly and focused
into the sample with a 60x water immersion micro-
scope objective lens (Plan Apo 1.20 numerical aper-
ture, Nikon). The CARS signal arises from an anti-
Stokes transition with frequency w,s = 2w, — w, (in-
set, Figure 1). The wavelength of the signal is there-
fore blue-shifted relative to the pump and Stokes
wavelengths. It is separated by reflection from a long
wave pass dichroic mirror (683dcxr, Chroma), and
further filtered with two band pass filters (HQ590/20,
Chroma). A photomultiplier tube (R3896, Hama-
matsu) is used to detect the signal. The tube can
be positioned for forward (F-CARS) or backward

PMT %
_ W I Dichroic mirror
w Condenser
P Filtde
“p Was Sample
Ws w
T o ° 60x water
immersion
CARS Two-photon Filters objective lens
PMT Dichroic mirror
Camera - ) Flip mirror
Optical fibre "
Tube lens
xandy

galvanometer
mirrors

(=)

Figure 1 Diagram of a setup for CARS and two-photon
imaging. The Stokes laser is tuned to 896 nm, the pump to
714 nm, giving a Raman shift of 2845 cm™'. The lasers are
synchronised by two phase-locked loops (PLLs). Phase
synchronisation is monitored with a GaAsP photodiode.
The beams are scanned by a pair of galvanometer mirrors.
A photomultiplier tube (PMT) is used for forward (F) de-
tection of the CARS signal or backward (E) detection of
CARS or fluorescence. An LED provides illumination for
bright field imaging. Inset: Energy diagrams for the CARS
and two-photon processes showing the pump w,, Stokes
w, and anti-Stokes w,; (CARS) frequencies.

GaAsP photodiode
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(E-CARS) detection. The beams are scanned in the
sample plane with a pair of galvanometer mirrors
(Cambridge Technology). Bright field images are re-
corded with a CCD camera under illumination by an
infrared LED.

The pump and Stokes lasers are synchronised
with a phase-locked loop system (Synchrolock, Co-
herent). Both lasers are mode-locked, emitting
pulses of 2 ps duration. Each laser has a repetition
rate of around 80 MHz; however, for CARS imaging
the two repetition rates, which depend on the laser
cavity lengths, must be precisely synchronised. To
achieve this, the lasers are set up in a master-and-
slave configuration: the Stokes laser is free-running
whilst the cavity length of the pump laser is actively
adjusted to match it [32]. A repetition rate error sig-
nal is generated by picking off a portion of each
beam and is minimised through a phase-locked loop.
Timing jitter in the synchronisation causes visible
noise in images. However this noise can be elimi-
nated by switching over to a separate phase-locked
loop on a higher harmonic of the error signal [11].
By using the ninth harmonic the timing jitter is
maintained at less than 215 fs.

To generate a CARS signal, the phase shift be-
tween the pump and Stokes pulses must be adjusted
in order that the two wavelengths can mix in the
sample. The phase synchronisation is monitored with
a GaAsP photodiode (G1116, Hamamatsu) posi-
tioned as shown in Figure 1. The band gap of the
semiconductor is greater than either the pump or
Stokes photon energies, so the laser wavelengths
both lie outside of its spectral response range. How-
ever a photocurrent is generated through two-
photon absorption in the material giving a signal
from each beam which is proportional to the square
of its intensity [33]. Additionally, a cross-correlation
signal is detected when the phase shift is less than
the pulse duration [34], i.e. when pulses from the
pump laser partially overlap pulses from the Stokes
laser. The phase shift of the harmonic phase-locked
loop is optimised to maximise the cross-correlation
signal in order to ensure the pulses are fully over-
lapped.

The lateral resolution of the CARS microscope
was measured at 0.26 um, and the axial resolution at
1.5 ym. These measurements were made by imaging
titanium oxide nanopowder (Aldrich) with particle
diameters less than 0.1 um. TiO, has an intrinsically
high nonresonant third-order susceptibility [35], pro-
ducing bright points in images which can be used as
an approximation to point sources. The resolutions
were determined from line profiles taken laterally
and axially through a particle.

