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Abstract

Coherent anti-Stokes Raman scattering microscopy is a versatile tech-
nique for label-free imaging and spectroscopy of systems of biophysical
interest. Due to the coherent nature of the generated signals, CARS im-
ages and spectra can often be difficult to interpret. In this thesis, we
document how distortions and enhancements can be produced in CARS
hyperspectroscopy as a result of the instrument, geometrical optical ef-
fects, or unique molecular states, and discuss how these effects may be
suppressed or exploited in various CARS applications.

Microscopie “coherent anti-Stokes Raman scattering” est une tech-
nique polyvalent pour I'imagerie et la spectroscopie des systemes d’intérét
biophysique. En raison de la nature cohérente des signaux générés, les im-
ages et les spectre de CARS peuvent souvent étre difficiles a l'interpréter.
Dans cette these, nous montrons comment les distorsions et les améliorations
peuvent étre produites dans CARS hyper-spectroscopie comme un résultat
de l'instrument, des effets d’optique géométrique, ou états moléculaires
uniques, et nous discutons comment ces effets peuvent étre supprimés ou
exploités dans diverses applications de CARS.
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1 Introduction

The optical microscope is perhaps the most powerful tool in the biologist’s
toolkit. Since 17th century pioneer Antonie van Leeuwenhoek first observed
micro-organisms in his home-built optical microscopes, researchers have been
intensely interested in the microscopic origins of disease, in cellular structure
and function, and in plant and animal physiology. Light microscopes are an
ubiquitous part of any biology lab, and the backbone of innumerable stud-
ies and discoveries in the field. While more sophisticated methods such as
transmission electron microscopy, scanning-tunneling microscopy, and atomic
force microscopy have improved the resolution of microscopes to well below the
diffraction limit, these methods are often unsuitable for the study of living sys-
tems due to such things as difficult sample preparation requirements, the need
for vacuum chambers, or the necessity for interferometric stability [1, 2, 3]. Con-
sequently, optical microscopy remains the dominant tool of biological research.
Unfortunately, nature is not colour-coded for our convenience; standard opti-
cal microscopes may not provide the necessary contrast to be able to identify
particular features of interest within a biological specimen. To circumvent this
problem, researchers have developed a number of ingenious microscopy tech-
niques in order to meet their needs. One approach taken by microscopists has
been to develop microscopy techniques based on nonlinear optics (NLO). NLO
exploits the intense, collimated, and coherent nature of lasers in order to access
a regime of higher-order effects that are otherwise so weak that they are im-
possible to observe using everyday light. Nonlinear optical microscopy offers a
unique synthesis of novel physics spanning the classical and quantum regimes,
applied to challenging problems of biophysical interest.

The genesis of NLO came shortly after the invention of the laser in 1960,

when Franken et al.[4] discovered that 694 nm light focused through a quartz



crystal generated coherent light at 347 nm propagating in the direction of the
laser, the strength of which depended on the intensity of the focused laser light.
This process was called second harmonic generation (SHG) because the new
radiation was engendered at twice the frequency (or half the wavelength) of the
driving field. A flurry of new nonlinear effects were quickly discovered: third
harmonic generation (1962) [5], sum frequency generation (SFG) (1962) [6], dif-
ference frequency generation (1965) [7], degenerate four-wave mixing (1966)[8],
and coherent anti-Stokes Raman scattering (CARS) (1965)[9]. The common
theme of these various effects is a higher-order dependence of the induced po-
larization P on the driving electric field(s) E, mediated by the nonlinear polar-
izability tensors x@, ), etc. Hence these phenomena may be described by a

perturbation series expansion in y as shown in Equation 1.1.

— —

P=e¢(XVE+x?PE - E+xYE.

e

E+4..) (1.1)

The terms in x(2) are second-order effects, depending on the intensity (|£]?)
of the electric field E ; the terms in x(® are third-order effects, depending on
the intensity to the three-halves, and so on. Note that many nonlinear optical
effects such as sum-frequency generation and CARS involve the interactions of
multiple fields at different frequencies. The magnitudes of the polarizabilities
are very small (x(? ~107'2 m/V; x(3) ~10724 m?/V?)[10], so these terms only
contribute appreciably at high intensities. Modern laser systems use ultra short
(~100 fs), intense (>107 W /cm?) laser pulses to generate these effects.

CARS is a four-wave mixing (FWM) process that involves the interaction of
four photons mediated through a Raman resonance. It can thus be considered to
be a nonlinear analogue to spontaneous Raman scattering. The Raman effect,
first observed in 1928 [11], is a scattering process that allows small quanta of

energy to be exchanged between a photon and an atom or molecule during a



scattering event that is coupled to a molecular vibration. The energy transferred
is given by A2, where (Q is the frequency of the vibrational energy level that the
photon is coupled to. When spontaneous Raman scattering from the ground
state occurs, it is red-shifted (Stokes shifted) relative to the incident field. In
CARS, the vibrational energy level is excited by two lasers whose difference
frequency is equal to 2. A further excitation by the higher frequency laser
results in a blue-shifted (anti-Stokes) response. Because CARS is based on
stimulated emission rather than spontaneous emission, its signal intensities in
the forward direction are many orders of magnitude greater than Raman, and
thus more efficient generation of images or spectra [12].

CARS has been used extensively for gas-phase spectroscopy [13, 14, 15, 16,
17], and, more recently, has become a subject of interest for microscopy appli-
cations. CARS was first successfully applied to microscopy in 1982 [18], but
the technical challenges of using noisy, visible light lasers available at the time
rendered this more a novelty than a subject of intensive research. It was not
until 1999, when Zumbusch et al. [19] used a novel confocal microscope design
with synchronized, short-pulse infrared lasers to generate CARS, that the field
of CARS microscopy became an area of active research. CARS provides several
key advantages that make it ideally suited for the study of biological systems.
First, CARS is a parametric process; no energy is deposited into the system as
a result of the CARS interaction, and therefore, the CARS process itself will
not produce excess heat or photodamage to sensitive systems. Second, because
the CARS process depends on a resonant interaction with a vibrational energy
level, it can provide chemical specificity via the generated spectrum without the
need for fluorescent dyes or stains—label-free imaging. Finally, since CARS is a
third-order optical process, its intensity will scale with the product of the inten-

sities of the three interacting laser fields. As a result of this cubic dependence



on intensity, in a confocal microscope design, CARS will only be appreciably
generated at the microscope focus, allowing for three-dimensional sectioning of
samples, with high penetration depth due to the use of near-infrared lasers.
Theoretical treatments of CARS microscopy under tightly focused conditions
has been an important aspect of understanding CARS images and were devel-
oped concurrently to early microscope designs [20, 21]. The original Zumbusch
design of the CARS microscope was restricted by the laser bandwidths to a

frequency range near 2850 cm™!

, corresponding to the dominant Raman reso-
nance of condensed lipids’. Due to the significant strength the lipid resonance
and the relative ease of developing a system capable of studying this region,
the bulk of CARS applications are dedicated to the study of lipids [22, 23, 24].
While representing a minority in the literature at this time, CARS systems with
larger tuning ranges were able to access other Raman-active regions of the vi-
brational spectrum. These include water [25], as well as the fingerprint region
[26, 27]. The fingerprint region, the spectral region extending from 800 cm™!
to 1800 cm™?!, contains vibrational resonances for many molecular vibrations
N-H, O-H, C-H, C-H,, and CHgs, which are present in innumerable molecules
of biological significance including proteins, amino acids, carotenoids cellulose,
and carbonate.

A significant downside to CARS microscopy is the presence of an ubiquitious
nonresonant background (NRB) that is generated concurrently and coherently
to CARS by non-vibrationally resonant four-wave mixing from the solvent. Be-
cause the NRB field is of the same frequency and coherent to the resonant CARS

process, it interferes, producing both distortions in the spectrum [12], as well as

imaging artefacts [28]. This interference from the NRB can significantly compli-

IFollowing spectroscopic convention, frequencies in this thesis will be quoted in wavenum-
bers with units of cm™1, rather than in Hz. Wavenumber can be converted to frequency by
w = ck where k is the wavenumber, w is the frequency, and c is the speed of light. For similar
reasons, intensities will be quoted in W/cm?



cate quantitative applications of CARS. The interference between the NRB and
the CARS response results in a shift in the position of a spectral peak, as well as
a change in its intensity; in spectrally congested regions, such as the fingerprint,
there is a considerable risk of misidentifying a spectral feature. The intensity
changes manifest as an unusual dependence on the concentration of resonant
oscillators. If the CARS response is large, then there is a quadratic dependence
on the number of resonators; however, if the NRB is large, then there is only
a linear dependence on the number of oscillators [12]. As a result, measur-
ing the concentration of sample using CARS is a non-trivial endeavour. NRB
suppression can be achieved through a variety of methods, including interfer-
ometric CARS [29], polarization CARS [30], and frequency-modulation CARS
[31]. However, these methods tend to suffer other drawbacks such as low signals
or difficult implementations. As an alternative, some groups have attempted
to separate the resonant CARS spectrum from the NRB using post-processing
retrieval algorithms [32, 33].

The major theme of this thesis is how the interplay between the sample, the
instruments, and the coherently generated CARS and NRB signals affect our
visualization and interpretation of CARS images and spectra. This interplay
manifests itself primarily through distortions in the CARS spectrum. These
distortions may take the form of a very desirable enhancement, which can boost
the signal intensity by several orders of magnitude, allowing for very precise,
dynamic measurements that fully exploit all of the advantages of CARS. On the
other hand, these distortions may also manifest as undesirable spectral shifts,
image artefacts, or poor spectral resolution. We will characterize several of these
effects in detail, highlighting their subtle origins, how they can be detected,
suppressed or exploited, as appropriate, for a given experimental system.

This thesis is organized in the following manner. In Chapter 2, we review



the theory of CARS signal generation and its interaction with NRB, following
the analysis of [34]. In Chapter 3, we discuss the design and development of
CARS microscopes, with a particular emphasis on a “chirp-matched” CARS
implementation, and address several subtle issues related to how the chirp af-
fects the spectral resolution and the instrument calibration. In Chapter 4, we
describe an intrinsic coupling between imaging artefacts and spectral distor-
tions in a sample, and show how understanding the relative phases of the signal
and the NRB, as they propagate is of critical importance to a correct inter-
pretation of CARS spectra. In Chapter 5, we begin our discussion of spectral
enhancement. In particular, we will demonstrate a tremendous CARS signal
contrast enhancement in the compound astaxanthin found in the microalgae
haematococcus pluvialis, and show how such an enhancement may be exploited
for quantitative experiments. In Chapter 6, we extend our discussion of signal
enhancement in astaxanthin to the NRB, and show that the FWM produced by
the NRB can itself be used as a mechanism for quantitative analysis. In Chapter
7, we provide a theoretical treatment for the enhancement mechanism and dis-
cuss its implications. In Chapter 8, we discuss the application of time-correlated
single photon counting to CARS microscopy, and show how this technique can
be used both for signal enhancement and greater versatility for imaging. Finally,

in Chapter 9 we summarize our key results.



2 Background

2.1 CARS Theory

As a nonlinear optical process, CARS may be described both classically in terms
of the propagation of electric fields through a medium, or quantum mechanically
in terms of the photons interacting with the dipole moment operators of the
electronic energy levels. In this Chapter, we outline the classical treatment of
CARS following the analysis in [35], and qualitatively comment on the quantum
mechanical implications as appropriate. The propagation of electromagnetic
radiation in a medium is governed by Maxwell’s equations. These equations
describe the relationship between electric field E and the magnetic field H in
the presence of a charge distribution p and current source J. These may be

written in the form of Equation 2.1a:

. 9 -

E=-—_B8 2.1
V X 5 (2.1a)

I

H=J+ =D 2.1
V x T+ (2.1b)
V-B=0 (2.1c)
V-D=p (2.1d)

where D is the displacement field and B is the magnetic induction. These fields

are given by, respectively:

D=e¢E+P (2.2a)

B = poH + poM (2.2b)



In the case of nonlinear optics, it is typical to take the magnetization density
M = 0, and the polarization P =P —1—13(“1), where P() describes the polariza-
tion resulting from linear interactions between the fields and the medium—that
is, classical linear optics—and PO g the polarization due to any higher order—
i.e. nonlinear—interactions. Combining Equations 2.1a and 2.2 in the absence

of free charges (p = 0), currents (J = 0) and setting B = puoH, we arrive at the

standard wave equation for a nonlinear medium:

.1
2
V2E -~

R .
_ 1 % 3w, pm
52 E (P +P ) (2.3)

92
o2 €oc? Ot

For the case of CARS, we are interested in two incoming coherent, monochro-
matic beams, which are generally referred to as the 'pump’ and ’Stokes’, repre-
senting the high and low frequency fields, respectively. We adopt a plane wave
approximation for these fields, so that the pump and Stokes fields are given
by Equations 2.4(a) and (b), while the outgoing anti-Stokes field is given by

Equation 2.4 (c),

o 1 .

P §(Ep(z)el(kp27w’)t) + C'C')i (24a)
i 1 .
B = L(Butapetoo) 1 o) (240
o 1 .
Fus = L(Bus(a)ebostot 1 ca 240

where E, and Eg are the field amplitudes, kp, ks, kos, wp, ws, and wyg are the
wavevectors and frequencies of pump, Stokes, and anti-Stokes fields respectively,
and c.c. indicates the complex conjugate of the preceding term. For the CARS

process, the nonlinear polarization is [10]

—

pah _ pB) _ 60X(3)(Ep ‘ EE)Ep 25)
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Figure 2.1: (a) The energy level diagram of CARS. This process uses the differ-
ence frequency of a pump (w,) and Stokes (wg) photons resonant on a Raman
vibronic resonance €2, followed by a second pump photon in order to generate an
blueshifted anti-Stokes photon. (b) Phase matching condition for CARS, with
wavevectors k representing those of the pump, Stokes, and anti-Stokes. (¢) The
nonresonant background produce anti-Stokes photons at an identical frequency,
but shifted in phase of the CARS process. This process is detected concurrently
with CARS, producing distortions. (d) Example of a resonant Raman vibronic
shape (dashed line) at 3000 cm~! with a spectral width of 10 em™! overlaid
with the CARS spectrum (solid line) produced by this spectral line coupled to
a nonresonant background where the resonant response is four times as strong
as the nonresonant.

*

where the * operator represents complex conjugation. Substituting Equations

2.4(a) and (b) into Equation 2.5 yields a key result:
. 1 .

PG = §60X<3>EP(Z)ES(z)*Ep(z)eZ[kaSZ*%sﬂ:z +c.c. (2.6)
where ko5 = 2k, — ks and wes = 2w, —wg. Equation 2.6 relates the frequencies
of the driving fields directly to the nonlinear polarization that, in turn, pro-
duces the forward-propagating plane wave Eas. The energy level diagram of
the CARS process is shown in Fig. 2.1(a). From a quantum mechanical point
of view, the pump excites the molecule into a virtual state, followed by im-
mediate stimulated emission into the resonant Raman energy level at frequency

Q = wp —wg via a Stokes photon. Further excitation from the pump allows for a



second transition into a virtual state, producing an outgoing anti-Stokes photon
with frequency w,s. Note that the anti-Stokes frequency is blueshifted relative
to both pump and Stokes; this is extremely useful for analysis of CARS signals
as the anti-Stokes can be filtered from excess pump and Stokes; moreover, since
measurement is sensitive to the difference 2w, — wg, the pump and Stokes fre-
quencies can be judiciously chosen to avoid unwanted photodamage or linear
absorption within the sample. The strength of the field is thus proportional to
the square of the pump, and linearly proportional to the Stokes; it is also very
sensitive to the nonlinear response y®).

We can determine the amplitude of Eas by direct substitution of Equations
2.4(c) and 2.6 into the nonlinear wave equation, Equation 2.3, neglecting the

-

linear term P(). This yields

22 1 0% 5 Wl g (3) * i[kas z—wast]
V?E.s — C—zﬁEQS =32 X E,(z)Es(z)" Ep(z)e'e @ (2.7)

The left-hand side of this equation can be simplified using the slowly varying
envelope approximation, which assumes that the envelope of the travelling wave
varies slowly in time and space compared to the wavelength of a single optical
cycle. Under such circumstances, Equation 2.7 may be reduced to a first order
differential equation of the form

0F,5(z)  iwas

5 = s XVE () Es(2) By ()6 28)

where Ak = 2k, — ks — kqs. In general, the solution to this Equation depends
on the changes in amplitudes of the field strengths E,, Es. In practice, these
fields may be treated as nearly constant, since little energy is transferred from

the incident fields to the generated field [34]. Taking these values as constant,
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then, allows direct integration of the anti-Stokes field E,s over an interaction
length L.
iwasL

w . AEL
E,s(L) = TX(?’)E}%ESsmc(?)e AkL/2 (2.9)

It is evident from Equation 2.9 that the anti-Stokes signal drops precipitiously
unless AkL = 0. This is the phase matching condition for CARS, shown
schematically in Figure 2.1b, and simply reflects conservation of linear momen-
tum. This condition can be satisfied using a non-collinear BoxCAR geometry
and carefully matching the angles of the incident beams [18, 36]; however, it
is often more practical to use a collinear geometry with a high NA (numerical
aperture) lens to focus tightly into a volume significantly smaller than the co-
herence length 7% [19]. This guarantees that CARS microscopes will always be
phase matched.

We have suggested so far that x(®) describes the resonant CARS process.
However, the entire analysis described above holds equally well for the com-
peting nonresonant process illustrated in Figure 2.1(c). From a quantum me-
chanical perspective, this process behaves identically to CARS, producing an
anti-Stokes photon at the same energy, except that the time-ordering of the
second and third photons are reversed, and the process is not mediated by the
Raman resonance. Thus, the nonlinear polarization is generated by two contri-
butions: ) = XS) + XE\%%’ where Xg’)(w) and XE\B;}:; are the contributions due
to the resonant and nonresonant components, respectively, and the resonant
component depends on the excitation frequency w.. While one might expect
the resonant contribution to be significantly enhanced, in practice it is possible
for the nonresonant contribution to in fact be of comparable strength to the
resonant term if the density of resonant oscillators is low. Moreover, there may

be significant enhancements in the nonresonant contribution if it couples to an
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electronic resonance. This situation is discussed in detail in Chapter 6.

The intensity of the CARS field at the detector in a collinear microscope
with AkL =~ 0 is proportional to the square of the electric field E,s(L), given
by

Tears(w) o XSk + X8 (@) P12 L2 (2.10)

Equation 2.10 provides several key insights into the nature of CARS experi-
ments. As noted previously, the intensity of the signal is proportional to the
square of the pump and linear with the Stokes. The resonant signal intensity
also scales quadratically with Xg), which in turn, is proportional to the con-
centration of oscillators. Due to the interference between CARS and the NRB,
however, the combined signal may not follow this quadratic dependence. In the
regime where XE\%% >> xﬁf% the resonant signal will be approximately linear
with concentration. Because of this transition region, it can be difficult to accu-
rately measure concentrations from CARS microscope measurements except in
the regions where the signal is very strong or very weak. Reducing the concen-
tration to a linear dependence can be achieved using various methods, including
the Kramers-Kronig retrieval discussed in Chapter 2.2.

In the simplest case, we can treat a Raman resonance as a Lorentzian of the

form of Equation 2.11

(3) (3) 1
XR ( ) XROQ ( " S) 'LF ( )

In this equation, Xg’g is the Raman amplitude, and I'" is half of the spectral

linewidth. As the frequency of the incoming beams approaches the resonant
frequency, the denominator becomes large, but complex; the nonresonant con-

tribution, on the other hand, is purely real. The imaginary part of XS) intro-
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duces a phase shift between the resonant and nonresonant fields, which interfere
due to the cross-term in Eq. 2.10, even in the case of a constant, but non-zero,
NRB, which is generally always real. Fig. 2.1(d) shows a resonant Raman
spectral line (dashed) of the form of Eq. 2.11 with a width 10 ecm™! centred
at 3000 cm ™!, overlaid with the generated CARS spectrum of the form of Eq.
2.10 (solid line) of the same peak with a constant nonresonant background, and
a resonant-to-nonresonant intensity ratio of 4:1. As can be seen from the Fig.
2.1(d), the CARS spectrum adopts a dispersive lineshape with a peak that is
redshifted relative to the Raman line and a corresponding reduced intensity. For
spectroscopy of isolated lines or contrast imaging, the raw CARS spectrum is
often sufficient; however, for congested regions or very accurate measurements
of Raman lineshapes, it is often necessary to use one of several deconvolution
algorithms devised to separate the Raman spectrum from the nonresonant back-

ground, as discussed in the following section.