To test the microscope system CARS images of
polystyrene beads in water were recorded. Figure 2
shows F-CARS (A) and E-CARS (B) images. A
nonresonant background signal is generated along

Figure 2 F-CARS and E-CARS images of polystyrene
beads in water, 1.2 um diameter, with the detector set up
in forward (A) and backward (B) detection geometries.
The Raman shift is 2845 cm™!. The laser power incident
on the sample is estimated at 20 mW. The acquisition time
is 40 us/pixel. The images are the average of 4 scans, each
taking 2.7 s.

with the resonant CARS signal. The direction of the
signals depend both on the shape of the scatterer
and its size relative to the pump wavelength 4, [20,
36]. For these 1.2 um (= 1.74,) diameter spherical
beads the E-CARS signal is expected to be substan-
tially weaker than the F-CARS. However, the nonre-
sonant signal from the water goes forward, reducing
contrast in F-CARS images, whilst E-CARS images
are free of this background. The signal-to-back-
ground ratios in Figure 2 were determined by com-
paring the signal from the centre of the beads with
the average signal from an area of the water. The E-
CARS image (B) showed an improvement in signal-
to-background ratio over the F-CARS image (A) by
a factor of 2. Despite this E-CARS generally pro-
duces poorer quality images with more noise, due
the lower resonant CARS signal and the size-depen-
dence of the scattering. For imaging thin damage-
sensitive samples such as fixed cells F-CARS is the
preferred configuration.

Two-photon imaging is achieved on the same set-
up by using the Stokes laser to excite GFP. The
backward signal is recorded with a GFP filter in
place (Brightline 514/30, Semrock). Although the
CARS signal wavelength at 593 nm overlaps the tail
of the GFP emission spectrum only minimal fluores-
cent signal was observed in the CARS detection
channel which did not affect CARS images. This was
confirmed by recording ‘dark’ images with the pump
and Stokes lasers synchronised, but out of phase.

3. Results and discussion

CARS images of healthy uninfected NIH/3T3 fibro-
blasts were recorded by excitation of the aliphatic
C-H vibration. An image of a typical cell is shown
in Figure 3(A). Figure 4 shows a stack of images of
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Figure 3 F-CARS image of a fibroblast cell at a Raman
shift of 2845 cm™' (A). The cell nucleus appears dark; the
bright spots are lipid droplets. An enlarged view of the li-
pid droplets (B) was recorded by scanning the area
marked by the green square in (A). The laser power inci-
dent on the sample is estimated at 28 mW. The images are
the average of 4 scans, each taking 2.6 s.

the same cell, demonstrating the optical sectioning
capability of CARS. The stack was recorded by fo-
cusing the beams at increasing depths through the
cell. From this figure the thickness of the cell is esti-
mated at 4 um. The cell nucleus appears dark as it is
devoid of structural lipids, although the sections in
Figure 4 reveal some inhomogeneities which may be
caused by signalling lipids [37]. In contrast, the cyto-
sol—where lipid droplets, vesicles and organelles can
be found—shows much brighter regions. The high in-
tensity spots are lipid droplets [31]. An enlarged
view of these droplets, Figure 3(B), was recorded by
reducing the size of the scanning area to the square
region marked in Figure 3(A). The size (full width at

half maximum) of the smallest lipid droplets visible
is 0.48 um. Lipid droplets are used by the cells as
storage for energy reserves, hydrophobic compounds
such as cholesterol, and as a reservoir for lipid mem-
brane building blocks [22]. In our studies, we ob-
served a deterioration of these droplets in the fixed
cells after a storage time of about ten days, leading
to bigger and more diffuse bright spots (images not
shown); this has also been also reported by Fujimoto
et al. [38].

Cells infected with mouse cytomegalovirus
(MCMYV) were also imaged at the same C-H vi-
bration band. Figure 5 shows two images. In con-
trast to the triangular stretched shape of healthy
cells (Figure 3) the infected cells undergo character-
istic morphological changes. They become more
rounded and the nucleus expands, leading to a
compression of the cytosolic lipid droplets and cel-
lular compartments. To quantify nuclear expansion
the dimensions of healthy and infected cell nuclei
were measured from 40 cell images of each type.
The elliptical region outlined by the nuclear bound-
ary can be readily identified in images due to the
drop in signal inside the nucleus and the absence
of lipid droplets. The median nuclear area of
healthy cells was 152 um?®. For infected cells it was
336 um?, approximately twice the area. The wide
variation in the nuclear sizes of infected cells sug-
gests that they were in different stages of infection
at the time of fixation. We observed many infected
cells with nuclei greater than 500 wm? in area. In
some cases the nucleus had expanded to fill almost
the whole cell.

3.5 Hm

10 pm

Figure 4 Stack of F-CARS images of a fibroblast cell (also shown in Figure 3) at increasing depths. The numbers indicate

the depth relative to the first image.
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Figure 5 F-CARS images of fibroblast cells infected with
mouse cytomegalovirus. The Raman shift is 2845 cm™'. In-
fected cells show expansion of the cell nucleus (A). Some
cells also showed dense accumulations of lipid droplets at
the edge of the nucleus (B). The images are the average of
4 scans, each taking 11 s.