2.2 Raman Retrieval

In Chapter 2.1, it was shown that the response at a far-field detector is the
coherent sum of the vibrationally resonant CARS signal XS) and the NRB
XS\?}%' Expanding Equation 2.10 reveals that the resonant response and the

NRB contributions to the signal are in fact coupled at the detector:

Iears(@) o< [X@ (@)1 = XTrpl? + XD @) + 2002 Y] (212)

The coupling term between the resonant response and the NRB accounts for
most of the undesirable properties of CARS. First, it results in significant distor-
tions to the CARS spectrum, yielding the dispersive lineshape shown previously

in Figure 2.1(d). The lineshape and position of the spectral peak are shifted
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relative to the spontaneous Raman spectrum, greatly increasing the difficulty in
interpreting spectral features compared to the wealth of previously established
Raman spectra found in the literature. Because CARS and the NRB are co-
herently generated, linear deconvolution techniques cannot be used to separate
the desired response from the undesirable NRB, nor are any simple background
subtractions possible [37, 38]. Finally, the signal intensity does not vary lin-
early with the number of oscillators, but rather varies from linear to quadratic

depending on the relative strengths of xf) and XE\%%B'

For an isolated Raman resonance, Xg) may be treated as a Lorentzian func-
tion of the form of Equation 2.11. By contrast, the intensity of spontaneous

Raman scattering is given by: [39]

r

P (2.13)

IRanL X

Comparing Equations 2.11 and 2.13 reveals that the imaginary part of () is
directly proportional to the spontaneous Raman intensity, i.e. & [X(?’)} X Ipam,
where < represents the imaginary part. The imaginary part of the CARS re-
sponse contains all of the relevant information required to extract the sponta-
neous Raman spectrum. It is useful to write x(®), then, in terms of a spectral

phase ¢(w) that accounts for the relative contributions of the signal in the real

and imaginary planes by Equation 2.14 [33].
X (w) = [x® (w)] exp(ip(w)) (2.14)

For reasons that will be made clear shortly, it is convenient at this point to
divide Equation 2.14 by the nonresonant background, Xg\% 5, which we assume

to be positive and real-valued for all w. We then take the logarithm of both
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sides of the equation to get

In (X(g)(‘”))) —In (M) +ip(w) (2.15)

3 3
XNrs (W Xrs (@)

The real and imaginary parts of Equation 2.15 can be related to each other

through use of the Hilbert transform, 7, which is defined as follows:

H(f(w))

1 oo} !/
—32/ f( )Idw’ (2.16)
™ W — W
Here & is the Cauchy principal value of the integral, which, in turn, is defined

as

,@/_Oo f(@)dz = lim ’ f(z)dx (2.17)

o
p—=oe J_,

Note that the limit in Equation 2.17 may be finite even for functions that are, in
principle, not integrable over this domain. For example ffcoo xdz is undefined,
but & ffooo xzdx = 0. The Hilbert transform has the effect of inducing a 90°
rotation of a real function into the complex plane, and a corresponding rotation
of an imaginary function back into the real plane. This type of relationship
brings to mind the Kramers-Kronig relations for the linear optical susceptibility

X(w) = x1(w) + x2(w), which can be related directly by the Hilbert transform:

x1(w) = A (x2(w)) (2.18a)

X2(w) = = (x1(w)) (2.18Db)

In an analogous manner, the real and imaginary parts of Equation 2.15 are
likewise the Hilbert transformations of each other and can be related in an

identical manner to Equation 2.18. The spectral phase can therefore be written
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expressly in terms of x(®) in the following manner:

NG
o
o= —732/ — B (2.19)
T e W W
)
We note that as w — oo, |>(<3) L 1, so the integral in Equation 2.19 is con-
NRB

vergent, which would not necessarily be the case for y(® alone. Moreover, we
note that Equation 2.19 is written expressly in terms of observables, namely
|X(3)|, which is related to the intensity of the generated response via Equation
2.12, and xs\g,’}% g, which in many samples we can extract by measuring the NRB
response due to the solvent, or by focusing the microscope objective into the
glass cover slide. We note that the results generated from the approach outlined
above [40] are quite similar the time-domain Kramers-Kronig relations used in
the literature [33]; however, the use of Hilbert transforms as opposed to Fourier
transforms and the explicit introduction of XS\%% p makes the derivation much
more straightforward.

In Figure 2.2, we provide an illustration of this process. Highlighted in black
is a raw CARS spectrum of neat nitrobenzene in the fingerprint region from 800
em™! to 1850 ecm™'. This is overlaid with the spontaneous Raman spectrum
(blue) as measured directly through a Raman spectrometer. It can be clearly
seen that both the peak positions, their shapes, and their relative heights are
considerably distorted in the CARS spectrum compared to Raman. Overlaid
upon these in red is the retrieved Raman spectrum of nitrobenzene using the
algorithm described above. As can be seen, the positions, relative heights and
shapes of the retrieved spectrum are much more accurate than that of the raw
CARS. It should be noted that the spectral resolutions between the Raman and
the CARS are quite different (~ 3 cm™! vs. ~ 30 cm ™1, respectively), so there

is necessarily some broadening of the CARS spectrum due to the relatively poor
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resolution in this case. Otherwise, however, the agreement is very good.
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Figure 2.2: The collected spectra of nitrobenzene using CARS (black), CARS
after a retrieval via the Hilbert transform (red), in comparison to the spon-
taneous Raman spectrum of nitrobenzene (blue). The intensities of the three
spectra have been scaled to match that of the 1346 cm™! peak.

Unfortunately, perfect agreement between the retrieved Raman and sponta-
neous Raman spectra may not always be possible in practice. For objects whose
size is significantly smaller than the focal volume of the microscope objective,
additional spectral distortions may be introduced due to such things as spatial
interference, refractive index mismatch, and the Gouy phase shift. This latter

problem will be discussed in more detail in Chapter 4.
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3 CARS Microscope Implementation

3.1 Overview of CARS Microscopy Implementations

Much of the recent interest in CARS can be attributed to the microscope de-
veloped by Zumbusch et al [19]. Their CARS microscope presented several
important innovations that have become the cornerstones of modern CARS mi-
croscopes. First, the system made use of a tightly-focused, high NA lens to
restrict the interaction volume to only a small focus. The tight focusing con-
ditions greatly relaxed the phase matching conditions discussed in Chapter 2,
allowing for three-dimensional sectioning of the sample. Moreover, this design
made use of femtosecond NIR pulses, which, unlike the visible light pulses used
in previous work [18], are generally below any electronic resonances within the
sample and thus avoid potential problems of resonance enhancement of the
NRB. This original system made use of synchronized femtosecond pulses trains
from an optical parametric oscillator (OPO) system to generate the pump and
Stokes colours. This design limited the scanning range to a relatively narrow
frequency range (2600-3300 cm™1), and the OPA needed to be manually tuned
to change frequencies, limiting scans to only a small number of data points.

It was noted early in the literature that the transform limited femtosec-
ond pulses used in this original design significantly reduced the contrast of the
microscope system [41]. While femtosecond pulses have higher peak intensity,
the interaction bandwidth of two transform-limited femtosecond pulses is sig-
nificantly larger than the spectral width of a typical Raman line and only the
components of the pulses within that bandwidth may contribute to CARS,
whereas all of the components contribute to the NRB. Consequently, much of
the fs bandwidth is wasted in the sense that it only enhances the NRB, not the
resonant vibrational transition. It should be noted, however, that this argu-

ment applies only to transform-limited pulses, and not necessarily to other (e.g.
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chirped) pulse shapes. A natural improvement, then, was thought to be to move
to frequency-locked picosecond pulses. Picosecond pulses have a much narrower
interaction bandwidth and, consequently, the energy may be more concentrated
into the Raman linewidth of interest, thus increasing the signal-to-noise and the
spectral resolution simultaneously. Moreover, the lower peak powers and longer
pulse widths of picosecond pulses generally reduce photodamage and improve
sample viability [42]. An implementation making use of two tunable picosecond
lasers, or picosecond laser pumping a tunable OPO have become the standard

designs in many labs worldwide [35, 24].

Stage Delay

Frequency
ms

-0,

Wy~

Time

Figure 3.1: A chirped pump pulse w, interacts with a chirped Stokes pulse. At
t1, the pump interacts with the Stokes at the instantaneous frequency wgi. By
changing the delay to ts, the pump instead interacts at frequency wgo. Thus
changing the delay allows for spectral scanning. The resolution in this case is
Aw.

While it was argued that CARS generally benefited from picosecond pulses,
it is notable that many other nonlinear optical processes generated concurrently
to CARS, such as SHG and two-photon excited fluorescence (TPEF), benefit

from shorter pulses [10], and thus for a system designed to interrogate one or
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more of these additional modalities (a multimodal system) femtosecond pulses
would in fact be preferable. It was proposed that the spectral resolution of
CARS using fs pulses could be vastly improved using so-called “spectral focus-
ing” [43]. Spectral focusing involves introducing a linear chirp into each of the
pump and Stokes arms using, for example, blocks of highly dispersive glass. By
introducing linear dispersion into the system, the blue components of the pulses
are delayed with respect to the red, stretching them in time as shown in Figure
3.1. As a result of this introduced chirp, only the instantaneous bandwidth
of the time-overlapped pulses will interact. The reduced interaction bandwidth
greatly improves the spectral resolution and the signal-to-noise, effectively graft-
ing the advantages of the ps system into a fs implementation. By judiciously
choosing the lengths of glass in the two arms to match the chirp parameters
of the pump and Stokes, it is possible to have comparable spectral resolution
to ps systems while maintaining the high peak powers of fs systems for SHG
and TPEF. Using two blocks of SF57 glass of appropriate lengths in the pump
and Stokes arms, the spectral resolution in a chirped 100 fs system could be
improved to 8 cm™! [44]. In addition, the larger bandwidth of the pulses al-
lowed for a broad spectral range to be probed, which could be easily, and, more
importantly, rapidly, tuned simply by changing the relative delay between the
pump and Stokes arms using a mechanical delay stage.

Even using a 100 fs system, the tuning range for a CARS system is limited
by the bandwidths of the two pulses, in the above case limited to about 1000
cm~!. While it has been recently demonstrated that with a pulse width as nar-
row as b fs, it is possible to span nearly the entire Raman vibrational region from
~1200 cm~! to ~3800 cm~! [45], the significant increase in peak intensity and
difficulty in generating such short pulses make this option somewhat unpalat-

able for many biological applications. An alternative approach is to generate
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the broad Stokes pulse through use of a photonic crystal fibre (PCF). A PCF
such as the FemtoWhite CARS (NKT Photonics) used in our system produces
an extremely broad NIR pulse spanning from 950-1250 nm, effectively equiva-
lent to that of an ~ 12 fs pulse. The added bandwidth supplied by the fibre
allows for a much broader tuning range, at the expense of Stokes power per unit
bandwidth compared to OPO or synchronized source based systems [46]. Using
this implementation, it was demonstrated that a tuning range of 1600 cm™!
with a spectral resolution, optimized for CARS in lipids, of 60 cm™' could be
achieved with simultaneous generation of TPEF and SHG in a rabbit aeorta.
Unfortunately, rather than a transform limited pulse, the PCF produces an ex-
tremely non-uniform distribution in the Stokes power-spectral-density (PSD).
While this can significantly complicate the analysis of generated spectra from
these systems, it may also be advantageously used to stretch the spectral range
of the system in order to access Raman lines that are at the edge of the tuning

range of the pump laser [47]. The Stokes spectrum is discussed in more detail

in Chapter 3.4.

3.2 Chirp-Matched CARS Microscope Design

The CARS microscope design in our lab makes use of a simplified version of the
femtosecond “chirp-match” design described in Ref [47]. The system is driven
by a single Mira900 (Coherent) oscillator pumped [48] by a Verdi-12 (Coherent)
532 nm source laser [49]. The standard operating power of the Verdi laser is
8.5W, leading to a typical output power of 0.97 W from the Mira900 with a
14-15 nm bandwidth at 800 nm. The power tends to decrease as a function
of wavelength, yielding an output power of only 0.55 W at 915 nm for the
same spectral bandwidth. The laser is mode-locked, producing 60 fs pulses at a

repetition rate of 80 MHz. The laser light is directed into a beamsplitting cube
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to produce beams corresponding to the pump and Stokes, respectively. The
relative powers of these two arms may be adjusted via a polarizer in front of

the beamsplitter.
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Figure 3.2: Multi-modal CARS microscopy setup. A Ti:Sa laser produces a
pulse train that is split into two arms using a polarizing beam splitter (PBS),
whose relative intensities are controlled by a half-wave plate (HWP). The pump
portion can be attenuated by a stage-controlled polarizer and then is directed
into an electronically controlled motorized delay stage. The Stokes light is
coupled into a photonic crystal fibre, producing a supercontinuum. This light
is collimated by a lens and filtered by a long-pass filter (LPF). The light can
be routed into an optical spectrum analyzer (OSA), or passed through a block
of SFg glass. The beams are recombined on a dichroic mirror (DM), passed
through a larger block of SFg glass before being routed into the microscope.

The Stokes light is coupled into a FemtoWhite CARS (NKT Photonics) [50]
photonic crystal fibre to produce a broad supercontinuum. Careful alignment
of the fibre is necessary to ensure proper coupling. Typical coupling efficiencies
using this system are between 35-41%. The <950nm light from the Stokes
supercontinuum is filtered using a set of long-pass filters and the transmitted

light is directed onto a dichroic mirror. Simultaneously, the pump light is passed
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through a computer controlled polarizer that allows for precise calibration of
the power at the microscope, then directed through a variable delay stage. The
pump light is filtered by a long pass filter (<800 nm for C-H and <830 nm for
fingerprint) and recombined with the Stokes light on the dichroic mirror. A 5 cm
block of high-dispersion SFg glass is added to the Stokes arm and a 10 cm block
of SFg added to the combined beam arm in order to introduce linear chirps,
such that the CARS response will have a ~30 cm™! spectral resolution using
an 815 nm pump. The matched chirp rates of the pump and Stokes allows for
both efficient signal generation and optimization of the spectral resolution [44].
Moreover, by translating the delay stage between pump and Stokes, we change
the instantaneous interaction bandwidth between the pulses, and thus have
rapid and facile spectral scanning capability. The light is directed into a modified
FV300 Fluoview microscope (Olympus) [51] to allow for descanned detection of
the forward-generated CARS, SHG, or SFG signals into fibre-coupled off-board
photomultiplier tubes (PMT), while fluorescence is collected concurrently in
the backward direction using a separate PMT (Hamamatsu) [52]. At the input
to the microscope, a 830-25 notch filter is added for fingerprint detection; in
the forward direction, a 730 short pass or 809-81 bandpass filter is used for,
respectively, C-H and fingerprint implementations to filter out unwanted pump
signals. The microscope design is summarized in Figure 3.2. See Appendix A
for details on the alignment procedure.

Images are collected using a commercial FluoView software (Olympus) [51]
that is augmented by several home-built LabView programs to synchronize the
scanning galvos with the translation stage. The typical pixel dwell time for the
system is 2 us, resulting in an image generation rate for a standard 256x256

pixel image of about 0.5s per frame.
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3.3 Translation Stage Calibration

Due to the chirp introduced into the pump and Stokes arms, changing the
relative timing between the pulses will change the instantaneous frequency dif-
ference between them. This timing is controlled by a motorized delay stage, so
it is necessary to create a calibration between the stage position and the corre-
sponding frequency difference. Since the chirp is approximately linear (except
at the edges of the Stokes bandwidth), this should be fairly straightforward.
Unfortunately, the difference frequency is difficult to measure directly, and, as
will be discussed in the following sections, using other measurements as proxies
for the difference frequency requires some care, as the underlying nonlinearities
of these processes may produce erroneous calibrations. These issues are subtle,

and we believe that they have been largely overlooked in the literature.

Direct Peak Interpolation

The simplest calibration method is to simply choose a sample with two (or
preferably more) strong Raman peaks in the spectral window of interest. Then,
by scanning the spectrum, one can attain a calibration simply by assigning those
peaks to their corresponding values in the literature, and interpolate between
them. While this is by far the simplest method to calibrate the spectrum, it is
also relatively inaccurate. Due to the spectral distortions described in Chapter
2.1 (and those in Chapter 4), the peak positions in the CARS spectrum will
be redshifted relative to their true positions in the Raman spectrum by up to
their spectral linewidth, typically a few tens of wavenumbers, which can lead to
corresponding calibration errors of similar magnitude, depending on the shifts
and the number of peaks used. In order to generate an accurate calibration using
this method, either the Raman spectrum must be retrieved using the Hilbert

transform methods of Chapter 2.2, or the signal intensities must be sufficiently
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large that the nonresonant background is negligible compared to the resonant
CARS response. In the former case, the quality of the calibration will depend
entirely on the reliability of the retrieval algorithm. The latter case requires
a specific sample to be found that meets this condition. In the fingerprint,
one option would be astaxanthin, which, as discussed in Chapter 5, has an

anomalously large CARS response and minimal nonresonant background.

Calibration by Sum-Frequency Generation

The microscope system can be calibrated using the forwarded-generated SFG
from powdered (ie. monocrystalline) KDP (Monopotassium dihydrogen phos-
phate), a well-known nonlinear optical material. SFG is produced by the in-
teraction of the pump and Stokes, generated at a frequency given by wspg =
Wpump + Wstokes- For an 800 nm pump and 1050 nm Stokes, the expected SFG
frequency is 454 nm. The SFG peak can be measured directly by coupling a
spectrometer to the fibre output. As with CARS, since the interaction regime
depends only on the instantaneous bandwidth, by tuning the relative delay be-
tween the pump and Stokes, we can move the SFG peak, and therefore calibrate
the stage. This process applies across the entire Stokes bandwidth.

Figure 3.3(a) shows a typical SFG calibration using this method. Curiously,
there appears to be “wobble” in the calibration curve that greatly increases the
standard error. That is, the calibration is not strictly linear, but rather there
is some sinusoidal variation in the the instantaneous bandwidth that can be
observed. This effect is reproduceable and systematic. This may be a result of
the focussing optics: SFG manifests at several orders in the diffracting plane
over a relatively broad range of angles in our collinear geometry [10, 53]; if the
condensor optics are unable to collect the SFG signal entirely, this may result
in systematic errors in the ability to accurately use SFG calibration. There are

other concerns in SFG calibration as well. In Figure 3.3(b), we show the SFG
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spectrum of KDP taken at three different stage delays using a 900 nm pump
and the broadband Stokes supercontinuum. In this region, we see that the SFG
response is highly non-uniform, in some case containing multiple peaks, and
hence the full-width at half-maximum of the SFG spectrum is unclear and it is
difficult to accurately assign the position of the peak. It is likely that this is
due to the non-uniform nature of the Stokes light (see Chapter 3.4) from the
supercontinuum manifesting itself in the cross-correlation of pump and Stokes.
Moreover, the close proximity of the SFG signals at 470-495 nm to the SHG
from the pump (450 nm) and Stokes (~ 525 nm) severely limit the effective
interaction bandwidth in this case. This greatly reduces the reliability of SFG

calibrations, which are, on the whole, not recommended.
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Figure 3.3: (a) Calibration of the translation stage using SFG at 900 nm. In
this case, the slope of the calibration was found to be -1.0306 ym/ cm~!, which
can be taken as a proxy for the negative of the rate of chirp. In this case, two
of the data points are notably above the linear fit and one decidedly below it,
forming the characteristic “wobble” in SFG calibrations. (b) SFG Spectra of
KDP at three difference stage positions. Note the significant shoulder on the
blue side of both the solid and dashed curves, making the full-width at half
maximum remarkably more difficult to identify.
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Calibration by Four-Wave Mixing

The ideal calibration method involves the use of four-wave mixing within a
non-resonant sample. Four-wave mixing can be produced either by a sample
with sufficient enhancement of this process, such as astaxanthin as discussed
in Chapter 6, or simply by applying a very large (> 200 mW) pump power
onto a vibrationally nonresonant sample such as a glass slide, and measuring
the spectrum of the NRB. With the spectrometer connected to the condensor, it
should be possible to observe a FWM response from glass, lens immersion oil, or
other NRB samples. Depending on the pump power, Stokes intensity variations,
detector sensitivity, and XS\%—EB of the sample, it is possible that only a fraction
of the stage delay may be measured as the FWM in most samples is very weak.
Nonetheless, by measuring the anti-Stokes wavelength of the FWM light and
the pump wavelength, the frequency difference between pump and Stokes can be
calculated for a given stage delay. An example of this is shown in Figure 3.4(a)
for a 815 nm pump. The corresponding anti-Stokes spectra at various delays are
shown in Figure 3.4(b). The anti-Stokes calibration has a much lower error (less
than 1% error in the slope for 10 data points) than the SFG calibration (> 5%
error in the slope for 10 data points), and the anti-Stokes spectra are much more
uniform and less sensitive to the variations in the Stokes spectrum. Generally,
then, direct measurement of the anti-Stokes spectrum using a spectrometer as a
function of stage position provides the best calibration method with a minimum

of difficulty.

3.4 Stokes Generation

The Stokes light for our system is produced via a FemtoWhite CARS photonic
crystal fibre. This fibre is characterized by two zero-dispersion wavelengths

(ZDW) at 775 nm and 945 nm. Upon pumping with laser light between these
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Figure 3.4: (a) Calibration of the translation stage using FWM of astaxanthin
using an 815 nm pump. The slope of the calibration is found to be -1.3763
pm/ cm~!, which may be taken as a proxy for the chirp rate at this pump
wavelength. (b) FWM Spectra of astaxanthin three different stage positions.

wavelengths, self-phase modulation and FWM within the fibre produce a very
broad supercontinuum spectra in the < 775 nm and > 945 nm regions, both of
which are typically 300-400 nm wide [54]. Unlike fibres with one ZDW where
supercontinuum generation may only occur when the pump wavelength is below
the ZDW [55], this fibre may be pumped anywhere between the two ZDW with
varying chirps and the output power and bandwidth of the fibre will not change
significantly [54]. The fibre efficiently converts energy into the NIR region from
1000-1350 nm, although rapid variations of more than a factor of ten or more
in intensity at any given frequency can result in a highly nonlinear spectrum
[47, 56]. Thus it is necessary to monitor the Stokes spectrum resulting from the
fibre using an optical spectral analyzer (OSA). Figure 3.5 shows several traces
of the Stokes spectrum at a fixed pump wavelength and power taken at three
hour intervals. Note that there can be substantial day-to-day differences in the
Stokes spectrum due to drift in the laser pointing, vibrations, or noise in the
system. The spectrum can also be altered considerably by changing the input
power or polarization, which can be used to optimize the signal intensity in a

particular spectral region. Notably, as the Stokes input power decreases, the
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peak of the power-spectral density (PSD) of the PCF shifts closer to the ZDW.
In our current configuration where there is considerable difficulty in tuning the
pump laser beyond 925 nm, and our detector sensitivities fall off precipitiously
above 850 nm for the anti-Stokes. Therefore, in order to maximize the signal
intensity in the lowest energy regions of the fingerprint (< 1000 cm~!), we can
decrease the input power to the PCF from our typical usage of 150-200mW to 30-
40 mW, in order to selectively enhance the shorter wavelength NIR components

in the Stokes spectrum [47].
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Figure 3.5: Recorded Stokes spectra taken at regular intervals using the optical
spectrum analyser. No changes to the laser system were otherwise made during
this period; the observed variations are purely a result of instabilities in the
fibre coupling.

Because the CARS intensity of any given component of the CARS spec-
trum depends linearly on the PSD of the Stokes, the overall CARS spectrum
will not faithfully reproduce the intensities of the underlying Raman compo-
nents. Rather, the CARS intensities (as well as four-wave mixing, SFG and

non-degenerate two-photon fluorescence) will be proportional to the variations
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in the intensity of the Stokes beam. In order to reproduce accurately the peak
intensities of the CARS spectrum, it is therefore necessary to collect a Stokes
spectrum using an optical spectrum analyser (OSA) following each scan, and
divide the CARS peaks by their relative intensities in the Stokes spectrum.
The variations in the Stokes spectrum can, in principle, change the intensity
of a given CARS peak by a factor of 10 or more, so comparing the intensities
of peaks without taking this effect into account could lead to very erroneous

conclusions.

3.5 Chirp Matching

The electric field due to a transform-limited Gaussian pulse of centre frequency
w; and with pulse width A; is given by Equation 3.1, where j may represent
the pump (p) or Stokes (S) as appropriate

— 272 A2

E; x exp (W) exp(iw;t) (3.1)

When this pulse passes through a dispersive medium of length z, there is
a frequency-dependent delay of the radiation due to dispersion. The frequency
of the light is given by w(t) = w; 4+ 24t for chirp §. For dispersive materials
whose lengths z are long compared to %, where 7y is the pulse FWHM and
k" is the group-velocity dispersion of the material, the chirp can be determined
by 871 ~ 2z|k”| [44]. The GVD, in turn, can be calculated from the Sellmeier
equations using known coefficients found in the literature [57]. The resulting

chirped pump pulse now takes the form

—t27T2A? —t2ﬂ'2A?aj ))

o (o (ot
j X exp (2ln2)2—|—a? XP 1 —1—1((21112)2_'_&?

(3.2)

where a; is the dimensionless chirp parameter of the pulse, given by a = A2371.
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We consider the interaction of the fields in the CARS process, EgEi‘g using

chirped pulses. In this case, the field is given by

2B  exp [ —t272 (( 202 A% )}

+
(2In2)2\(2In2)2 4+ a2 = (2In2)2 + a3

2 2
exp {i(2wp —ws)t + it27r2((2 liﬁ)p;j_ z (21nA2§§i a%)} (3.3)

We note several general features of interest in Equation 3.3. The phase term
depends both on the anti-Stokes frequency, 2w, — ws and a quadratic phase
term depending both on the widths of the pulses, and the chirp parameters
ap and ags. The envelope is Gaussian, with an effective width given by the
term in parenthesis. The added chirp effectively lengthens the pulse duration,
i.e. it improves the spectral resolution—compared to the unchirped case where

ap = ag = 0. The effective spectral resolution of the anti-Stokes can therefore

be calculated as

2A2 A2
Azﬁcctivc = ( Z 2 Sb 2) (34)
1+(21n2) 1+<21n2)

Previous analysis of this problem only considered the interaction of a single
pump field with the Stokes and neglected the effect of the second pump field
[44, 46]. Under this simplification, it is clear that the optimal spectral resolution
is achieved when a = b; however, the more complete Equation 3.3 reveals that
this approximation will result in the Stokes being under-chirped relative to the

pump. Rather, the chirp that maximizes the spectral resolution is given by

a=+/(2In2)% 4 2b2 (3.5)

Figure 3.6(a) shows that for a fixed introduced chirp C = a + b, the optimal
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spectral resolution is slightly greater than the traditional chirp-matched case.
Assuming that the pump and Stokes pulses are 100 cm™! each with a total
chirp @ + b = 10, we see that the optimal spectral resolution of 41 cm™! in
this case occurs when the Stokes is overchirped by 2.6 relative to the pump.
Overall, the trend suggests that it is generally favourable to be slightly over-
chirped in the Stokes (b > a) rather than under-chirped (b < a), as the spectral
resolution increases more rapidly for under-chirped pulses than for over-chirped
ones. Experimentally, as shown in Figure 3.6(b), we see that the spectral res-
olution as a function of chirp has an asymmetric pattern. The best spectral
resolution experimentally was found at the a = b condition, but we note that a
significant increase in Stokes chirp from the traditional chirp match condition
to a mismatch of 2 x 10* fs? of added dispersion in the Stokes does not result
in an appreciable change in the spectral resolution. This suggests that, at the
very least, this region is very flat, and the shape of the curve may indicate
that there is a minima somewhere between these two points. Unfortunately,
the glass we have available to us does not allow us to interrogate this region.
The model does not capture the experimental data particularly well except for
a very rough qualitative agreement of the general trend. This is likely due to
the fact that the simple analysis above assumes that both the pump and Stokes
pulses are Gaussian in shape, when, as discussed above, the Stokes has a highly
non-uniform character that is difficult to model analytically.

This analysis thus provides a simple method to determine the required length
of glass to achieve a particular spectral resolution for given pump and Stokes
wavelengths. For a given desired spectral resolution, the required chirps, and
hence, the lengths of glass of a given material necessary to achieve those chirps,
can be calculated using Equations 3.4 and 3.5. Generally, a better spectral

resolution will require a larger chirp, and thus, more glass. This does introduce
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Figure 3.6: (a) Effective spectral resolution of chirp on pump/Stokes pulses
measuring 100 cm~! each, where the total chirp is fixed at a+b = 10, and the
difference is allowed to vary. This is equivalent to having a fixed amount of
glass, and moving it between the pump and Stokes arms. (b) Experimentally
measured data of the spectral resolution measured as a function of the Stokes -
pump chirp rates for our microscope system. The dashed line shows the fit of

(a)

some practical limitations as significantly longer pieces of glass will result in a
loss of transmission through the sample, though spectral resolutions of 8 cm™!
have been measured with better than 70% transmission [44], which is sufficient
for most practical purposes. Thus, in principle, it is not necessary to match the
chirps as adding additional glass into either arm will tend to improve the spectral

resolution through Equation 3.4, in practice it is far more efficient to achieve

superiour spectral resolutions if the chirps are matched or nearly matched.
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4 Spatial-Spectral Coupling in CARS Microscopy

4.1 Introduction

One of the key advantages to CARS microscopy is the ability to visualize mi-
croscopic objects in three-dimensional space, while simultaneously performing
spectroscopic measurements on specific regions of interest within a sample. This
technique, called hyperspectral CARS, allows for detailed spectroscopic infor-
mation to be extracted from specific regions within a sample, which can pro-
vide significant insight into local dynamics or chemistry within the specimen
[47, 58, 59, 60]. This is due to the fact that Raman peaks have long since been
recognized to experience small shifts in amplitude and frequency due the ef-
fects of temperature [61], salinity [62], functionalization and isomerization [63].
These changes, when localized within specific regions in an inhomogenous sam-
ple, allow visualization and analysis of local dynamics and chemistry.
Unfortunately, because CARS is a coherent process, the generated signals
within the focal volume, their propagation to, and interference at the detector
may not necessarily reflect the true nature of the sample. For example, shadows
have been observed in CARS microscopy images that have been associated with
interference effects [37, 38|, linear refractive index mismatch [64], and the Gouy
phase shift [28]. Moreover, as described in Chapter 2.1, CARS spectra are
also distorted due to the presence of the nonresonant background, and require
a post-processing retrieval to decouple the resonant Raman response from the
background. Previous work has not, however, considered the possibility that
these effects are coupled: That spatial distortions in the image may be linked
to a corresponding distortion in the spectrum. In this Chapter, such spatial-
spectral couplings are investigated in detail using a combination of theory and
experiment. We will demonstrate conclusively that within the Rayleigh length

of the laser, there is an intrinsic coupling between the position of an object

34



within the laser focus, and distortions to its CARS spectrum. Furthermore,
the observed spectral distortions persist even after retrieval through common

methods (e.g. Kramers-Kronig).

4.2 Theory

We begin by deriving a relation to relate phase shifts, particularly the Gouy
phase, to the CARS intensity Icars. Consider an object of diameter D that
has a Raman resonance at frequency ) with suspectibility Xg) embedded in
a nonresonant medium with susceptibility XE\B,’% and with the linear refractive
index mismatch between the media given by An. Suppose that this object is
positioned along the optical axis of a confocal microscope, a distance z from the

focal plane of an incoming Gaussian beam. The electric field at position z of

the Gaussian beam is then given by Equation 4.1[65]

Er—o(2,t) o elihzid(k.2)] it (1)

where k is the wavenumber of the incoming wave and is thus £ = k, for the
pump and k = kg for the Stokes. ¢(k, z) is the Gouy phase shift of the Gaussian
beam at position z relative to the beam waist wq, given by

¢(k,z) = — arctan (2 (4.2)

2
T2
where the parameter 2o = kw3 /2, is the Rayleigh length of the Gaussian beam.
The generated anti-Stokes photon is then given by the product of pump squared
and Stokes fields as seen in Equation 2.5, which may be written in terms of the

Gaussian beams as

PR(Z,t) o e[i(kas)z—i(ng(z)p—¢(k,z)s)]eiwast (43)
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kqs is the wavevector of the anti-Stokes and is related to the phase matching
conditions for the CARS process; the term 2¢(z), —¢(k, z) s describes the overall
Gouy phase shift resulting from the propagation of the Gaussian beam. By
comparison, the dominant nonresonant background contribution is generated
at the highest intensity plane corresponding to z = 0, and therefore behaves as

if it originated from this plane [28].

Png(t) o e'@as)t (4.4)

Equations 4.3 and 4.4 can be expressed more explicitly to XS%B) and X(]\‘?}%B

through Equation 2.6, including the additional phase terms:

Pr(z,t) = XD (w) By gei(Westtoo—06+361) (4.5a)
Pyp(t) = x§h Bo pe'@est+0) (4.5b)
0pa =2¢(z)p — d(k, 2)s (4.5¢)
8¢1, = DkasAn (4.5d)

where Ep is the electric field strength of the resonant component, Ejyp is the
electric field strength of the nonresonant component, d¢¢ is the phase shift due
to the Gouy phase. d¢j, is the phase shift due to the linear refractive index
mismatch between the resonant sample and the nonresonant solvent, neglecting
dispersion, ¢q is an arbitrary phase. As noted in Chapter 2, the CARS process is
created by the interference between the resonant and nonresonant components,
described by Equation 2.12. This may be rewritten more explicitly as shown in

Equation 4.6
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(4.6)
If the Gouy phase or the refractive index mismatch terms are not taken into
account, the cross-term depends only on the shape of the resonant peak. This
assumption underlies such retrieval methods as the Kramers-Kronig algorithm
discussed in Chapter 2.2 and the Maximum Entropy Method [33, 32]. However,
in proper accounting for these terms, it is apparent that there is an additional
phase shift that is applied to the resonant component that causes an added
rotation it the complex plane. The implications of this phenomenon will be

responsible for intrinsic distortions in both CARS images and their spectra.

4.3 Method and Materials
Experimental Design

In order to demonstrate the relationship between spectral distortions and spa-
tial distortions, experiments were run on a model system of nitrobenzene (NBZ)
droplets in agarose gel. The Raman spectrum of NBZ was taken using a Ren-
ishaw InVia Raman spectrometer, and is shown in Figure 4.1. In order to
illustrate the effects of the interference between the resonant signal and nonres-
onant background, the resonance near 1585 cm ™!, identified as the C=C stretch
mode [66], was selected for study. This resonance also has the advantage of rel-
ative isolation in the fingerprint region, minimizing any potential overlap effects
between neighbouring resonances (the weaker resonance at 1520 cm™! is below
the current detection limit of the system). NBZ is a relatively volatile liquid at
room temperature, so it was necessary to trap it in aragose gel in order to create

droplets smaller than the Rayleigh range of the microscope. This was done by
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combining the NBZ with a mixture of 1% agarose in water in a 1:25 ratio at
80°C while stirring vigorously. As the agarose cooled, it formed a gel contain-
ing a distribution of immobilized NBZ droplets of sizes ranging from ~1 pym to
~20 pm as observed through the transmitted light of our microscope. Conve-
niently, the agarose does not have any resonances in this region, and therefore

contributed only to the nonresonant background response.

Spontaneous Raman Spectrum of Nitrobenzene

4
11%10 ‘ ‘ ‘

NO, symmetric stretch  r
(1350 cm™ Y

6r C=C Stretch
(1585 cm ™)

Raman Intensity (a.u.)

&OO 1000 1100 1200 1300 1400 1500 1600 1700
Wavenumber (cm_l)

Figure 4.1: Spontaneous Raman spectrum of nitrobenzene in the fingerprint
region. The strong NO, symmetric stretch peak at 1350 cm™! and the weak
C=C stretch at 1585 cm ™! of interest to this study are highlighted.

The laser system was operated using the fingerprint setup, described in

Chapter 3.2, tuned to 900 nm. The output power from the laser was ~500
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mW with a bandwidth of ~15 nm. Powers of 150 mW and 20 mW were mea-
sured for the pump and Stokes, respectively, at the microscope entrance. A
typical CARS image of the droplets in gel is shown in Figure 4.2, in this case
using the strong peak at 1350 cm™! for contrast. At the weak NBZ peak of
interest, the resonant to nonresonant ratio is ~2:1.

The field in Figure 4.2 was selected for observation, and a focal plane at
z = 0 pm identified for the highlighted droplet using the transmitted light.
Spectral scans of this field were taken in the fingerprint region from 1235 cm—!
to 1785 cm™!, divided among 340 frames, for an effective resolution of ~1.6
pum per frame and an overall chirped resolution of ~30 cm™!. The field was
scanned from the z = —2.5 ym to z = 2.5 pm in 0.5 pm intervals. Each of

the resulting spectra were smoothed using a rolling five-point average, and the

Raman spectra retrieved using the Kramers-Kronig algorithm described in 2.2.

Figure 4.2: CARS image of nitrobenzene at best focus for the highlighted droplet
at the 1350 cm~! resonance. Note the presence of the shadows (black) of out
of focus objects projected into the image plane.
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Numerical Simulations

In order to verify the experimental results, numerical simulations of the system
were performed using a finite-difference time-domain (FDTD) method, following
the protocols established in the literature [28, 67, 68]. In brief, the simulation
domain consists of a tightly focused (NA = 1) Gaussian pump beam with wave-
length 900 nm and a Stokes beam of frequency w incident on a Raman resonant
scatterer of diameter 1 um at frequency 1600 cm~! and linewidth I' = 10 ecm ™.
The simulation domain used the constitutive relations described in Equations
4.7a to describe the resonant and nonresonant components of the signal, where

* represents the convolution integral.

D [1+ 47T(X(1)'F+ X(3)FE2)}E +4nPp (4.7a)
i_g (4.7b)
S 1 = - 2

Pa(rt) = 1 B+ (xnlF, (1) (4.7c)

2

. (3) g1 YR
o = 4.7d
XR(ra ) XR (F)*J (W%_UJQ""QWFR) ( ! )

Maxwell’s equations were solved using a standard Maxwell solver [69]. The
anti-Stokes beam was generated at the Raman scatterer and numerically prop-
agated into the far field and absorbed at the simulation boundary, explicitly
taking into account the propagation effects of the Gouy phase shift. Outside
the simulation domain, the fields were analytically propagated to a detector and
the intensity was measured. In one case, the refractive index was chosen to be
uniformly n = 1.33 for the entire simulation domain, exclusively isolating the
effects of the Gouy phase. In another simulation, an index mismatch between

NBZ and the agarose gel (An = 0.214) was explicitly included.
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4.4 Results

The experimentally measured CARS spectra of the droplet highlighted in Figure
4.2, at three different focal positions, are shown in Figure 4.3(a). The best focus
position is defined to be z = 0 um, shown in green circles in the graph. The
spectra at z = £1 pm are shown in blue squares and red crosses, respectively. All
three spectra display the typical dispersive line shape characteristic of CARS
spectra as described in Chapter 2.1. The spectra at z = +1 pm have some
significant differences compared to the spectrum at z = 0 pm, most notably in
terms of the amplitudes of the strength of the peak and dip in the spectrum.
Moreover, there is some asymmetry between the two spectra as well; the z =
—1 pm spectrum has notably lower amplitude, especially at the dip in the
spectrum near 1620 cm™!. It should be noted that, because both of these signals
are symmetric within the Rayleigh range of the microscope, one would naively
expect them to have equal magnitudes: this is not the case. These differences
are exacerbated significantly upon retrieval, as shown in Figure 4.3(b): There
is a significant and persistent shift in the position of the spectral peak as the
droplet is scanned from z = —1pm to z = +1 pm. In particular, while the z = 0
pm spectrum is found to have an identical peak position to that of spontaneous
Raman (albeit broaded due to the lower spectral resolution of our system), the
spectral position of the peak shifts by ~10 cm™! upon scanning from z = —1
to z = 4+1. This is a clear demonstration of spatial-spectral coupling: Both
the CARS spectra and the retrieved Raman spectra are intrinsically coupled to
the spatial position of the droplet (and the surrounding NRB) within the laser
focus.

The corresponding CARS spectra from the numerical simulations are shown
in Figure 4.4(a), revealing qualitative agreement with those of Figure 4.3(a).

In particular, the spectra at z = +1 um (dashed, dotted) are distorted both in
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Figure 4.3: (a) Experimentally measured raw CARS spectra of the highlighted
NB droplet of Figure 4.2, located at the z = 0 pm (circles) and at displaced
foci (# = —1 , crosses, and z = +1 um, squares). (b) The retrieved Raman
spectra of the same droplet, overlaid with the spontaneous Raman spectrum
of NBZ (solid line). There is a spectral shift of 10 cm~! due to the intrinsic
spatial-spectral coupling.

amplitude and in form relative to that at the best focus z = 0 pum position (solid
line), and are different from each other despite their symmetric displacement
about the best focus, and, therefore, identical laser intensities. The spectrum
at z = 1 pm in the simulations does have a considerably higher amplitude
than the experiments; this is likely due to some imprecision in being able to
determine the exact position of the best focus in the experimental measurements,
or due to refractive index mismatch. These spectra are then retrieved using the
standard Kramers-Kronig algorithm (which is insensitive to phase shifts due to
the Gouy phase or refractive index mismatch) and as shown in Figure 4.4(b).

! spectral shift as seen in the experimental

These display an identical 10 cm™
measurements.

In this model system, it is possible to retrieve the correct Raman spectra
using a simulated annealing least squares method [70] by assuming an isolated

Lorentzian profile given by Equation 2.11. In this simple model, additional
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phase shifts d¢ were treated as a free parameter and, by including this within the
solution space, the correct spectra could be recovered as shown in Figure 4.4(c).
We note, however, that this method requires foreknowledge of the shape of the
Raman spectrum, and thus cannot be applied more generally. Finally, in Figure
4.4(d), the effect of the difference in refractive index between nitrobenzene (n =
1.554) and agarose (n = 1.33) was explored and it was found that the mismatch
introduced a further spectral shift beyond the effect attributed to the Gouy

phase shift.
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Figure 4.4: (a) Numerically generated CARS spectra of nitrobenzene droplets,
located at the z = 0 pm position and displaced along z, centered at Qr = 1600
em~!. (b) The Raman spectra of NB droplets retrieved using the Kramers-
Kronig algorithm that does not consider the Gouy phase. The shift in Qg is 10
em ™! (9x1074wp). (c) The retrieved Raman spectra of the same data, but now
including the effects of the Gouy phase. (d) The CARS spectra of nitrobenzene
accounting for the refractive index mismatch between nitrobenzene and the
agarose medium. In panels (a)-(c), the solid line is z = 0 pum, z = —1 pm is
the dashed line, and z = +1 pm, dotted line); in panel (d), the dashed line
represents the index-mismatched CARS spectrum at z = 0 pm.
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4.5 Discussion

The experimental measurements illustrate the intrinsic coupling between dis-
tortions in the image and corresponding distortions in the spectra. In Figure
4.2, the image is cratered with numerous shadows representing the distortions
of out-of-focus droplets; indeed, only a few droplets are within the focal plane
at any given time. As the focus shifts in z, different droplets will move into the
focus and others will produce shadows. Because the nonresonant background
is predominantly generated at the best focus, while the resonant signal is gen-
erated at the object, there will be a phase difference between the two signals,
particularly due to the Gouy phase [28]. Depending on the relative position
of the object within the focal volume, this will produce either constructive or
destructive interference, resulting in signal enhancement away from the best
focus, or shadows, respectively. The phase shift at a given z can be calcu-
lated directly from Equations 4.5(c) and (d). For the microscope system, the
Rayleigh lengths for pump and Stokes are on the order of 1.4 ym and 1.6 pm,
respectively, assuming identical spot sizes. The linear refractive index mismatch
between nitrobenzene and agarose is 0.214, and the size of the droplet is taken
to be 1 pm. Figure 4.5 illustrates the total phase shift relative to z. It is evident
that the dominant effect is the Gouy phase (blue sold line); the introduction
of the refractive index mismatch retains essentially the same functional form,
and simply results in a shift toward more negative phase. Within the Rayleigh
range of the pump and Stokes, the phase shifts from ~ —7/4 to ~ /4.