Observation of nuclear expansion is consistent
with what is known about cytomegalovirus replica-
tion [39, 40]. During infection the viral capsid is
transported to the nucleus of the host cell into which
it releases its own genetic code and starts replication.
Translated viral mRNA is released into the cytosol
where viral protein production is conducted. The vir-
al proteins then enter the nucleus. The mechanism
by which this occurs in cytomegalovirus is not com-
pletely understood, however the viral proteins are
used to assemble new capsids inside the nucleus.
This leads to an enlargement of the nucleus inhibit-
ing cell function and causing the loss of its normal
morphology, resulting in a rounded and swollen
shape. The new capsids are released into the cytosol
through a primary envelopment process at the nucle-
ar membrane. They are then budded through a sec-
ond envelopment step resulting in infectious viral
particles ready for release into the extracellular en-
vironment.

In some cases infected cells exhibited dense accu-
mulations of lipid droplets at the nuclear periphery.
Figure 5(B) shows an example. We speculate that
this rearrangement from the healthy cell lipid distri-
bution is attributable to the virus infection and may
play a role in the assembly process of new virions.
Virus-induced rearrangements of lipid droplets have
been observed with other viruses. For example, the
replication of the hepatitis C virus involves the re-
cruitment of lipid droplets to play a role in viral par-
ticle assembly and transport, as recently reported by
McLaughlan et al. [41, 42].

To track the infection, a separate sample of cells
infected with a genetically modified virus expressing
GFP (MCMV-GFP) was used. CARS, two-photon
and bright field images were recorded, shown in Fig-
ure 6. The cells visible in the CARS image, Figure
6(A), show again the characteristic morphological
changes associated with infection: nuclear expansion
and rounding of the cell shape. Figure 6(B) shows a

SN AN, g,

Figure 6 F-CARS image of fibroblast cells at a Raman
shift of 2845 cm™! during infection with a genetically mod-
ified mouse cytomegalovirus which expresses the green
fluorescent protein with the immediate early promoter 3
(A). The corresponding two-photon image showing GFP
(B). Bright field image (C). The CARS and two-photon
images are superimposed (D). The acquisition times for
(A) and (B) are both 40 us/pixel. The images are the aver-
age of 4 scans, each taking 11 s.

two-photon image. The GFP is expressed together
with, but not fused to, the viral proteins in the cytosol
and then diffuses throughout the cell. In all two-
photon images we observed a large fluorescence sig-
nal from the cell nucleus, indicating a higher concen-
tration of GFP in the nucleus than in the cytosol. This
result is unexpected, however little is known about
the mechanisms employed by cytomegalovirus in
transporting viral proteins into the nucleus. Zones of
depleted GFP concentration are also clearly visible in
Figure 6(B). These features were common to most
two-photon images. They are either lipid droplets or
inclusion bodies. Lipid droplets appear dark in two-
photon images as hydrophilic GFP is excluded from
the non-polar environment. Inclusion bodies are
known to contain proteins, or parts of proteins, in un-
folded form. Unfolded GFP in these bodies will not
fluoresce, leaving dark spaces. The two features are
readily distinguished by comparison with the corre-
sponding CARS image, where lipid droplets appear
bright and inclusion bodies are dark (see Abstract
Figure). The overlay of CARS and two-photon
images in Figure 6(D) shows some cells displaying
the morphological characteristics of infection, but lit-
tle or no fluorescence. These cells may be infected by
MCMV-GFP which has undergone faulty replication
resulting in the GFP expression being switched off.

www.biophotonics-journal.org
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Cells infected with the two viral strains, MCMV
and MCMV-GFP, displayed the same morphological
changes in CARS images. The two-photon images of
the MCMV-GFP strain revealed the extent of viral
protein expression. This method can be applied to
enhance understanding of the role played by lipid
droplets in viral replication and aid investigation of
protein transport during infection. As GFP expres-
sion is non-destructive to the cell the method is not
limited to imaging fixed samples but may be readily
applied to live cells.

4. Conclusion

High resolution CARS and two-photon fluorescence
microscopies have been combined to image infection
of fibroblast cells by mouse cytomegalovirus. Mor-
phological changes were observed, including expan-
sion of the nucleus to approximately double its origi-
nal area, rounding of the cell shape and, in some
cases, rearrangement of lipid droplet distribution. In
cells infected with a genetically modified strain of
the virus, the green fluorescent protein was ex-
pressed in the cell and transported to the nucleus.
This study demonstrates the utility of combining
CARS and two-photon imaging modalities to estab-
lish correlations between viral protein expression
and perturbations to the host cell. Further work is
underway to continue these investigations with live
cells.
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