The CARS spectra in Figures 4.3(a) and 4.4(a) demonstrate that this phase
difference manifests itself as distortions in the spectral regime: Both the in-
tensity and shape of the spectra are significantly distorted relative to the best
focus. Retrieval of these distortions using standard methods, as shown in Fig-

ures 4.3(b) and 4.4(Db), fails to retrieve the correct spectra. Both the experiments
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Phase Shifts Resulting from Gouy Phase
and Index Mismatch
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Figure 4.5: Estimated phase shifts in the CARS microscope system due to
Gouy phase alone (green solid line) and Gouy phase with linear refractive index
mismatch of An = 0.214 (blue dotted line).

and simulations display a 10 cm™! shift in the spectrum as the NBZ droplet
is moved through the focus. By design, this shift cannot be associated with
any internal chemical or thermodynamic effects within the sample; the NBZ
droplet is a pure, homogenous compound. As discussed in Chapter 4.1, shifts of
similar magnitudes are often associated with physiological changes in biological
systems, both in CARS microscopy and in Raman microscopy. The evidence
presented above suggests that, in the case of CARS, such associations may be

unwarranted if proper care is not taken to account for the spectral shifts due to
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propagation effects such as the Gouy phase.

A simple, analytic model can be used to provide additional insight. A model
CARS spectrum can be created by substituting Equation 2.11 into Equation
4.6 combined with the phases derived from Figure 4.5, including the refractive
index mismatch. The resulting CARS spectra are shown in Figure 4.6(a). There
is a family of spectra of completely different forms, all of which correspond to
the same identical object under observation. It is clear that there is significant
difficulty in extracting any useful information about this object from the CARS
spectrum alone. Upon retrieval, the effect persists, as seen in Figure 4.6(b): The
distortions overall are suppressed and many of the spectra look very similar to
a true Raman profile; however, the distortions in the CARS spectra are instead
mapped to spectral shifts in the retrieved Raman profile.

The Raman peak positions vary smoothly with z as shown in Figure 4.7. The
overall spectral shift from z = —3 pum to z = 3 um is of the order the spectral
linewidth, as can be seen in Figure 4.7(a), and the effect of the refractive index
mismatch is to tend to shift the peak position toward lower wavenumbers, as
shown in Figure 4.7(b). It can be concluded, therefore, that shifts in the peak
that are greater than the spectral linewidth can be safely associated with real
spectral features; peak shifts that are within the spectral linewidth may be
subject to spatial-spectral coupling that creates uncertainty in the peak position.

The observed coupling is due to the position of a small object within the
Rayleigh range of the laser focus. For objects of size D >> zy, that is, objects
much larger than the Rayleigh range, the spectral shifts will not be observed
at all due to spatial averaging across the whole of the Rayleigh range, although
coupling will still be observed near the interfaces between resonant and non-
resonant media [71]. Moreover, as the coupling term between the resonant and

nonresonant background terms is linear in XS)7 if xg) > XS\%?,? the quadratic
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Figure 4.6: (a) Generated CARS spectra the effects of Gouy phase and linear
index mismatch at various positions z. (b) Raman-retrieved spectra of (a)

term in Equation 4.6 will dominate, and the CARS spectrum will converge to

the Raman spectrum independent of the coupling term.

4.6 Conclusions

It is clear from the discussion above that knowledge of spatial-spectral cou-

pling is required to interpret CARS images and spectra. The interference be-

tween the resonant response and the nonresonant background manifests itself as

shadows in images and distortions in spectra, particularly of weakly-resonant,
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Figure 4.7: The shift in the Raman peak with z at various spectral linewidths
(a) neglecting refractive index mismatch and (b) accounting for refractive index
mismatch. The total possible shift is equal to the spectral linewidth.

sub-Rayleigh length objects. The resulting spectral distortions persist into the
retrieved Raman spectrum using standard methods, yielding spectral shifts of
order the spectral linewidth. Therefore, great care must be taken in assigning
physical significance to observed spectral shifts of this nature in physiological
systems, as the shifts may be due to propagation effects.

If a model can be devised which can take the shifts into account, such as
the one shown in Figure 4.4(c), it may be possible that the correct spectral

positions can be retrieved. Regrettably, the model shown in Figure 4.4(c) is
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not a general one; it requires specific knowledge of the system, such as the
correct spectral linewidth, that the peak is isolated, etc. in order to retrieve
the undistorted spectra. A more general solution is a challenging problem that
warrants further study. In particular, the refractive index term &7 may be very
difficult to measure accurately in complex heterogenous systems, which may

render this problem intractable.
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5 The Remarkable Algae Haematococcus Plu-
vialis
5.1 Introduction

In the preceding Chapters, we discussed how the CARS spectrum can be shaped
by the interplay between the sample, the instrument, and the medium, and how
this interplay can lead to distortions in the CARS spectrum. In the following
Chapters, we turn our attention to how certain kinds of molecular systems can
be advantageously exploited by CARS to produce significant signal enhance-
ments, resulting in dramatically improved contrast and sensitivity. In particu-
lar, we focus our attention on the ketocarotenoid compound astaxanthin, which
is produced by the microalgae haematococcus pluvialis.

Haematococcus pluvialis are a species of unicellular freshwater microalgae
found ubiquitously in freshwater ponds and rainwater pools worldwide. The
family name Haematococcaceae derives from the blood-red pigmentation in species
of this group, which can often be observed on the surface of small pools or
bare rocks near the algae habitats [72]. This pigmentation arises due to high
concentrations of the carotenoid compound astaxanthin, which is synthesized
naturally by these algae [73]. Haematococcus pluvialis have attracted consider-
able interest from researchers in recent years, as carotenoids have emerged as
high-value compounds with applications in cosmetics, nutriceuticals, and food
additives, with a worldwide market for astaxanthin exceeding a hundred million
dollars [74, 75, 76, 77]. While scientific-grade astaxanthin is typically made syn-
thetically, haematococcus pluvialis represents the primary source of industrial
astaxanthin production due to the high yields of the algae that can approach
3% of dry weight [78, 79]. Moreover, during the astaxanthin production phase,

internal lipid concentrations rise from 16% to over 30%, allowing for sequestra-
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tion of significant amounts of carbon and establishing its potential as a biofuel

[80].
(a) (b)
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Figure 5.1: (a) The life cycle of haematococcus pluvialis. The algae start in
a flagellated, vegetative phase (top). Under adverse conditions, they begin
encystment (right), until they reach full maturation (bottom). This part of the
cycle can persist nearly indefinitely, but eventually, the cell will germinate and
undergo cell division (left), ultimately recovering the vegetative cells. (b) The
chemical structure of astaxanthin, bioproduced during the encystment phase.

The algal life-cycle consists of four distinct phases, as shown in Figure 5.1(a)
[73, 81]. In the vegetative phase, haematococcus pluvialis is a small, flagel-
lated algae whose dominant pigmentation arises from chlorophyll. Algae in this
phase are essentially devoid of astaxanthin and are consequently green in colour.
Upon exposure to unfavourable conditions such as nitrogen deprivation [73], salt
stress [82], or intense illumination [83], the flagellated algae enters an encyst-
ment phase. During this phase, the algae begins astaxanthin production within
lipid droplets at its centre, at the expense of the exterior chlorophyll [84]. This
process causes the algae to swell considerably, such that the fully encysted algae
can reach several times their original size, with its constituents fully dominated
by astaxanthin, giving the cells their characteristic red hue. The encysted al-
gae can persist for extended periods of time with minimal nutrients or light
exposure. When conditions improve, the carotenoids are decomposed back into

chlorophyll, and the algae undergo cell division. Commercially, it is clear that
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the encystment phases are of primary interest, and the process of understanding
and optimizing carotenogenesis is a topic of active study [79, 85].

Astaxanthin is classified in the xanthophyll family of carotenoid compounds.
Xanthophylls are characterized by a chain of polyconjugated carbon-carbon
bonds functionalized with a hydroxyl or ketone group. The molecular structure
of astaxanthin is shown in Figure 5.1(b). Carotenoids serve several important
functions in cellular biology [86, 87]. First, carotenoids typically have a strong
visible-light absorption band. Light harvested from this band can be efficiently
passed to chlorophyll, effectively extending the photosynthetic absorption of
the plant. Second, these compounds serve as a protective mechanism in plant
physiology. In the absence of carotenoids, under absorption of light, chlorophyll
may enter into a relatively long-lived triplet state that, in turn, reacts with
molecular oxygen to produce singlet oxygen, an oxidizing agent that is toxic
to the plant. In the presence of carotenoids, this triplet state of chlorophyll is
greatly suppressed, preventing this hostile reaction. In addition, the carotenoids
react readily with singlet oxygen and other harmful radicals, protecting the vul-
nerable cellular components [88]. Xanthophylls, including astaxanthin, play an
additional role in protecting the cell by forming a protective shell within lipid
drops surrounding the cell nucleus. Thus, these “secondary carotenoids” are
not only employed to protect the chlorophyll, but also to provide a protective
shade around the nuclear components, absorbing excess light and protecting the
genetic material from radicals produced via photobleaching of chlorophyll [89].

Raman microscopy has proved to be a natural choice for study of carotenoids
in vivo, including astaxanthin in haematococcus pluvialis [84, 90, 91, 92]. The
polyconjugated structure of these compounds is known to produce an unusu-
ally large Raman cross section and distinctive Raman spectrum consisting only

of a few well-defined peaks (in the fingerprint region) [93]. However, while
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carotenoids are only weakly fluorescent, greatly increasing the signal-to-noise in
Raman studies in vitro [94], plant cells also contain compounds such as chloro-
phyll that fluoresce strongly when exposed to visible light, making resonance
Raman microscopy considerably more challenging. While Raman spectroscopy
of carotenoids has been a subject of extensive study, carotenoids have received
comparatively little interest in the CARS literature [95, 96, 97, 98], perhaps
due to the relative difficulty in implementing a fingerprint CARS scheme, or the
general reputation of CARS as being primarily suited to lipids.

Nonetheless, CARS microspectroscopy provides several key advantages over
spontaneous Raman for the study of astaxanthin in haematococcus pluvialis.
The confocal excitation scheme employed by our CARS microscope generally
prevents light significantly outside the focal volume from entering the detec-
tor; because astaxanthin is lipid-associated and the dominant fluorophore is
chlorophyll: they are spatially separated in the algae, so that only the weak
fluorescent response from the carotenoid will be observed within the focal vol-
ume. This, in turn, is easily filtered by a long-pass filter, since the fluorescent
spectrum peaks at ~ 680 nm and the anti-Stokes in the fingerprint region is
produced at 800 nm. Not only do we avoid any fluorescent contamination in
the Raman spectrum, but we can also simultaneously image the chlorophyll
using its strong TPEF response. Thus we can directly separate the two pri-
mary constituents of haematococcus pluvialis by associating fluorescence with
chlorophyll, and CARS with astaxanthin. As we will show, the measured CARS
response of the carotenoids in the fingerprint region appears nearly devoid of
any nonresonant background contamination and is significantly stronger than
those of common calibration standards such as diamond, nitrobenzene, or pure
oils. This allows for direct quantitative measurements of carotenoids in vivo,

free of any confounding effects due to the nonresonant background, such as those
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discussed in Chapter 2.1 or the spatial-spectral coupling effects in Chapter 4.
In this Chapter, we discuss several significant experiments demonstrating the

effectiveness of CARS for in vivo carotenoid research.

5.2 Method and Materials

Introduction

Our studies of haematococcus pluvialis in CARS operated using the standard
fingerprint microscope scheme, detailed in Chapter 3.2. Here, we briefly outline
a series of variations and techniques related to the studies of carotenoids that

were further undertaken.

Preparation of the Algae

Cultures of haematococcus pluvialis algae were provided by the National Re-
search Council of Canada, Algal Carbon Conversion Flagship Program. Two
main cultures were used in the experiments. The first culture was was grown in
Bold’s basal media with excess nitrate supplementation at 22°C under 150umol

2 571 photosynthetically active radiation and agitated on a shaking

photons m™
table at 175 rpm. The highly nitrogenated environment encourages algal growth
and generally does not lead to encystment [73]. This culture appeared visually
to be green, and both motile algae and palmelloid algae undergoing cell division
could be observed. A few algae did appear to have traces of red-brown colouring
indicating astaxanthin. This culture was kept in a well lit area open to the air,
and was shaken every few days.

In addition to the process above, the second culture was further irradiated at

251 photosynthetically active radiation for a few days and

800 pmol photons m™
the nutrient supply was allowed to deplete. In this nutrient-poor environment

under high light conditions, the algae developed significant quantities of astax-
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anthin. The cultures were observed to be red-brown by eye, and no motile algae
were observed at any point in this culture. The majority of the cells appeared
to be in various stages of encystment. Encysted cells could be maintained under
low light conditions for a period exceeding two years, with minimal observable
degradation in the cellular contents as observed by through transmitted light or
the corresponding CARS and TPEF signals.

For microscopy experiments, the algae in water were placed on a microscope
slide or well slide. No other preparation for the cells was necessary; in the former

case, additional water was added periodically to prevent the cells from drying.

Preparation of AstaREAL

A sample of 10 g AstaREAL-10L (a commercially available extract of esteri-
fied astaxanthin from haematococcus pluvialis, nominally 10% astaxanthin by
weight) was acquired from AstaReal (a company of Fuji Chemical Industry
Group, Japan). This was used as a reference sample as it contains concen-
trated esterified astaxanthin in the same form and similar environment to that
in live haematococcus pluvialis cells. This compound resembled an opaque, vis-
cous tar, containing large sections of lower density material interspersed with
microscopic droplets of very high concentration astaxanthin. This compound
dissolved readily in both canola oil and acetone at ambient conditions with
shaking. This produced an orange-red liquid with no observable droplets or
astaxanthin deposits. Due to the volatility of acetone, it was more convenient
to create samples of diluted AstaREAL using canola oil, and this dilution was
used for all experiments involving AstaREAL unless otherwise noted. A concen-
tration series of 8 samples of AstaREAL in canola were made, with each sample
having 2/3 the concentration of the previous member of the series (approx. half
of the CARS intensity). These were labelled Cy through C;. A second dilution

series at lower concentrations C] through C’ at 1/2 dilutions was also created.
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The concentrations of AstaREAL in solution were measured by collecting
the UV-Vis spectrum using a CARY5000 spectrometer. This was done at a
50:1 dilution relative to the initial C series using a sample of pure canola as a
reference and divided by the source spectrum. It was also instructive to collect
the UV-Vis spectrum through the microscope directly. To do this, the light from
an intense incandescent lamp was directed into the microscope using an external
mirror, and absorption spectrum of an AstaREAL dilution on a microscope slide
was collected through the condensor into an Ocean Optics spectrometer, using

pure canola oil as a reference.
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Figure 5.2: UV-Vis absorption spectrum of AstaREAL-10L collected through
using the CARY 5000 spectrometer The main peak corresponds to the absorption
of astaxanthin, and the smaller peak (see inset) corresponds to a trace amount
of chlorophyll.

The absorption spectrum of Cjy collected through the CARY5000 spectrom-
eter is shown in Figure 5.2. The spectrum consists of a very large peak centred
at 480 nm, with a smaller peak at 670 nm. The former peak is the primary

absorption of astaxanthin, as identified in the literature [99]; the latter peak is
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identified to be trace contamination of chlorophyll in the AstaREAL-10L. This is
to be expected as the AstaREAL product is made directly from ground haema-
tococcus pluvialis. Due to the fact that AstaReal-10L is not a pure compound,
it was necessary to estimate the concentration of astaxanthin in the solutions.

The concentration was then estimated according to the following formula:

o_ 0D

== (5.1)

where OD is the measured optical density, d is the thickness of the well slide,
and « is the absorption coefficient of astaxanthin in canola. The thickness of
the well slide was 300 um. The absorption coefficient of astaxanthin in canola
was not found in the literature, but it was found for several similar solvents to
be in the range of 100000-130000 cm~*M~! [100]. A value of 115000 cm =M ~*
was adopted. The calculated concentrations were as large as 45 mM for Cy and
2 mM for C7, with estimated errors of order 20%, with the primary source of
error being due to the absorption coefficient of canoloa. In the second series,
the concentrations ranged from 7 mM to 0.08 mM with the same relative error.

In the fingerprint region, the 1334 cm™! peak of diamond was used as an
intensity calibration to astaxanthin. Because the CARS signal from astaxanthin
is so much larger than diamond, the PMT and laser intensity were chosen so that
the astaxanthin signal nearly saturated in order to maximize the dynamic range.
The diamond sample was sufficiently large that diamond could completely fill the
microscope focus. The polarization of the light into the microscope was adjusted
to maximize the signal intensity in order to ensure a consistent orientation of
the diamond was used. The Stokes spectrum from the fibre was also measured
after every few scans to ensure that the variations described in Chapter 3.4 were
properly accounted for. Under these conditions, a direct comparison between

the signal intensites of CARS in AstaREAL or haematococcus pluvialis could
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be ascertained, even if small changes to the fundamental laser wavelength were

introduced.

Collection of Spontaneous Raman

The spontaneous Raman spectrum of several AstaREAL samples and haemato-
coccus pluvialis algae were collected using a Renishaw InVia Raman microscope
made available by the Nanocomposites group at the National Research Council
of Canada. The Raman system has three available lasers at 514 nm, 633nm,
and 785 nm with total powers of 3.8 mW, 5.1 mW, and 81.3 mW, respectively.
For the 514 nm laser, a 1800/mm grating was used, while for the longer wave-
lengths, the 1200/mm grating was employed. Samples were measured in well
slides using a 5x objective lens. Measurements were typically done at 10s expo-
sure times using 0.05%-1% of the available laser power depending on wavelength
and concentration in order to minimize photobleaching and fluorescence, and
maximize the Raman intensity. Only dilute (< 10mM) samples could be used
for this purpose as at higher concentrations the samples are nearly opaque to
the system. The spontaneous Raman spectrum could be collected in the region
from 600 cm™! to 3000 cm ™! in a few minutes’ time.

Direct comparison of the absolute intensities of Raman lines is challenging,
as one must take into account the collection geometry and detector sensitivity
as a function of frequency, refractive index changes, and absorption and re-
absorption cross-sections of the solute [101]. To a very crude approximation,

the relative strength of two Raman lines R scales as

re () () () (G0 52

where I; and I, are the measured intensities of the Raman lines, A\; and Ao

are the excitation laser wavelengths and P; and P, are the excitation laser
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powers, respectively. The function ((\) represents the detector sensitivity at

the wavelength of interest.

Preparation of Astaxanthin Radicals

Radicals of astaxanthin were produced for direct comparison to neutral astax-
anthin in the microscope. Astaxanthin radicals form readily in the presence of
FeCls [102]. For this experiment, acetone was used as a solvent as FeCls pre-
cipitates in canola oil. A stock solution of AstaREAL in acetone was produced.
A 1 mg of powdered FeCls was added to a portion of this solution to produce
radicals, which were compared with a reference of equal concentration made

from the stock.

5.3 CARS Microscopy of Haematococcus pluvialis

Preliminary measurements of the cyst-dominated haematococcus pluvialis were
taken using the fingerprint setup operating at 918 nm pump at our standard
operating powers of 100 mW pump and 17 mW Stokes. A wide-field image of
haematococcus pluvialis at these powers is shown in Figure 5.3(a). The sys-
tem allows for clear differentiation between the astaxanthin generated by the
CARS signal (red) and the TPEF generated by chlorophyll (green). The ac-
companying spectrum in Figure 5.3(b) shows clear peaks at 1000 cm™!, 1148
em™!, 1268 cm ™!, and 1520 cm ™!, consistent with values of 1007 cm™!, 1152
em~!, 1275 em™!, and 1520 cm ™! as found in the literature [92]. In particular,
we associate the 1000 cm ™! peak with C-CHjz stretching, the 1148 cm™! peak
with C-C stretch, and the 1520 cm ™! peak with C=C vibrations characteristic
of carotenoids [103]. At these powers, however, an appreciable photobleaching
effect was measured, both in the CARS and the fluorescent responses. This is

shown in Figure 5.3(c), where we see that there is a substantial difference in
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the CARS spectrum simply as a result of the direction travel of the translation
stage—that is, over the course of a scan, the photobleaching of the CARS response
is sufficiently large at this power to distort the relative heights of the peaks. The
signal intensity was found to decrease at an extremely rapid rate, likely too rapid
for our pixel dwell time to be able to appreciably measure, as shown in Figure
5.3(d), then decay at a relatively linear rate at longer times. It was further
observed that the brown-red colour of the astaxanthin was significantly dimin-
ished in the transmitted light image as shown in the before-and-after images in
the transmitted light in Figures 5.3(e) and (f), respectively.

When the power was reduced to <20 mW pump and <20 mW Stokes, no
photobleaching was observed over the timescales of our measurements, except
at high magnifications (> 5x), where even lower (<10 mW) pump powers were
required to minimize photobleaching. Surprisingly, the substantial decrease in
pump power did not require a corresponding increase in PMT voltage. This
is consistent with previous observations in Raman microscopy of S-carotene,
where a strong saturation effect depending on laser power was observed [104].
In Figure 5.4, we show a series of images of haematococcus pluvialis cysts us-
ing CARS (red) and TPEF (green). The high-resolution (512x512 pixel with
0.5 pm transverse resolution at 5x zoom) images enable us to see the distri-
bution of astaxanthin within the cell for various cellular morphologies. It can
be seen that the TPEF and CARS signals are strongly anti-correlated, repre-
senting distinct spatial regions within the cell. The CARS signal, which maps
the astaxanthin content, is confined to small, well defined regions—presumably
lipid drops—near the interior of the cell. These are surrounded by chloroplasts
which are simultaneously visualized by TPEF. This spatial localization is con-
sistent with the model that the astaxanthin forms a protective layer around the

nucleus [105]. A few cells exhibited significant reduction of chlorophyll signals,
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and, for these, the entire cell was dominated by large astaxanthin deposits,
consistent with the hypothesis that astaxanthin biosynthesis ultimately comes
at the expense of chlorophyll[85]. Several of the cells contain large, circular,
transparent voids within them. These voids do not have any CARS or fluores-
cent signals, and are transparant under visible light imaging. In Figure 5.5, we
show a three-dimensional reconstruction of a cell made from images taken in
1-pm z-steps, showing the spatial distribution of cellular contents throughout
the whole volume. Again, a near-complete segregation of the chlorophyll and
AXN is observed, with a dense deposit of AXN dominating the interior of the
cell, enclosed by a thin exterior layer of chlorophyll.

In Figure 5.6 we see the spectrum of an astaxanthin droplet of an astaxan-
thin droplet of a particular algal cell taken at 915 nm pump and 15 mW power
(red). Overlaid with this is the spontaneous Raman spectrum of the calibrated
AstaREAL standard, normalized to the peak intensity of the 1520 cm~! peak
(grey). The spontaneous Raman spectrum was collected from the Raman mi-
croscope, and then convolved with a 30 cm ™! Gaussian to simulate the spectral
resolution of our system (black). As can be observed from the figure, there is
good agreement of the positions of the peaks, and relatively good agreement
about the intensities of the major peaks in the 30 cm™! resolution Raman spec-
trum. The differences between the spectra are likely due to variations in the
Stokes power. Notably, the peak positions of the Raman and CARS spectra
agree without the need for any of the retrieval algorithms discussed in Chapter
2.2-the spectrum is essentially pure CARS, with no measurable contamination
from the nonresonant background.

We perform a concentration series measurement using the Cy-C7 series, as
shown in Figure 5.7(a). In this series, we see that the concentration of astaxan-

thin follows a strict quadratic relation down to the lowest measured concentra-
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tion of 2 mM. By comparison, the concentration of DMSO relative to d-DMSO
shows that, at 3M, we see the transition to the linear concentration regime. The
two curves intersect at 0.2M DMSO to 0.002M astaxanthin, indicating that as-
taxanthin has a 10* times larger response per molecule compared to DMSO.
This does not, however, take into account the fact that measurements of low
concentrations of DMSO require 100 mW of pump power to be observed, com-
pared to ~ 10 mW for astaxanthin. Thus, the astaxanthin signal is in fact six
orders of magnitude greater in intensity than that of DMSO. In Figure 5.7(b),
we extend this series down to 100 M. In this region, we do see the emergence of
the NRB into the CARS spectrum, as the concentration dependence linearizes
around 1 mM. The dominant NRB contribution in this case is due to FWM
from the canola oil solvent.

Using this concentration calibration, we are able to transform the CARS
image of the algal cell in Figure 5.8(a) into an in vivo absolute concentration
map, as shown in Figure 5.8. We observed intracellular AXN concentrations
up to 120+10 mM, and noted that AXN content is minimal in the regions of
the chloroplast. From our AstaREAL dilutions, we estimate that AXN con-
centrations saturate in lipid droplets at 180+20 mM, suggesting that the most
abundant cellular regions are nearly saturated. We suggest that this saturation
is due to the fact that pure, undiluted AstaREAL contains dense deposits of
astaxanthin that appear to have this range as their upper bound for concentra-
tion.

There are several significant sources of error in this measurement which must
be considered. First, we are limited by the focal volume of the microscope;
hence, any droplets that are smaller than the focal volume will under-represent
their concentration. Second, we are limited by the dynamic range of the instru-

ment: The noise floor of the detector makes simultaneous collection of signals
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from high and low concentration objects difficult. The detector A/D card has
12 bits (4096 units) of detection range, so if at 100 mM the detector were fully
saturated, then a signal at 10 mM would be only 40 units high, essentially within
the detector noise. Thus, droplets of very low concentration cannot be observed
without nearby high concentration droplets saturating the detector.

The observed CARS signal intensity at low powers and lack of nonresonant
background contamination suggests that the response due to astaxanthin is con-
siderably greater than CARS signals from conventional sources, including lipids.
To quantify this hypothesis, a series of experiments were undertaken comparing
AstaREAL to a diamond standard. Diamond is known for its very large Ra-
man cross section at 1334 cm~! [106], conveniently located in the fingerprint
region between the two major peaks of astaxanthin. Diamond, being a bulk
solid, allows for easy reproduction of measurements. In Figures 5.9, we show
the CARS spectrum of diamond overlaid with that of AstaREAL at various
concentrations. In each spectrum, the intensity of the diamond has been cor-
rected to account for the variation in the Stokes intensity discussed in Chapter
3.4. We see that the relative intensity of AstaREAL to diamond is about 3:1
at 45 mM concentration on the 1520 cm~! peak and the signals from diamond
exceed astaxanthin below 20 mM. It must be noted that the AstaREAL dilu-
tions do not represent the highest concentrations observed either in vivo or in
the AstaREAL compound itself; in more concentrated specimens, astaxanthin
signals can exceed 400 times the intensity of bulk diamond. As noted previously,
the intensity of dilute astaxanthin exceeds that of DMSO by several orders of

magnitude.
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5.4 Discussion

CARS offers several distinct advantages for the in vivo analysis of H. pluvialis.
Much like spontaneous Raman, CARS is able to chemically identify astaxan-
thin within living cells. However, whereas fluorescence is typically an unde-
sirable background in Raman microscopy, here we use TPEF as an additional
contrast mechanism, allowing simultaneous determination of both chlorophyll
and astaxanthin distributions. The large CARS signals allow for high resolution
spectrally-resolved images to be generated, in only a few minutes, on live cells
in aqueous solution with minimal sample preparation. Raman microscopy, on
the other hand, can be performed on live cells with excellent spectral contrast,
but its low signals and long integration times lead to poorer image quality, and
it cannot typically be used for real-time monitoring of cells.

The substantial signals afforded by CARS allow us to observe the alga in
various morphologies, and we can identify the relative maturation of the cysts
by the available astaxanthin concentration. As can be seen in Figure 5.4, there
are several stages of production in the encystment process. Cells with low astax-
anthin density tend to have only tiny droplets scattered throughout the exterior
of the cell. Production of astaxanthin requires the movement of S-carotene
from the chloroplast to the lipid droplets [79], so it is reasonable to expect that
the cells in the early stages of production would primarily have droplets near
the edges of the cell. More mature cysts with higher astaxanthin concentra-
tions have large drops increasingly localized in the interior of the cell, and the
chlorophyll content is generally diminished due to photobleaching. Although
our measurement is not directly sensitive to the nuclear material, we can likely
infer the position of the nucleus in several cells due to the mapping of the astax-
anthin. For example, the cell in the bottom left of Figure 5.4 shows a clear void

in the middle of the cell with the astaxanthin surrounding it, suggestive of the
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nucleus. This may not be visible in all of the cells, since the presented images
are only at a single slice of the algal volume, which may not include the nucleus,
but would be more apparent in a three-dimensional reconstruction such as in
Figure 5.5.

Astaxanthin displays a fingerprint CARS spectrum that is characteristic of
carotenoids, with two large peaks at 1150 cm ™' and 1520 cm™!, and several
smaller peaks, notably at 1000 cm~™! and 1268 cm™!. As discussed above, the
CARS spectrum does not experience any notable spectral distortions due to
the NRB for concentrations above 1 uM, as indicated by the linearization of
the concentration series in Figure 5.7(b). In the direct comparison between
the CARS spectrum and the spontaneous Raman in Figure 5.6 we affirm this
fact, showing that the positions of the resonances match extremely well with
the spontaneous Raman. The fact that the signal is so strong and essentially
background-free means that we can construct a concentration map of a cell, as
shown in Figure 5.8. This provides a sophisticated analytical tool to quantita-
tively trace the production of carotenoids in vivo. Due to the presence of the
nonresonant background in CARS and the inevitable transition from quadratic
to linear response, quantitative CARS measurements have been fraught with dif-
ficulty and generally avoided in the literature [107], and those groups that have
attempted quantitative measurements have required complex post-processing in
order to address these problems [108, 109]. By comparison, we present an in vivo
concentration map that requires no post-processing beyond fitting the measured
concentration intensities to a calibration curve. We do note, however, that some
care needs to be taken to use low enough powers to avoid the photobleaching
of astaxanthin, as, at the power levels appropriate for analysis of lipids, there
is rapid and substantial photobleaching in the CARS spectrum, and significant

potential for complete cellular rupturing at higher magnifications.
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Fortunately, the CARS signal from astaxanthin is extremely large. We esti-
mate that astaxanthin produces a per molecule CARS signal that is ~ 10° times
that of DMSO, as shown in Figure 5.7(a), and is comparable to bulk diamond at
30 mM astaxanthin. The CARS signal in carotenoids exceeds that of pure lipids
by several orders of magnitude which, in itself, is quite remarkable considering
CARS’ reputation as a tool primarily for monitoring lipids.

The most natural origin for such large signals would be due to the presence of
electronic resonance enhancement resulting from the interaction of the pump or
probe photons coinciding with an electronically excited state in the molecules.
The intensity of CARS process can be described by third order perturbation

theory [12] in terms of the triple product

Icars o ‘N Z ok Fond i Fonk
(Wink — Wp — PYmk) (Wi — Wp + Ws — 7Yk) (Wnk — Was — ©Ynk)

(5.3)

k,m,l,n

where N is the number of molecules, p, is the transition dipole moment between
states x and y, wg, is the energy difference between x and y, v, is the linewidth
associated with the transition between x and y, summed over all vibronic states
of the molecule. In typical CARS experiments, w, — ws = wy, = , for some
Raman transition of frequency €2, and the frequency denominator of the form
Wik — Wp + ws — 77y, would be the dominant contribution of the sum; however,
further enhancement can be achieved if either of the conditions w, = wy,) or
Was = wpk are met. Typical enhancements resulting from resonant CARS can
be of the order of 10? over non-electronically-resonant CARS [110].

Exploiting such enhancement underlies the principle of resonance Raman
spectroscopy and has been studied extensively in gas-phase CARS spectroscopy
experiments [110, 111, 112]. Enhancements of this nature are typically rarer in

CARS microscopy, since absorption of relatively low-energy NIR, photons partic-
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ipating in CARS is somewhat uncommon and, indeed, there is only one example
of this in the CARS microscopy literature, which used a specialized laser dye
and did not succeed to produce any images [113]. According to the literature, it
is noted that astaxanthin has a strong one-photon allowed transition at 488 nm,
and a two-photon allowed but one photon-forbidden transition at 751 nm (Sg
— S1) [99], neither of which can obviously participate in a CARS process with
a 915 nm pump, as summarized in Figure 5.10. Since astaxanthin is a large,
flexible molecule in solution, it is possible that the strict parity selection rules
for the two-photon transition are partially relaxed, potentially allowing some
enhancement due to the Sy — S; transition. Were this the case, however, we
should see an absorption band in the UV-Vis absorption spectrum correspond-
ing to this transition. However, as seen in Figure 5.2, the band peaks at the
expected position of 480 nm, ruling out the possibility of absorption shifts due
to aggregation [114], and no peak at 751 nm is observed, suggesting that there
can only be minimal contribution from the S; state in this instance.

In Figure 5.11, we show the dependence of the CARS response on wavelength
in the regime from 890-925 nm. These measurements are calibrated relative to
that of diamond. As can be seen, the response varies minimally with wavelength;
there is no more than a factor of two increase in intensity over this regime. This
may indicate that there is some resonance below 930 nm that is enhancing the
CARS process, but this seems unlikely given the absorption spectrum. We
assert, therefore, that electronic resonance enhancement, at least through the
conventional means described by Equation 5.3, cannot adequately explain the
observed spectra of astaxanthin in haematococcus pluvialis.

As noted, astaxanthin plays a key role in dissipating excess energy from
absorbed light within the cell. The mechanism for energy dissipation is typically

via the production of astaxanthin radicals [115, 116]. We therefore must consider
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the possibility that an appreciable quantity of the astaxanthin under study
could be the radical form of astaxanthin, AXN*, and that there may be some
enhancement mechanism via the energy levels of the radicals. In particular, it
is notable that the astaxanthin radical appears to have an energy level at 890
nm, which more closely aligns with our CARS scheme [117].

We created two solutions containing astaxanthin and AXN* at equal con-
centrations in acetone. In Figure 5.12(a), we show the spectra of astaxanthin
and its radical. As can be seen from the figure, there is a dramatic decrease in
the signal intensity in the AXN* as compared to pure astaxanthin. The signal
intensity is approximately a factor of 25 lower in the radical solution than in the
pure astaxanthin solution. Moreover, we observe a surprising 29 cm ™! spectral
shift of the 1520 cm™! peak to 1549 em™!. In Figure 5.12(b), we see that in
the radicalized solution, there is a near-complete suppression of the 480 nm ab-
sorption peak (and, likewise, a colour-change in the sample from red-brown to
green, presumably from the chlorophyll contaminant). Nonetheless, we are still
able to observe an astaxanthin spectrum in the radical solution. This yields a
critical observation: The enhancement is somehow associated with the 480 nm
electronic resonance, but this does not lead to a complete destruction of the
carotenoid entirely, as the spectral shape is essentially unchanged. This is con-
sistent with our observations of bleaching: At high powers, rapid photobleaching
of the astaxanthin was observed, but the bleaching appeared to saturate at some
nonzero (and still appreciable) signal intensity. This was commensurate with a
disappearance of the red colouring of the algae.

We summarize the key observations as follows: 1) Astaxanthin produces a
CARS response that is several orders of magnitude greater than expected when
compared to lipids and other calibration standards on a per molecule basis; 2)

The large signals provide a significant advantage for the study of carotenoids in
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an essentially background-free manner, allowing for quantitative concentration
measurements down to 100 uM; 3) The energy of the participating photons are
well below the energy lowest electronic resonance; 4) The response is nearly
wavelength independent, at least over the limited excitation regimes probed
here; 5) The response is nonetheless associated with the resonance, such that
the enhancement can be destroyed due to either photobleaching or the chem-
ical change from astaxanthin to AXN*; 6) The CARS response appears to be
completely uncontaminated by the NRB. This final point requires some further
elaboration. As noted in Chapters 2 and 4, when the CARS response is very
large compared to the NRB, spectral reshaping is generally minimized. Given
that we are describing one of the largest CARS signals ever encountered, it
should be unsurprising that we do not experience any NRB. However, as hinted
at in the Chapter 5.3, there is, in fact, a rather large NRB present in the spec-
trum of astaxanthin. As we will see in Chapter 6, not only does astaxanthin
produce a tremendously large native CARS response in the fingerprint, but also
a tremendously large non-vibrationally resonant FWM response. While smaller
than the CARS response, the NRB is by no means dwarfed by the CARS signal
as one might expect in this scenario.

Based on this evidence, we conclude that the signal enhancement in astaxan-
thin cannot be due to an electronic resonance enhancement in the conventional
understanding from Equation 5.3. In Chapter 6, we will outline crucial evidence
resulting from nonresonant four-wave mixing in astaxanthin, which will enable
us to create a model that is able to encapsulate these dischordant measurements,

discussed in Chapter 7.
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Figure 5.3: (a) Wide-field image of haematococcus pluvialis algal cysts at 1520
ecm~! CARS peak (red) with TPEF (green). (b) Typical CARS spectrum of
isolate haematococcus pluvialis cyst at high power. Notable peaks at 1000 cm™
1148 em ™1, 1268 cm~! and 1520 cm~!. (c) Photobleaching response of CARS
signal at 100 mW pump (blue), fitted with an exponential curve (red). (d) CARS
spectrum photobleaching over the course of stage travel. (e) Transmitted light
of haematococcus pluvialis cells before exposure. (f) Transmitted light image of
haematococcus pluvialis cells after 3 min exposure at 100 mW.
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Figure 5.4: Composite image of various haematococcus pluvialis cysts using
forward-collected CARS from astaxanthin at 1520 cm-1 (red) and epi-collected
TPEF from chlorophyll (green). The cells show several distinctive morphologies,
ranging from minimal astaxanthin content within a chlorophyll-dominated cell,
to those with several astaxanthin-containing droplets, to cells where astaxanthin
almost completely dominates the interior of the cell. Several cells also appear
to have large transparent voids within them.
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Figure 5.5: Three-dimensional reconstruction of an algal cyst using CARS at
1520 cm™! (red) and TPEF (green), generated by 1 ym slices.
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Figure 5.6: Black: Raw CARS spectrum extracted astaxanthin in haematococcus
pluvialis. Grey: Spontaneous Raman spectrum of AstaREAL standard collected
with a Raman spectrometer. Red: The same Raman spectrum after being
broadened to the CARS spectral resolution of 30 cm™?.
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Figure 5.7: (a) Plot of AstaREAL concentration and d-DMSO mixed in DMSO
mixture. At high concentrations, both are quadratic, but below ~ 5 M, the
DMSO concentration dependence linearizes. By comparison, astaxanthin main-
tains its quadratic (eg. high signal) character down to the lowest measured
concentration of 1.8 mM. (b) Using the C’ series, the concentration dependence
is extended into the sub-millimolar regime. At higher concentrations, the de-
pendence is nearly quadratic (x!® power), whereas at low concentrations it is
nearly linear (x!-!)
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Figure 5.8: Left: CARS and TPEF image of haematococcus pluvialis alga in
solution. Right: Absolute astaxanthin concentration map generated from this
alga using the calibration in Figure 5.7(b)
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Figure 5.9: AstaReal dilution series compared to the intensity of bulk diamond.
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Figure 5.10: Known energy levels in AXN overlaid with experimental excitation
scheme used for CARS and FWM. The lowest electronic transition, Sy — 57 is
one-photon forbidden. In the left scheme, for CARS signals from the S1 vibra-
tional mode in AXN, pump and probe wavelengths of 915 nm (red arrows) are
1520 em ™! higher in frequency than the Stokes wavelength of 1062 nm (small-
est downwards arrow, brown), and the collected anti-Stokes signal is at 803 nm
(largest downward arrow; yellow). None of these wavelengths are resonant with
any known dipole transition. In the scheme on the right, for strong degenerate
FWM signals in AXN, the pump wavelength is 830 nm (red arrows), and the
signal is detected nominally at 650 nm (large yellow downwards arrow). Note
that in this case the process does not appear to be resonant with any one- or
two-photon allowed transitions. (Figure compiled and composed by Dr. Aaron
Slepkov)
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Figure 5.11: Measured intensity of high concentration astaxanthin in canola
compared to diamond, as a function of the pump wavelength.

76



1520 1549

4000
—_ NV
='E 3000 . — AstaReal
8 — AstaREAL
2 i in FeCI3
.g 2000 (x25)
& 1000 A
=

I, T

0 .

1000 1200 1400 1600 1800
Wavenumber (cm-1)

(@)

4
a8 — AstaREAL
O3- — AstaREAL with
° FeCl3

)

€2

3]

=

G 1

N

Ke]

< D T I I I

350 450 550 650 750
Wavelength (nm)

(b)

Figure 5.12: (a) Measured CARS spectrum of AstaREAL and AstaREAL in
FeCls. FeCls spectrum is multiplied by 25x. The main peak has a spectral
shift of the main peak 29 cm~!. (b) Absorption spectrum of AstaREAL and
AstaREAL in FeCls.
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6 Four-Wave Mixing Microscopy of Haemato-

coccus Pluvialis

6.1 Introduction of Four-Wave Mixing Microscopy

In our previous discussions in Chapters 2 and 4, the NRB has been noted to
generally be a detriment to CARS microscopy experiments due to the creation
of unwanted spectral distortions that complicate the analysis of CARS spectra.
The NRB is the result of a four-wave mixing (FWM) process produced coher-
ently and concurrently with the CARS process and, while on a per-molecule
basis FWM is generally much weaker than resonant CARS, due to the fact
that it is generated ubiquitously throughout the focal volume, the number of
contributing molecules may exceed that of CARS by many orders of magni-
tude, resulting in appreciable signals. The FWM response depends on the non-
vibrationally-resonant Xgl)/V u of the interacting molecules and it is thus possible
to generate contrast using FWM alone, provided that there are large variations
in X%),V »; among the constituents of a sample.? Unlike CARS, the FWM signal
is insensitive to vibrational resonances and rather relies on electronic variations
in Y3 for image contrast. This is analogous to the situation in third-harmonic
generation microscopy, where contrast can be generated by polarizability vari-
ations manifest in nonresonant third harmonic signals. While this means that

the FWM signal will not produce spectra, it is also relatively insensitive to the

specific frequencies of pump and Stokes, meaning that FWM imaging can, in

2There is some confusion in the literature over the naming conventions for FWM, CARS,
and the NRB. For our purposes, CARS will refer to vibrationally resonant four-wave mixing

and will have a susceptibility XS); FWM will refer to vibrationally non-resonant four-wave

mixing exclusively, which will have a susceptibilty donated by ngx)/v M- We will refer to FWM
in this context only when it is used as an imaging modality. Although FWM and the NRB are
the same physical process, we will use the term NRB to describe the undesirable background
FWM that, in this case, derives primarily from the solvent. We will reserve the term Xs\?;%B
for the NRB. For simplicity’s sake, we will use the terms pump, Stokes, and anti-Stokes for

the incoming photons regardless of the process under discussion.
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principle, be achieved with a far simpler apparatus, notably one without spectral
scanning capacity. FWM microscopy is generally applied to inorganic systems
such as metal surfaces, semiconductors, and quantum dots[118, 119, 120, 121].
In these systems, electronic or plasmonic, rather than vibrational, resonance
enhancement is typically used in order to ensure that the signals are sufficiently
large for imaging[119]. In the NIR region, biological systems typically lack such
resonances, and generally in vivo FWM measurements are only done using a
label, such as a gold nanoparticle to provide a conduit for resonance enhance-
ment [122]. In this Chapter, we provide among the first demonstrations of
FWM microscopy applied to a native biological system [123]. The astaxanthin
in haematococcus pluvialis discussed in Chapter 5 provides not only a tremen-
dous CARS response in the fingerprint, but also, as we will demonstrate, a
FWM response allowing for remarkable contrast imaging of in vivo carotenoids.
These measurements will augment our previous discussion of signal enhance-
ment in CARS, and will allow us to move toward a unified model to explain

both phenomena in Chapter 7.

6.2 Theory of Four-Wave Mixing

In Chapter 2.1, we outlined a classical argument using Maxwell’s equations to
describe the general characteristics of the CARS process. In particular, we
demonstrated classically that CARS operates at a frequency of w,s = 2w, —
wg, that the CARS intensity depends on the square of the pump power and
linearly with the Stokes, and that the CARS process depends quadratically on
the concentration of resonant oscillators in the medium. We also noted that the
same argument essentially holds for FWM since the classical argument does not
require any explicit reference to the presence of the vibrational resonance. Thus

generally, the results as derived in Equations 2.9-2.10 hold for FWM as well as
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CARS, which we reproduce below:

iwasL .. AKL, .

Eprwm(L) = 8: X(3)E2Essmc(7)e AkL/2 (6.1a)
I @ O 5212 I L? 6.1b
Fwn (W) o< X + Xnvrel s (6.1b)

where we have used the subscript FWM to emphasize the fact these equations
refer to FWM rather than CARS. In Equation 6.1(b), we have separated the
contribution XES"),VM due to the FWM from that of the NRB, Xg\?}%B' This dis-
tinction is artificial, as the physical process that creates the NRB is the same
as that for FWM. The difference for FWM microscopy is that particular col-
lections of molecules will have a significantly enhanced response compared to
the conventional background—the solvent, for example—that allows for contrast
to be generated. For example, in the specific case of astaxanthin, we will see a
substantial FWM signal enhancement that is significantly above the background
due to the surrounding water, in the case of haematococcus pluvialis, or due to
the canola oil solvent, in the case of AstaREAL. Thus, there is some use in sep-
arating the components that are signal from those that are background. Unlike
CARS, however, the behaviour of FWM differs with respect to the NRB. In par-
ticular, if the XE‘«:}I)/V  does not impinge on an electronic or vibrational resonance,
then there will be no interference term in Equation 6.1(b), and consequently no
distortions. As a result, in cases where the FWM is nonresonant vibrationally
and nonresonant electronically, the signal dependence on the concentration, i.e.,
the number of oscillators, will always be quadratic.

An exception to this is if the FWM impinges on an electronic resonance. As
noted above, this is often the case in FWM microscopy applications, since the
native ng’gv s of most molecules is quite small. Most commonly, the FWM will

be driven by a two-photon resonance at frequency 2w,. In this case, there will
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indeed be an interference between the FWM and the NRB in much the same
manner as with CARS. If we expand the total x(®) in a perturbative expansion,

separating the one-and-two photon resonant contributions, then it is of the form

[119]:

. A, A
3, . _ E ' t
X (tass wp, —ws, wp) XNRB+Z< —ws)—il“r>+ t (wt—pr—iFt

(6.2)
where r and ¢ are Raman-active (i.e. CARS) resonances and two-photon reso-
nances, respectively, at frequencies w, and w; with linewidths I', and I';. The
three terms thus represent completely nonresonant contributions, CARS, and
two-photon-enhanced FWM, respectively. Note that the two-photon-enhanced
FWM, due to its resonant character, is complex. When it is enhanced in this
manner, it creates an interference with the NRB. However, if both two-photon-
enhanced FWM and CARS are present, then the two add constructively. In
particular, rather than Equation 2.12 to describe the interference, we use the

following:

3 3 3
IX° (—wWas; wp, —ws, wp)|[* = |XCARS|2+|X;'W)/VM |2+|X§v}%3 *+2R (XCARSXE'?’I)/VM

+23 (XgARsxgl)/VM) + 2X§33€B§R(X(C§I)4RS + X;?I)/VM) (6.3)
Equation 6.3 includes the contributions from the real and imaginary parts of the
CARS and FWM processes, as well as the NRB. The first three terms describe
the quadratic components of the NRB, CARS, and two-photon-enhanced FWM.
Generally, the NRB term will be negligible. The fourth and sixth terms are
the usual dispersive terms that generate the CARS lineshape. The fifth term

deserves some additional comment. This term involves an interaction between
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the resonant contributions of the CARS and FWM processes. Far from a two-
photon resonance, this term is negligible; however, near resonance, this term
adds constructively with the resonant CARS term and provides a moderate
enhancement to the signal intensity. If, on the other hand, we are far from a
CARS resonance, then only the second, third, and final terms of Equation 6.3
will be appreciable, and we may see some dispersion between the FWM and the

NRB.

6.3 Method and Materials
Introduction

FWM is a nonlinear process that depends primarily on the intrinsic nonlinear
susceptibility of the material, x(3). As such, it is essentially independent of the
pump and Stokes powers used, save for when the interaction of these impinges
on an electronic resonance in the system. As alluded to above, this simplifies the
experimental procedure considerably, as we are not required to find a time-zero
for a particular Raman resonance; indeed, we do not need to scan the Stokes or
use a chirp-matched technique at all. In fact, there are significant advantages
to not using the chirp-matched technique, as the chirp-matched FWM response
will be proportional to the variations in the Stokes spectrum, whereas in the
unchirped case, the FWM loses this dependence-generally, the FWM intensity
increases the less chirp is present. Unlike CARS, where there is a spurious debate
between whether fs or ps pulses are superior, in FWM the overriding concern is
optimizing the peak power as considerations about the spectral resolution are
entirely unnecessary, and thus transform-limited fs pulses are the best choice.
For the most part, we undertook FWM microscopy using the standard chirp-
matched apparatus nonetheless, as it provides a more accurate comparison of

the relative intensities of the FWM to that of CARS per unit bandwidth. In
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particular, we worked primarily in the C-H region near 800 nm, with periodic de-
tours into the fingerprint. Imaging was typically done by selecting the frequency
that optimized the FWM signal, which, in turn, corresponds to the maximum
of the Stokes spectrum. The signal-to-noise could then be vastly improved by
integrating the FWM response per unit bandwidth into a single image frame,

which provides the complete FWM signal.

Video Collection

Flagellated algae from the nitrogen-enriched sample described in Chapter 5.2
were selected as a focus of study. Due to the rapid motions of these algae under
observation, spectral scanning in this case is not possible; thus CARS provides
no advantage over FWM in this case. The stage position was fixed at the peak
of the Stokes intensity as measured by the OSA. Under such circumstances,
rather than collecting a spectrum, time scanning instead provides the ability to
track the cellular motion at the rate of image acquisition, namely 2.8 frames
per second on a 256 x256 field. Regrettably, the frame rate is ultimately limited
by the scanning speed of the galvo scanning mirrors in the microscope, as well
as hard-coded limitations in the commercial software. In principle, however,
this problem is not intractable and can be overcome by a software solution or
improved hardware. There is also a compromise between frame rate and pixel
dwell time; increasing the frame rate to video rates (24 fps) would reduce the
pixel dwell time, and thus the signal intensity, by a factor of order 10. In this
instance, such a sacrifice might have been merited, were it possible, due to the
large signal strength in astaxanthin. The signal-to-noise ratio is of order 50:1, so
improving the frame rate to video rates would still allow for a 4:1 signal-to-noise
ratio.

There is some difficulty in collecting videos of the motile algae in the well

slide, as the microscope does not automatically track the position of the algae,
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and, in particular, their position in the focus. Thus motions in the axial di-
rection that significantly exceed the focal distance, 1-2 um, cannot be tracked
particularly precisely, and large motions in this direction will cause the speci-
men to disappear entirely. Purely transverse motions could be tracked across
the entire frame, and this could be extended further by careful adjustment of

the transverse stage position as appropriate to recentre the algae.

Wavelength Dependence

The intensity of the FWM response was collected as a function of wavelength
between 800-870 nm. DMSO was chosen as a calibration standard, as it produces
a strong CARS response at 2900 cm~!. The solution Cj, as described in Chapter
77, with a concentration of 2.8 mM carotenoid, produces a comparable intensity
per unit Stokes bandwidth to DMSO so that measurements could be taken of the
two samples within the same dynamic range at the same PMT settings. Thus,
we could use the ratio of the FWM to the DMSO signal at the same stage
position, corresponding to 2900 cm ™!, as a metric to calibrate how the FWM
intensity changes with pump wavelength (assuming the CARS from DMSO does
not, which is reasonable as the UV-Vis absorption spectrum of DMSO peaks at
275 nm).

6.4 FWM Microscopy of Haematococcus pluvialis

FWM microscopy of haematococcus pluvialis was undertaken using the stan-
dard setup described in Chapter 3.2 with the laser tuned to the 815 nm with
typical ‘pump’ powers of 5-10 mW and typical ‘Stokes’ powers of 15 mW. A
flagellated alga is shown in Figure 6.1(a)-(d), whose motion can be tracked at
2.8 frames per second in a 256x256 field. The chlorophyll content is traced by

TPEF in green, while astaxanthin is in this case associated with FWM in red.
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In the series of frames of Figure 6.1, we can observe that the algae is undergo-
ing a rapid spinning motion, and can be followed for extended periods of time.
Likewise, we can follow the transverse motion of the algae over a larger field of
view as shown in Figure 6.2(a)-(h). The ability to monitor the motions of living
cells is a significant advantage, notably one that would not be possible with,
for example, spontaneous Raman microscopy, as the integration time needed to
collect the signal would greatly exceed the timescale of the motions. Somewhat
surprisingly, these algae appear to contain small pockets of carotenoid at their
centres, despite the fact that astaxanthin production in significant quantities is
generally associated with encystment [78]. Nonetheless, astaxanthin accumula-
tion in flagellates has observed previously under high light conditions, and it
has been argued that initial astaxanthin production is a herald of encystment
[124].

In Figure 6.3(a), we observe an algal cyst using FWM and TPEF. The FWM
response is comparable to that seen with CARS, with a high signal-to-noise and
clear differentiation between astaxanthin and chlorophyll. In Figure 6.3(b) we
show the FWM response as a function of the frequency difference between the
pump and Stokes fields. While the FWM spectrum does display some structure,
as noted above, the structure is not associated with resonances in astaxanthin,
but rather is proportional to the measured spectrum of the Stokes supercon-
tinuum through the optical spectrum analyser. Affirming this, it can be seen
that the ‘spectral’ features in the FWM signal are considerably broader than
the vibrationally resonant features in the fingerprint region spectrum, as can
be seen by the overlaid Raman spectrum in red, and no Raman features are
expected in the 2500-3000 cm ™! region. As discussed above, the intensity of
the FWM as a function of frequency is essentially an artefact of the scanning

scheme in our system, and a more accurate representation of the FWM response
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Figure 6.1: (a)-(d) Position of a spinning algae as a function of time. FWM is
highlighted in red, TPEF in green. Frames are spaced 0.44 s apart.

would involve the integration of the frequency spectrum. We can see this in Fig-
ures 6.3(c) and (d). In Figure 6.3(c), we see a single-slice image at a particular
frequency, equivalent to the type of image at a CARS peak; in Figure 6.3(d),
we show the same image, this time integrated over all Stokes frequencies, and
observe an improvement in signal-to-noise. We do not see the C-H vibrational

resonance characteristic of lipid drops at 2850 cm™!.

This is uncharacteristic,
as typically a resonance CARS response should significantly dominate over a
nonresonant FWM response. As we have alluded to in the previous Chapter,

the CARS response from carotenoids easily overwhelms that of lipids by sev-

eral orders of magnitude; what is more remarkable is that the FWM (ie. the

86



nonresonant background) produced by astaxanthin also overwhelms that of vi-

brationally resonant lipids.

Figure 6.2: (a)-(h) Position of the highlighted algae as a function of time. Frame
numbers are indicated in yellow, spaced 0.44s apart. FWM is highlighted in red,
TPEF in green. In frame (h), the algae has moved out of the microscope focus
in the z direction and cannot be observed.

In Figure 6.4, we show a composite image of several algae in various stages

of development. Comparing to Figure 5.1, we see that we are able to track the
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various stages of the algal life cycle from the flagellated stage through encyst-
ment to cell division, and, moreover, we can observe the relative amounts of
astaxanthin in the algae at any given point in the cycle.

In Figure 6.5, we observe the per-unit-frequency FWM intensity of 2 mM

astaxanthin measured at 2850 cm ™!

, compared to the resonant response of
DMSO at various pump wavelengths. The FWM response shows only a weak
wavelength dependence, of order a factor 2, across the regime from 800-870
nm, which is the extent of the C-H detection system. More significantly, the
concentration of neat DMSO is of order 14 M, whereas the concentration of
astaxanthin in this measurement is 2 mM, so the signal intensity of the FWM
is of order 107 times greater than that of the resonant DMSO on a per-molecule
basis. Comparing this to Figure 5.7, we can see that the FWM intensity is rather
comparable to that which we observe from CARS in the fingerprint regime.

It is instructive to compare the relative strengths of CARS and FWM in
astaxanthin. In Figure 6.6(a), we see the response of both CARS and FWM
measured simultaneously with a 860 nm pump. This spectrum extends from
1300cm ™! to 2500cm~! in this instance, so only the 1520 cm™! peak in as-
taxanthin is visible. Figure 6.6(a) shows that, at this wavelength, the CARS
response is about seven times larger than the FWM. Despite this, we see mini-
mal reshaping in the CARS peak at 1520 cm~!. The FWM can also be observed
in the fingerprint region. In Figure 6.6(b), we show a spectrum of the fingerprint
region that has been intentionally saturated at the 1520 cm~! peak to better
show the NRB contribution. There is a notable feature at 2100 cm~! that does
not correspond to any Raman resonance in astaxanthin, but rather is a definite
feature of the FWM. Examining the spectrum of pure canola oil under the same
conditions, as in Figure 6.6(c), we can see that there is a feature in the FWM at

2100 cm ! here as well. Since canola oil does not have any spectral features in
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the fingerprint region, we can use its spectrum as model for the Stokes spectrum,
and thus, based on the relative intensity of the 2100 cm™! peak, estimate the
FWM intensity per unit frequency. Using this model, we construct, in Figure
6.6(d), the expected FWM intensity. As in the case of the 860 nm pump, the
expected FWM response due to the astaxanthin comparable, though smaller,
to that of the resonant CARS. The peak of the Stokes spectrum, and therefore
the FWM intensity is relatively large close to the 1520 cm~! CARS peak, but

minimal reshaping is observed.

6.5 Discussion

In this Chapter, FWM is presented as a parallel implementation of CARS for
the study of carotenoid molecules. In particular, we demonstrated that FWM
has the capacity to create high-contrast imaging of living biological systems,
notably the algae haematococcus pluvialis, and determine their composition.
FWM boasts several significant advantages over CARS for this type of imaging.
FWM can use transform-limited fs pulses to achieve much higher peak powers
than a typical chirp-matched CARS configuration, which, in turn, yields higher
signals. This is somewhat offset by the fact that the higher peak powers may
lead to increased rates of photobleaching, and lower average powers may be
required [42]. Because FWM does not require spectral scanning, the signal-
to-noise of FWM can be significantly enhanced compared to CARS, as we can
use the entire Stokes bandwidth for imaging, as shown in comparison between
Figures 6.3(c) and (d). For videography, such as those shown in Figures 6.1 and
6.2, this is particularly relevant, as it is not possible to simultaneously scan the
spectrum and track the position as a function of time in this implementation.
In Figure 6.4, we demonstrate how FWM can be used to monitor caroteno-

genesis in haematococcus pluvialis. Our TPEF/FWM system allows us to mon-
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itor the carotenoid concentrations within the cells to the submillimolar level,
allowing for a high degree of contrast between the various stages. Our re-
sults generally support models emphasizing carotenogenesis as a precursor—or
even a trigger of-algal encystment [124]: we observe significant carotenoid de-
posits present in the several flagellated cells and increasing carotenoid density
as throughout the encystment process. While the monitoring of a single cell
throughout its entire life cycle is currently beyond our capabilities due to our
inability to track the motions of the flagellated cells for extended periods of
time, we provide a proof-of-concept of a methodology that would allow a com-
plete understanding of the carotenogenesis process in live cells, buttressed by
calibrated assays of intracellular carotenoid.

As we have alluded to earlier, the primary reason for the distinct advantage
of FWM in haematococcus pluvialis studies is due to the remarkable signal en-
hancement of the FWM. The enhancement far exceeds what would be typically
expected from NRB signals in fingerprint CARS microscopy and it is this en-
hancement that engenders our demonstration of live-cell FWM imaging. Like
the CARS response, we see that there is a minimal change in the FWM sig-
nal as a function of wavelength-no more than a factor of two—across the range
from 815-870 nm, as shown in Figure 6.5. This is somewhat anticipated, as the
S0—S2 resonance (480 nm) is two-photon forbidden; the S0—S1 resonance is
two-photon allowed, but is quite distant from any of the participating photons
in this case. It is nonetheless possible that this resonance produces a contribu-
tion to this interaction, but is sufficiently far away that wavelength-dependent
intensity changes are not significant over the scale that we are observing. In
practical terms, however, we are unable to obviously assign the enhancement to
any simple one- or two-photon electronic resonance.

Given that the CARS signal is only seven times as large as the FWM, it is
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somewhat remarkable that minimal spectral reshaping is observed in the CARS
spectrum. The appearance of the CARS spectrum, accounting for our spec-
tral resolution and the variations in the Stokes power across the bandwidth,
is remarkably consistent with the spontaneous Raman spectrum, as shown in
Figure 5.6. These observations are somewhat dischordant with our understand-
ing of the interactions between CARS and the NRB producing the signal, as
discussed in detail in Chapter 2.1, namely that the interference between CARS
and the NRB should produce a spectral distortion. Even when the data strongly
suggests that the FWM in the fingerprint ought to be sufficiently large to pro-
duce spectral distortions, the CARS spectra appears minimally perturbed. This
behaviour might lead us to conclude that resonance enhancement of the FWM
is a strong possibility, as this would favour the enhancement term in Equation
6.3 over the dispersive term. Unfortunately, entirely aside from the fact that the
participating photons in the FWM do not impinge on any electronic resonances,
it is somewhat unsatisfactory to assert that the CARS response in astaxanthin
is somehow also enhanced through some other means and the enhancement of
the CARS is coincidentally within an order of magnitude of the electronic res-
onance enhancement of the FWM at the wavelengths we are using. Rather, it
seems far more plausible that the same mechanism that supplies an enhance-
ment to the CARS process applies an enhancement of similar magnitude to the
FWM process. Such a unified treatment, as we will present in Chapter 7, must
invariably be a mechanism that is independent of the specific pump and Stokes
frequencies applied, both to be consistent with our wavelength measurements,

and to account for the differing resonance conditions of the two processes.
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Figure 6.3: ((a) FWM image of a particular haematococcus pluvialis cell. (b)
The frequency difference wy — we of the FWM of the highlighted region of (a),
shown in blue. The frequencies generated by the Stokes supercontinuum are
shown in green. For comparison, the spontaneous Raman spectrum collected at
785 nm of AstaREAL is plotted in red. (¢) A FWM image of a haematococcus
pluvialis cysts collected using a single FWM frame. (d) A FWM image of the
same haematococcus pluvialis cysts, integrated over all Stokes frequencies.
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Life Cycle of H. Pluvialis Using Four-Wave Mixing
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Figure 6.4: Composite images of the algal life-cycle with TPEF (green) and
CARS (red). We can see the stages from cellular division to the flagellated
algae, and the production of carotenoid as the encystment process proceeds.
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Wavelength Dependence of FWM in 2
mM AXN vs DMSO
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Figure 6.5: The intensity of the FWM response due to astaxanthin as compared
to the intensity of the resonance of DMSO at 2850 cm™*.
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Figure 6.6: (a) The intensity of CARS and FWM at 860 nm in astaxanthin. The
intensity has been scaled relative to the Stokes power measured by the OSA. (b)
The CARS/FWM spectrum of astaxanthin at 915 nm. The 1520 cm ™! peak has
been intentionally saturated on the detector in order to underscore the FWM
intensity. (c) The NRB spectrum of pure canola oil under the same conditions
as the spectrum of (b). (d) The unsaturated CARS spectrum of astaxanthin
in canola at 915 nm is shown in blue. Overlaid in red is the simulated FWM
spectrum based on the NRB due to the canola.
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7 The Effective Conjugation Coordinate Model

in CARS Microscopy

7.1 Introduction

In Chapters 5 and 6, we applied the techniques of CARS and FWM microscopy
to the study of the molecule astaxanthin derived from the unicellular algae
haematococcus pluvialis. These studies engendered several observations that
were somewhat dischordant with conventional expectations regarding CARS
and FWM, and these observations demand a more complete and thorough ex-
planation. We summarize the key observations as follows: 1) Astaxanthin pro-
duces a CARS response that is anomalously large compared to typical CARS
samples and calibration standards: of the order of 10° times that of pure lipids
on a per molecule basis. 2) Astaxanthin produces a FWM response that is also
anomalously large compared to typical NRB signals, dwarfing the response due
to the solvent by many orders of magnitude, and even the response due to res-
onant CARS (e.g., lipids) by a similar factor of order 10°. 3) Despite these two
observations, we find that for the generated CARS spectrum in the fingerprint
region, astaxanthin appears to be nearly background-free, and agrees extremely
well with the spontaneous Raman spectrum of these molecules. 4) The exci-
tation energies of the incident photons, and any relevant combination of these
photons, are not capable of exciting the molecule to any known electronic reso-
nance. Moreover, even if an electronic resonance enhancement were possible in
this case, it is unclear why it would enhance both CARS and the FWM by a sim-
ilar magnitude, when the energy levels associated with these processes are quite
different. 5) Neither CARS nor FWM show a particularly strong wavelength
dependence on the incident pump frequency. 6) The signal can be diminished

either by photobleaching or by introduction of the compound FeCls into the so-
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lution. This is accompanied by a disappearance of the characteristic red colour
of the astaxanthin.

We note that polyconjugated compounds, including carotenoids such as as-
taxanthin, display a number of unusual properties in their spontaneous Raman
spectra as well. In particular, it has been observed that molecules of this nature
display a characteristic Raman spectrum consisting only of a few, intense, well-
defined bands, and that this holds for both small, simple molecules, as well as
large molecules with hundreds of accessible normal modes [93]. Moreover, the
positions of these bands are a function of the chain length, with a clear disper-
sion in the peak positions of the C=C and C-C stretch modes as a function of the
chain length [125]. The characteristic Raman bands were observed to be very
intense, and, interestingly, it was observed that these bands retained significant
intensity even well outside the “pre-resonant” regime; excellent spectra could be
recorded with Fourier-transform Raman spectroscopy using a 1064 nm pump,
well below any electronic resonances [126]. Unfortunately, due to the difficulties
involved in collection of spontaneous Raman spectra discussed in Chapter 5.2
and the references therein, a calibrated intensity dependence as a function of
excitation wavelength has not been reported, to our knowledge. Nonetheless,
the similiarities between this observation in spontaneous Raman and the rel-
ative wavelength independence of the CARS/FWM intensities of Figures 5.11
and 6.5 is extremely suggestive.

Several models have been developed to attempt to explain these phenomena.
One of the most successful has been the Effective Conjugation Coordinate Model
(ECCM). The ECCM was a model developed for the study of conjugated linear
polyenes and carotenoids in order to explain these unusual properties of their
spontaneous Raman spectra as well as to predict their nonlinear optical proper-

ties [93, 127, 128]. The ECCM hypothesizes that, in polyconjugated molecules,
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the optical properties are primarily governed by a single dipole-allowed transi-
tion defined along a particular coordinate, called the fI coordinate, and all of
the other possible normal modes are suppressed. This mode is associated with
the driven collective motion of all of the electrons in the conjugated chain, which
generates a significant enhancement in the polarizability through this coupled
motion [129, 130, 131]. A consequence of this assumption is that the appear-
ance of the Raman spectrum of the molecule is based entirely upon those modes
that have an appreciable contribution along the fI coordinate. This is exactly
equivalent to the situation in resonance Raman spectroscopy, where bands along
a particular normal coordinate are selectively enhanced; the mathematical de-
scription of this collective motion is very similar to resonance Raman. Unlike
resonance Raman, however, this collective motion can be excited at energies far
below any electronic resonance in the molecule and, in fact, the ECCM oper-
ates in a static limit; no explicit dependence on the excitation laser frequency
is necessary. Some authors have termed this effect to be a “pre-resonant” effect
[132, 133, 134], but this seems somewhat of a misnomer as pre-resonance is nor-
mally used to describe an enhancement through a nearby electronic transition.
Arguing that this is the case in the static limit seems somewhat misleading,
and it perhaps makes more sense to discuss this in terms of an “intrinsic” reso-
nance effect [135]. The ECCM has been very successful at predicting the Raman
spectroscopic properties of linear polyenes, as well as carotenoids, including as-
taxanthin [136]. In addition, it can be used to calculate the nonlinear optical
properties of these compounds [93]. In this Chapter, we will derive the es-
sential equations of the ECCM as it applies to Raman and nonlinear optical

processes, and use this with our experimental results to estimate the value of
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the third-order molecular polarizability, 7, of astaxanthin.?

7.2 Calculating Raman Spectra from the ECCM

We begin with the general theory of calculating Raman spectra as proposed
by Albrecht [137]. In this case, the intensity of scattered light by a Raman
transition from state m to state n, I,,, will be emitted at frequency wg — wymn,
where wy is the laser frequency and wy,, = W, —wy, is the vibrational transition

frequency. The intensities will be related by the relation:

Ln IO(WO - o~"mn)4 Z |(aab)mn|2 (71)
ab

where we sum over the coordinate space a and b, and (agp)mn is the polarizabil-
ity tensor of the molecule. In the most general case, for an arbitrary transition
between the states m and n, the polarizability tensor, averaged over all rota-

tional states, can be written as [137]

1 (m| fia |7) Gl fiw[n) | (mf fiy |5) (] fra |n>}
ab)mn — T - 7.2
() h ; [ Win — wo — L'} + Win +wo + il (7.2)

where [ is the dipole moment operator, wg is the frequency of the Raman
transition, I' is the Raman linewidth, and we sum over states j in a transition
from n to m. We apply a series of simplifying approximations to this general
form. First, we adopt the Born-Oppenheimer approximation to separate the
electronic and vibrational contributions. In this case, we are interested in a two-
state model between the ground state to the first vibrationally excited state.

Next, we expand the dipole operator i in a Taylor series expansion in the

3The quantity v can be related to the third order polarizability by X(3) = %NmL‘lﬁ/, where

Ny, is the number density of molecules, L is the local field correction given by L = (n%+42)/3
for linear refractive index n. In this Chapter we employ ~ rather than x(3) since we are
interested in per molecule rather than bulk properties.
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vibrational coordinate Q.

o
i = 1(0)+ (55 )] 7.3
fi = p(0) + 20/ 1% (7.3)
Finally, we apply the effective conjugation coordinate approximation [127], re-
stricting the coordinate space to only one single active normal mode. Under
such approximations, Equation 7.2 may be recast in the form [138]
8E> 1

(o = a8 )i (5 (74)

ow—wg — il
Here, E is the potential energy surface of the excited state e. It has been
well-established that the dominant vibrational motions in carotenoids are the
stretching of the C=C and C-C bonds, respectively[139]. Thus we can assign
the fI coordinate to the specific motion along this axis, with eigenvalues Ly,

and rewrite Equation 7.4 as:

L (e (28 !
(o) = 5 () ) (51 ) Lo = =i (7.5)

Equation 7.5 is a key result from the ECCM and bears some detailed anal-
ysis. The Equation consists of three factors. The first is a transition dipole
factor, of the form (pq)3"(16)g?. The matrix elements described in this fac-
tor give us information about the dipole coupling between the ground state
and the first vibrationally excited state of the molecule. The third factor is a
frequency factor, which is responsible for resonance enhancement through an
electronic resonances w with linewidths I' and is generally small far from reso-
nance. Figure 7.1 shows the near-resonant (514 nm) and off-resonant (785 nm)
Raman spectra of AstaREAL. We note that both spectra display essentially the
same characteristic structure in the fingerprint (900-1900 cm™1) region, but the

resonant case has overtone bands >1900 cm~!. These bands are generally a sig-
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nature of the resonance Raman effect [140, 141]. Within the fingerprint region,
however, we observe comparable in the spectra of the two cases, despite the fact
that the resonant Raman effect generally only selectively enhances particular
bands—i.e., the resonance Raman spectrum often appears distorted compared to
the off-resonant spectrum because not all Raman modes experience the same
enhancement[137]. In our case, the Raman peaks of the two spectra are iden-
tical, because it is only along the fI coordinate that any enhancement can be
produced. The enhancement is a result of the middle term, (g—g)oLﬁ, which
characterize the electron-phonon coupling along the fI coordinate. When the
coupling is sufficiently large, even off-resonant spectra can have significant Ra-

man intensities.
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Figure 7.1: The spontaneous Raman spectrum of 45 mM astaxanthin taken at
514 nm, shown in blue, and 785 nm, shown in pink, with laser excitation powers
of 95 and 360 W, respectively. The 514 nm spectrum has been multiplied by
10 for easier viewing.

It is instructive to compare the relative intensities of the resonant and off-
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resonant spectra in Figure 7.1. Direct comparison of the absolute intensities
of Raman lines is challenging, as one must take into account the collection
geometry and detector sensitivity as a function of frequency, refractive index
changes, and absorption and re-absorption cross-sections of the solute [101]. To
a very crude approximation, the relative strength of two Raman lines, R, scales

as

re (7)) (2) (Gy) 79

where I and I, are the measured intensities of the Raman lines, A1 and A,
557 nm and 891 nm, are the wavelengths of the Stokes light and P, and P;
are the excitation laser powers, respectively. The function ((\) represents the
detector sensitivity at the wavelength of interest. The laser powers were 95
W of 514 nm and 360 W of 785 nm at the sample with identical exposure
times. The integrated intensities of the peaks are of order 10° arb.u. for 514
nm and 10%arb.u. for 785 nm. Assuming the detector sensitivity is nearly
the same for both cases, then the intensity ratio of the 514/785 measurements
at 1520 ecm ™! is approximately 2.5:1. Under typical conditions, the resonance
Raman effect should be in the order of 10* or 10° greater than that of the non-
resonant contribution. In this case, we see that the near-resonance enhancement
in astaxanthin does not result in an appreciably greater signal intensity in the

1520 cm ™! band. Nonetheless, both signals have considerable Raman intensity.

7.3 Calculating v from the ECCM

We apply the results of the previous section to derive an expression for the
second hyperpolarizability, 7, of astaxanthin in a semi-classical approximation.
The second hyperpolarizability is a quantity that describes the per-molecule

third-order polarizability due to an applied electric field. Naturally, this quan-
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tity is proportional to the third-order susceptibility x® for a bulk medium.

Specifically, the dipole moment p, can be expanded as follows

Ha = Ho + Z aap By + 5 Z BabeEvEe + — Z YabedEvEcEa  (7.7)
bed

where agp, Babe, and Yapeq are the polarizability, hyperpolarizability, and sec-
ond hyperpolarizability, respectively, the E terms represent the applied electric
fields, and pg represents the field-free dipole moment. For stronger fields, the
term ~ will be appreciable and becomes the primary contributor to nonlinear
processes such as CARS and FWM. Suppose that the field creates an electric
displacement along the coordinate @), AQ from the equilibrium position @y of
the potential energy surface of . If we expand pu, in a Taylor series expansion

to first order, assuming a harmonic approximation, we have

ﬂa(QO+AQ Na QO +Z(

56,

10(Qo) +Z (8Mn)

1
0(Qo) + Z aab(Qo) Ep + 5 ZﬁabchEc ts > Yavca By EcEat

be bed
> Gal, A@wz@g;) e
% % (aa%l;c) ‘QOAQdEbEc + éz;de (a;g):d) ’QOAQeEbEcEd

note that Equation 7.8 shows three different types of contributions to u. There
is the field-free contribution pg(Q); there is a contribution due to the polariz-
ability «, the hyperpolarizability 8 and the second hyperpolarizability v at Qo;
there are terms that depend on the gradient of the polarizabilities with respect

to @. We assign the «, 8 and « terms in Equation 7.8 to ¢, 8¢ and ~¢, respec-
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tively, and the g—g, %, and é% terms to ", 8" and 7". These terms denote the

electronic (superscript e) and relaxation, or Raman-associated, (superscript r)
contributions to the dipole moment. The relaxation terms describe the contri-
butions due to nuclear motions induced by the change in polarizability and are
sensitive to the infrared, Raman, and hyper-Raman bands of the molecule. The
terms (g—g) depend on the hyper-Raman intensities of the molecule, generally
making them very difficult to measure experimentally. It has been argued in the
literature that these terms can be neglected in calculation of  for symmetric
molecules with apolar end-groups such as astaxanthin [142]. Neglecting these
terms, we can write 7", the relaxation component of the second hyperpolariz-

ability, as follows [128]

= 5 (00 G+ () Gty (25 3] o

Note that the derivative components in Equation 7.9, (g—g) can be related to

the various components of Raman scattering polarizability tensor (agp)mn. In

classical Raman scattering, the intensity is given by the relation

1 O |2
I{w,) = ——N, 4‘—‘ I 7.10
(s) 32m2eqcd ws Q1 ° (7.10)
2
where ‘g—g is the derivative of the polarizability with respect to Q, time-

averaged and integrated over all orientations, and N is the number of scatters
[39]. Comparing to Equation 7.1, it is clear that this derivative term is the clas-
sical equilavent of the quantum mechanical transition matrix (@gp)mn. Thus,
in turn, we can relate v" directly to the intensities of the Raman modes of
the molecule, which can be calculated from Equation 7.5, or measured exper-
imentally. As noted in previously, these modes are anomalously large due to

enhancement via the dipole and electron-phonon coupling terms in Equation
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7.5, and that these intensities ought to be large even in the case where the
pump frequency is far from an electronic resonance. For a specific Raman res-
onance of frequency wg along the fI coordinate, the mean value of « can thus

be calculated as

1 _

where & and n are mean polarizability and anisotropy invariants from classical
Raman scattering theory [39]. The peak at 1520 cm~! is due to the symmetric
C=C stretch, so, as a consequence of this symmetry, the polarizability tensor
will be diagonal and hence n = 0 [39]. Using the 785 nm Raman scattering data
from Figure 7.1, and Equations 7.9 and 7.11, we can estimate that the value of

7, for astaxanthin is of order 10733 esu.

7.4 Discussion

The ECCM provides a framework to determine the origin of the enhancement in
astaxanthin both in CARS and in FWM. The intrinsic enhancement associated
with electron-phonon coupling in the heavily restricted coordinate space of the
molecule creates linear and nonlinear optical properties that are not typically
seen in other molecular systems. This model has been the source of some con-
troversy in the literature. In particular, it has been noted that this formalism
explicitly excludes the effect of Herzberg-Teller coupling, which can potentially
be a significant contribution to the polarizability tensor, especially off-resonance
[143]. Moreover, since the ECCM is formulated in the static limit, it has been
argued that it cannot properly describe optical effects [144]. Other alternative
approaches, involving perturbative methods or ab initio calculations have been
proposed as more appropriate models to describe this effect [129, 145]. In the

former case, we note that the Herzberg-Teller coupling term is in fact present in
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the ECCM formalism, so there is no reason in principle this cannot be accounted
for. A very similar form of Equation 7.8 appears in the perturbative treatment,
and the polarizability term (%) is associated with the Herzberg-Teller cou-
pling [143]. One could explicitly account for this, then, by measuring the hyper-
Raman spectrum of astaxanthin and calculating v from the combined terms.
In practice, hyper-Raman intensities are incredibly difficult to measure, so this
is impractical to characterize experimentally. Ab initio calculations suggest,
however, that the Raman term is the dominant term for symmetric molecules
[142] and, to the level of approximation we are interested in, this appears to be
sufficient. In terms of the issue of whether or not this model is sufficient for
optical processes, we note that the model does not directly predict the CARS
spectrum of astaxanthin and that, based on our experimental measurements,
the CARS intensity of the 1520 cm™! peak is nearly an order of magnitude
greater than that of the FWM (and therefore « for CARS is greater than FWM
by a factor of about 3). It is clear, therefore, that the model as presented does
not fully account for the details of the optical effects. The origin of the CARS
spectrum is well-understood, as discussed in Chapter 2. Therefore, this is not
a significant problem, and the intensity correction to the CARS response does
not appreciably affect our analysis of astaxanthin. Given the relative simplic-
ity of the model, and the predictive power it provides, we feel that adopting
this model rather than more complex and conceptually challenging models is
justified.

The anomalously large CARS response can be explained most adequately by
comparing the relative values of v (or ng)) between carotenoids and lipids. The
polyconjugated carotenoid system has a significant electron-phonon coupling

term that enhances 4" to our measured value of ~10733 esu. Lipids, lacking

this electron-phonon coupling term, have a per-molecule response that is several
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orders of magnitude lower, in the order of 2 x 10736 esu [146]. Recalling the
squared dependence on v in the CARS process, it is then quite reasonable that
the observed CARS signals in astaxanthin are 10° or 107 times greater than
that of pure lipids. Based on this model, it is similarly unsurprising that the
observed response is independent of the pump wavelength: For both CARS and
FWM, we are far from any allowed electronic resonance, so there is no reason
to expect any significant changes in intensity. The signal is large exclusively
because of the electron-phonon coupling term, which is independent of w.
Applying this same argument to FWM is somewhat more subtle. In the case
of CARS, it is quite reasonable to expect that its intensity will scale with +";
as FWM is an electronic process it is natural to assume that the intensity will
scale with v© rather than ~4". It has been found for a wide range of molecules
that have a polyconjugated bond structure, however, that these quantities (as
well as the hyperpolarizabilities 87 and $¢ where applicable), are nearly iden-
tical in magnitude [147]. It has been argued that this is not mere coincidence,
but rather that for an extended chain with only one active vibration mode, the
same polarization state is achieved from either an electronic transition across
the bandgap (i.e., a v¢ process), or via the vibrational excitation of the ground
state (a y" process) [142]. As a result, the same factors that contribute to an
enhancement in +", namely the strong electron-phonon coupling, also produce
a nearly identical enhancement in v¢. We can see that this is the case empiri-
cally: based on our earlier estimate, we find that 4" ~ 10733 esu and, based on
measurements of nonresonant THG of astaxanthin from Ref [148], we find that
~¢ ~ 10732 esu. Given the severity of some of the approximations in the previ-
ous sections, we feel that finding these two values within an order of magnitude
is quite a reasonable correspondence. The fact that these values are of similar

magnitude explains the strong observed FWM signals, as well as the relative
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similarity in intensity between CARS and FWM. Both signals are enhanced by
the same physical mechanism, the electron-phonon coupling of the polyconju-
gated bonds and, as a result, are enhanced by very nearly the same order of
magnitude. Likewise both would share the property that they would be pump-
wavelength independent far from resonance, consistent with our observations
in Chapters 5.4 and 6.4. Moreover, since both processes are produced in the
same molecules with essentially the same ~ value, the relative strengths of their
contributions to the observed signal will not change with concentration. Since
the CARS signal is larger than the FWM, we see minimal spectral distortion
and a quadratic concentration dependence; only when the CARS signal becomes
small compared to the canola oil solvent do we begin to see linearization.

Since 4" and ¢ induce the same polarization state in the molecule, the dis-
tinction between these quantities is somewhat artificial. As noted previously,
these quantities refer to the nuclear and electronic motions of the molecule,
respectively, and are treated separately. In fact, what we observe is that the
electronic and nuclear motions of the molecule are highly coupled, suggest-
ing a breakdown of the Born-Oppenheimer approximation. The fact that the
electronic and nuclear motions are highly coupled leads to a remarkable im-
plication: All nonlinear processes accessible to this molecule, including third-
harmonic generation, CARS, FWM, degenerate four-wave mixing, etc. are all
dependent on the Raman intensities of the same vibrational state, namely the
vibrations along the fI coordinate, even though many of these processes do not
have an obvious vibrational dependence. Thus, any nonlinear process with al-
lowed transition dipole symmetries for this type of molecule will experience a
similar enhancement.

We turn our attention to the issue of the astaxanthin radicals. As we dis-

cussed in Chapter 5.4, upon introduction of FeCl3 to an astaxanthin solution,
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Figure 7.2: Chain length dependences of linear polyenes. For linear polyenes,
~ depends superlinearly on the effective conjugation length of the chain. (a)
The v value of astaxanthin (green) compared to Ref [142] (pink). We estimate
the chain length of the astaxanthin radical (blue diamond) based on its v value.
(b) Dispersion of polyene peak wavenumbers with chain length. We estimate
the effective conjugation length of the radical astaxanthin by noting its spectral

shift relative to neutral astaxanthin and compare to the measurements of Ref
[125].

we observe a permanent and significant decrease in the CARS (as well as spon-
taneous Raman) intensity, as well as a notable shift in the positions of the
Raman peaks. In Figure 7.2(a), we show the ~ values of various polyenes as a
function of the chain length, calculated from an ab initio analysis in Ref [142].
Our measurement of vy is 10733 corresponds to a chain length of 9 in the linear
chain,* which is in good agreement with the ab initio calculations. Since the
signal drops by a factor of 25 upon introduction of the FeCls, v for AXN* must
be a factor of 5 smaller than astaxanthin. Based on the ab initio data, we find
that this corresponds to an effective chain length of approximately 7. In Figure
7.2(b), we show the experimentally measured dispersion of the C=C stretching
bond as a function of the number of double bonds. This is compared to Ref
[125] and overlaid with our experimental values for astaxanthin and AXN*. In

AXN*, this peak position is shifted from 1520 cm™' to 1549 cm~!, which is

4 Although there are two double bonds in the ring structure of astaxanthin, it has been
shown that double bonds in cyclic structures have minimal effect on the conjugation length
[149]
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consistent with of approximately 6 double bonds. Based on these results, then,
we argue that the effect of radicalization is to shorten the effective conjuga-
tion length of the chain by 2-3 double bonds. As noted above, Herzberg-Teller
coupling is not expected to be significiant in astaxanthin; however, in the radi-
cal, there is a strong possibility that the (%) term could be quite significant
due to symmetry breaking. Since this term can be negative, it is possible that
the effect of radicalization is the introduction of this coupling into the system,

thereby reducing ~.

7.5 Conclusion

Based on the results of Chapters 5 and 6, we had identified several key obser-
vations that required explanation. In particular, we identified the significant
intensities of the CARS and FWM responses, the background-free nature of the
fingerprint response, the lack of resonance enhancement or wavelength depen-
dence in signal, and the signal decrease in the radical. These effects can be
adequately explained through the ECCM. The CARS and FWM intensities are
a result of the enhancement due to the electron-phonon coupling term of Equa-
tion 7.5, rather than an electronic resonance enhancement. This enhancement
is wavelength independent, as the ECCM operates in the static limit. Due to
the strong coupling between the electronic and nuclear coordinates, the CARS
and FWM cannot be treated as wholly separate processes with distinct v" and
~v¢ values; as a result, we do not observe any spectral distortions resulting from
interference between them. Finally, the effect of the radicalization appears to
be a shortening of the effective conjugation length of the molecule, which results
in a reduced intensity and a shift from 1520 cm~! to 1549 cm~! in the C=C

vibration mode.
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8 Time-Correlated Single Photon Counting CARS

Microscopy

8.1 Introduction

In the preceeding Chapters, we discussed the multimodal capabilities of our
system—in particular, the ability to measure both the fluorescence and CARS
responses of a sample in separate detectors, and to use these signals as indicators
of different constituents in a physical system. This is most notable in the case
of the algae haematococcus pluvialis studied in Chapters 5-7, where clear dif-
ferentiation could be made between the CARS/FWM response associated with
carotenoids, and the fluorescent response due to chlorophyll. Unfortunately,
not all systems behave in a manner conducive to this type of analysis: In many
cases, CARS and TPEF may be co-localized in both space and frequency, and
a weak CARS signal may be lost within a stronger fluorescent background.
Moreover, the fluorescent signal itself carries a wealth of information about the
nature of the specimen that is lost entirely by simply integrating the signal
over frequency and time in a PMT. For example, the probability of a particular
molecule fluorescing depends on the radiative decay rate of the excited state
of the molecule. By measuring the arrival time (at a detector) of individual
photons relative to a very short excitation pulse, an emission time probability
distribution function can be reconstructed from the fluorescence, characterizing
the fluorescent lifetime. This method is known as time-correlated single photon
counting (TCSPC).

TCSPC has been used since the late 60s, primarily as a method for de-
termining the fluorescence lifetimes of organic compounds [150, 151]. It was
established that the fluorescence lifetime was sensitive to the local environment

of the molecular system [152, 153, 154] and therefore, lifetime itself could be used
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as a contrast mechanism for imaging. This engendered the field of fluorescence
lifetime imaging (FLIM) which has been immensely successful in molecular and
cell biology, with applications including the imaging of cellular calcium channels
[155], monitoring of variations in cellular pH [156], and distinguishing cancerous
cells from healthy cells [157, 158]. One particularly fruitful application of FLIM
has been to apply FLIM to systems involving Forster resonance energy transfer
(FRET). FRET is a process that involves an energy transfer from one molecule
(called the donor) to another (called the acceptor) with overlapping fluorescence
emission and absorption spectra, via non-radiative dipole-dipole coupling. This
process operates only on scales of a few nm in length and results in a change
in both fluorescence intensity and lifetime at the interaction site [159]. As a re-
sult, FRET may be used for “super-resolution” (i.e. below the diffraction limit)
measurements on the single molecule scale [160, 161, 162, 163].

In addition to lifetime, the emitted fluorescent light also has a spectrum.
The emission spectrum is a function both of the molecule and of the interaction
between the molecule and solvent. Shifts in the emission spectrum relative to
the absorption (Stokes shifts) can therefore equally provide information on local
dynamics and local chemistry within a sample [159]. The fluorescence spectrum
can be collected simultaneously with the lifetime using a multi-channel detec-
tion system, where the fluorescent light is dispersed into several synchronized
detectors, each monitor a different wavelength range. By combining both these
time and frequency resolved techniques, TCSPC provides a powerful tool for
the analysis of biological systems.

TCSPC also allows enhanced signal detection in CARS systems. There are
two motivations for this development. The first is consideration of the noise
characteristics between single-photon detection compared to standard PMTs.

The signals in single photon counting are inherently digital; the detector either
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records the presence of a single photon, or it does not. Therefore, the noise char-
acteristics of the system depend primarily on the Poisson counting statistics of
the arriving photons and are relatively insensitive to the detection electronics.
In standard analog detection schemes, the signal-to-noise ratio depends on the
photomultiplier and all subsequent electronics. The analog signal depends on
the pulse height distribution of the detector, the noise spectra of any amplifiers,
and the characteristics of the analog-to-digital acquisition card . Digital signals
(i.e., TCSPC) are immune to these effects and therefore not only have better
signal-to-noise, but also the analysis of their noise characteristics is generally
much simpler [164]. Therefore, since the CARS process operates often in the
low light limit, we can improve measurement sensitivity by moving from analog
to digital detection. A second advantage is that many samples have both fluo-
rescence and CARS responses. While our system is designed to spectrally filter
a significant portion of the fluorescence in the forward direction through use of
filters and alignment (i.e., the CARS channel is only collected in a relatively
narrow solid angle in the forward direction), native fluorescence can be sev-
eral orders of magnitude stronger than CARS. If the fluorescence emission is at
same wavelength as the CARS signal, there is a significant possibility of cross-
talk between the two channels. Using TCSPC, this cross-talk can be minimized
since parametric nonlinear optical processes, including CARS, FWM, and SHG
are essentially instantaneous on the electronic timescale, whereas fluorescence
always has a characteristic lifetime, typically of a few ns. Therefore, the pho-
tons generated by instantaneous nonlinear optical processes will arrive entirely
within the instrument response function (IRF) of the detector [165], which can
be very short (~ 45 ps). Fluorescence lifetimes, on the other hand, are typi-
cally several ns, but possibly much longer. Hence, it is possible to time-gate the

detected signal, further distinguishing the CARS response from fluorescence,
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based on lifetime discrimination [165, 166]. For optimal contrast, it is necessary
that the detector IRF be as short as possible, as the longer the IRF, the poorer
the discrimination.

The combination of CARS with TCSPC, FLIM, or FRET has received little
attention in the literature. This is likely due to the fact that there are several
significant technological challenges that must be overcome in order to incorpo-
rate these modalities. Most notably, when the laser scans the sample, collection
in the forward (non-descanned) direction results in small changes in the posi-
tion of the beam on the detector face. While this is generally not significant
for conventional large area PMTs, the area of the photocathode in high-fidelity

TCSPC detectors may only be a few mm?

, meaning that as laser scanning oc-
curs, the forward beam may miss the detector. The first TCSPC implementa-
tions of CARS, therefore, used epi-directed or back-reflected CARS rather than
forward-directed CARS [165, 167]. Since the light path in the backward (des-
canned) direction is reversed, there will be no walk-off from the active area of
the detector. Using this technique, it was demonstrated that fluorescence could
be successfully distinguished from CARS using a 600 ps discrimination window
and that epi-CARS and back-reflected CARS could be distinguished from each
other by their respective path length—and therefore timing-differences [165].
Unfortunately, the magnitude of the CARS signal using either epi-CARS or
back-reflected CARS is significantly diminished, greatly reducing the efficiency
of this approach. A natural alternative, coupling the forward-directed light to
an optical fibre, would allow the more intense forward-propagating light to be
collected, but also presents other difficulties. As the lasers are x-y scanned over
the sample, the forward-directed beam is spatially displaced. This changes the
acceptance angle of the light into the detector, resulting in some loss of signal.

However, at the conjugate plane of the condenser lens, this x-y spatial variation
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is converted into an angular variation at a fixed spot. If a multi-mode optical
fibre of the appropriate numerical aperture (NA) was located at this conju-
gate plane, it would therefore couple in all forward-directed light during the x-y
scan. This allows collection of forward-directed light in a fibre [166]. Moreover,
coupling to a low numercial aperture multi-mode optical fibre with different
entrance angles will result in different optical paths of the light which depend
on the entrance angles of the fibre, possibly leading to poorer TCSPC timing
resolution [164]. In practice, it was found that collecting the light into a large-
core (600 pm) optical fibre [166] located at the condenser conjugate plane led
to modal dispersion that was within the overall IRF. This work demonstrated a
forward-collected CARS time-gating of 300 ps, and successfully combined CARS
with FLIM for the imaging of pollen and tissues. More recent work has demon-
strated the application of combined CARS, FLIM and SHG system for clinical
applications in tomography [168].

In this Chapter, building on the work of [166], we demonstrate the first
wavelength resolved TCSPC combined with CARS to allow for simultaneous
CARS, FLIM, and fluorescence spectroscopy imaging. We also demonstrate the
effect of improved detector timing resolution on contrast in time-gated CARS

experiments.

8.2 Theory of TCSPC
Fluorescence Lifetime

When a fluorophore absorbs a resonant photon, an electron is promoted from
the ground state Sy into an excited state, Sy. If Sy radiates, it has an associated
spontaneous emission lifetime. However, there also exist non-radiative processes
such as vibrational energy redistribution and internal conversion. If one of these

occurs, then the photon ultimately radiated will have a lower frequency than
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the absorbed photon, resulting in a Stokes shift. If the first excited state has an

initial population of Ny immediately after the laser pulse, then the population

of the state at any future time is governed by first order kinetics, namely that
STt

N(t)=Nge 7~ (8.1)

where each I',, represents the rate of a given decay pathway to some other state,

both radiative and non-radiative. The fluorescence lifetime 7 is thus defined as

'=Y"r, (8.2)

Note that some molecules may have a multi-step pathway back to the ground
state, and thus the decay would be multi-exponential. For organic fluorophores,

the fluorescence lifetime is generally in the range of 1-10 ns.
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Figure 8.1: Simulated fluorescence lifetime histograms calculated from Equa-
tion 8.1 assuming a single decay pathway with lifetimes 7 = 1 ns (red), 7 = 3
ns (green) 7 = 5 ns (blue). The simulated histograms assume 10000 events have
been collected.

Fluorescence is a stochastic process. It is thus impossible to determine the
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fluorescence lifetime by considering only a single photon; rather, the arrival
times of the photons may be determined by accumulation of a histogram of
many events. Figure 8.1 shows the histograms of three fluorescent lifetimes,
of 1 ns (red), 3 ns (green) and 5 ns (blue) in duration, binned in 1 ns steps,
with 10000 total events in each distribution. The general shape of the lifetime
distribution remains the same, but the distribution shifts and flattens as the
lifetime lengthens. By fitting these histograms to an exponential function, the
lifetime may be extracted. The error bars scale as v/Np; thus, signal-to-noise

may be improved readily by accumulating more counts.

Forster Resonance Energy Transfer

Forster resonance energy transfer (FRET) is an excitation transfer process that
shares many similarities to fluorescence and is a powerful tool for molecular
imaging, in particular, super-resolution imaging. This is outlined schematically
in Figure 8.2(a). One fluorophore, the donor, absorbs light, and populating the
excited state S;. Through short-range dipole-dipole coupling, it transfers energy
to a neighbouring fluorophore, the acceptor, populating its slightly lower energy
S state. The acceptor then fluoresces, producing a very significant Stokes shift.
The dipole-dipole coupling is a very short range interaction, where the efficiency

FE scales as follows:

1
N
G

0

E (8.3)

where Ry is called the Forster radius, whose value is typically of the order 1-10
nm [159] and r is the distance between the donor and acceptor. Due to the 76
dependence and the very small value for Ry, FRET is exclusively a nano-scale
interaction. The efficiency of the FRET is tied to the absorption and emission

spectra of the donor-acceptor pair. Specifically, FRET is a result of the overlap
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between the donor emission spectrum and the acceptor absorption spectrum, as

shown in Figure 8.2(b).
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Figure 8.2: (a) Schematic of the energy level diagram of FRET. The donor is
excited into the S; state (blue) the undergoes fluorescence (light blue) or non-
radiatively transfers energy to the acceptor (orange), which undergoes a further
Stokes shift (orange) and fluoresces (red). (b) The absorption and emission
spectra of a FRET pair. The FRET process is governed by the overlap of the
emission spectrum of the donor with the absorption spectrum of the acceptor

(pink).

FRET is a subtle effect, but can be observed in several ways. First, there
will be an enhancement in the fluorescence of the acceptor compared to in
regions without FRET, and a corresponding reduction in fluorescence in the
acceptor emission due to the non-radiative transfer. Second, as alluded to pre-
viously, local environmental effects result in changes to the fluorescence lifetime
of molecules. By monitoring the fluorescence lifetime in regions containing the
donor, acceptor, and the donor-acceptor pair, it also is possible to infer the

action of FRET by a reduction in the lifetime of the donor.
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8.3 Method and Materials
Multi-modal TCSPC Setup

The essential problem in TCSPC is the ability to accurately determine the
arrival time of a detected photon compared with the timing of the laser pulse
with a resolution generally on the order of 100 ps or less and in such a way that
the system is able to clear its memory and detect subsequent photons at very
high laser repetition rates (e.g. 80 MHz). This means that the system requires
very fast, low noise, and high fidelity electronics. In Figure 8.3, we show a block
diagram of the essential electronics in a TCSPC system [164]. The TCSPC
module is synchronized to the laser source, which is used as a timing reference.
The detector, typically an avalanche photodiode, microchannel plate or a single
photon PMT, generates an electrical pulse for each photon that is collected.
Avalanche detectors typically suffer from significant amplitude variation due to
the pulse height distribution of the detectors. This pulse height distribution can
introduce an undesirable timing jitter when using level discriminators to detect
the arrival of the pulse. In order to achieve accurate timing, it is necessarily
to employ a constant fraction discriminator (CFD), which transforms the pulse
into, essentially, its first derivative. Timing is then based on the point of zero
crossing, which to zeroth order is independent of the pulse amplitude. These
signals are fed into a time-to-amplitude converter (TAC), which creates a voltage
which depends linearly on the delay between the signal and reference-i.e. a
“start-stop” technique. The voltage is then digitized by an analog-to-digital
converter (ADC). The ADC specifies the upper limit to the number of timing
bins available to the system, and, hence, its maximum timing resolution. In
practice, this is not a significant limitation, as other noise sources introduce
timing jitter that far exceed the resolution of the ADC. In our case, the time

between pulses is 12.5 ns, (1/80 MHz) so in a 12-bit ADC, would give an ideal
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resolution of 3 ps, far beyond the capabilities of even the fastest TCSPC systems
or detectors. Given this, the ADC channels are often binned into 10 bits or
even 8 bits without significant loss in timing resolution. Such electronics are
available through several commercial providers. In our case, a SPC-150 system

from Becker and Hickl GmbH was selected [169].

Reference

CFD I

Pulse Delay ** | TAC »— ADC Memory]
J1

Figure 8.3: The basic architecture of a TCSPC system. The detected light is
compared to a reference synchronization pulse generated from the laser source
using two CFDs. This is converted into a timing pulse, digitized and stored in
the computer memory to build up a histogram.

In our experiments, we used two different detectors. One is a high-fidelity
single-channel detector, the R3809-U50 (Hamamatsu) [52], designed specifically
for maximum timing resolution. This detector is a microchannel plate) PMT
with excellent sensitivity from 300-800 nm, and an instrument response function
of 45 ps. The timing stability comes at a cost, however, as microchannel plate
PMTs are very sensitive to photodamage and cannot be run at particularly high
(<10° Hz) count rates without risk of photodamage to the microchannel plate.
Moreover, such detectors tend to have a higher dark count rate (10* Hz at room
temperature), which generally necessititates a cooling apparatus to reduce the
background. The second detection system used a PML-16-C detector (Becker
and Hickl, GmbH) [170]. This detector provides up to 16 wavelength channels,
each 12.5 nm wide, to create a time-and-frequency resolved TCSPC image. The

timing resolution on this detector is poorer, 150-200 ps, but it has a lower dark
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count rate at room temperature (102 Hz) and can be run at count rates as high
as 5 x 10% Hz.

Our TCSPC system can be coupled to the microscope in either the forward
or backwards direction and the signal is propagated to the detector using a large
core fibre, following the implementation of Ref [166]. It should be noted that, in
either case, single photon counting is a far more time-consuming process than
our earlier implementations of CARS, owing primarily to these extra dimensions

in both time and wavelength.

Detector Control

The detectors can be most easily managed through use of a software system
called Single-Photon Counting Module (SPCM) created by Becker and Hickl.
The detector power supplies are computer controlled by an applet that can spec-
ify the applied voltage (as a percentage of the maximum). In order to achieve
high timing fidelity, the detectors operate ideally near 90% of the maximum
gain, provided that the count rate does not exceed the threshold for potential
damage, ~10° counts/s for the R3809-U50 and ~107 for the PML-16-C. The
laser power may be adjusted accordingly to ensure optimal performance of the
detection system. We highlight a few crucial features of the detection scheme
here; the details of the detector setup are discussed in Appendix B.

FLIM can be done using the “Fifo imaging” mode in the SPCM software.
The dimensionality of the image is defined in terms of the timing channels
(via the ADC), spatial resolution and, in the case of the PML-16-C, frequency
channels. Typical images are 256x256 pixels with 1024 timing channels. In
order to do imaging with 16 wavelength channels, however, it is necessary to
reduce the resolution of one of the other dimensions, as the system memory of
the SPC-150 is insufficient to handle the data throughput otherwise. In our

case, reducing the spatial resolution is difficult: The FlowView software that
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controls the galvo scanning mirrors has a hard-coded minimum image size of
256 %256, so running SPCM in 64 x64 or smaller resolution will produce a highly
distorted image. This means that it is not trivial to reduce the spatial resolution
to gain additional wavelength channels. Instead we choose to bin ADC channels,
reducing the timing resolution to 64 channels. Each channel in this case would
have a timing bandwidth of ~200 ps, which is of the order of the instrument
response function of the detector, so this does not greatly impact the timing

resolution of the detector.

Calibration of the PML-16-C

The PML-16-C detector splits the incoming light into up to 16 channels by use
of a slit in front of the detector face. The corresponding wavelengths of the
channels depends on their relative position to that of the slit. The dispersion is
controlled by a micrometer screw attached to the side of the detector housing
that moves the detector relative to the slit. It is thus necessary to calibrate the
position of the screw relative to the different wavelength channels. In our case,
this is done by simultaneously measuring the spectrum of an incandescent lamp
using our spectrometer, with the intensities measured in each channel in the
detector. By making very small changes to the micrometer (< 0.05um steps),
one can generate a reasonable estimate of when the emission line from the lamp
is in the centre of the channel and thus create a relatively accurate calibration
of the channel wavelengths. In Table 8.3, we show the wavelength calibrations
for five different screw settings, 1.52 um 2.00 pm, 2.53 pm, 2.70 ym, and 3.00
pm. These correspond to detection regimes in the UV /Vis, visible, Vis-NIR,
and NIR regions, respectively. Each channel is 12.5 nm wide with the central
wavelength as indicated. If the number of channels is reduced, these values must

be binned; in single channel operation, the PML-16-C collects a 200 nm band.
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Channel | Aat 1.52 yum | A at 2.53 um | A at 2.85 yum | A at 3.00 um | A at 3.41 pm
1 330 405 480 510 605
2 342.5 417.5 492.5 522.5 617.5
3 355 430 505 535 630
4 367.5 442.5 517.5 547.5 642.5
5 380 455 530 560 655
6 392.5 467.5 542.5 572.5 667.5
7 405 480 555 585 680
8 417.5 492.5 567.5 597.5 692.5
9 430 505 580 610 705
10 442.5 517.5 592.5 622.5 717.5
11 455 530 605 635 730
12 467.5 542.5 617.5 647.5 742.5
13 480 560 630 660 755
14 492.5 572.5 642.5 672.5 767.5
15 505 590 655 685 780
16 517.5 602.5 667.5 697.5 792.5

Table 8.1: Calibration of PML-16-C 16 Channel Detector. Channel maxima are
quoted in nm. The uncertainty in the peaks of the channel maxima is of order
+2 nm.

Measuring the Instrument Response Function

The IRF of the TCSPC system determines the timing resolution of our mea-
surements. For FLIM-CARS applications, the IRF is particularly important as
it determines the degree of discrimination available between the two modali-
ties. Since parametric nonlinear optical processes such as CARS, SHG, SFG,
etc. have a lifetime of effectively zero, we may use the signals generated from
these processes to measure the IRF. In our cases, the CARS response from oc-
tadecene was used to find the IRF of the R3809-U50 and PML-16-C detectors,
as shown in Figure 8.4. We measured their IRF's to be 44 ps and 208 ps, respec-
tively. The design specifications indicate an IRF of 45 ps for the R3809-U50
and 150-200 ps per channel for the PML-16-C. The R3809-U50 IRF meets the
design specifications, and the PML-16-C IRF is at the upper edge of the design

specification.
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Sample Preparation

Two common fluorophores were used to create various samples to test the TC-
SPC system. Fluorescein (FCN) is a water-soluble dye that has an absorption
peak at 400 nm, and a broad emission peaked at 520 nm, with a lifetime of 4.1
ns [171]. Nile Red (NLR) is a dye soluble in apolar solvents, with an excitation
maximum at 445 nm in n-hexane and an emission peak at 524 nm, with a typical
lifetime of 2.4 ns [172]. We created samples from a mixture of FCN in water
and NLR in n-hexane to provide lifetime contrast by adding each dye to their
respective solvents, then vigorously mixing the two to generate an emulsion.

A sample consisting of undiluted AstaREAL and FCN was created for com-
bined FLIM and CARS experiments. In this state, AstaREAL is a thick, oily
paste that is nearly insoluble in water. The astaxanthin in this compound ag-
glomorates into many small deposits that produce an intense CARS response in
the fingerprint, and FWM in the C-H region. AstaREAL has a weak fluorescent
signal due to trace amounts of chlorophyll in the compound, but this fluores-
cence is many orders of magnitude lower in intensity than FCN. A small amount
of this compound was thinly smeared onto a cover slide, which was coated by
FCN in water and trapped by the cover slip. This produced a thin sample with a
fluorescent background due to the FCN, interspersed with AstaREAL droplets.

Due to the strong fluorescence in FCN and the FWM response in AstaREAL,
as well as concerns about photobleaching in both samples, laser powers of 30
mW pump, and, for FWM experiments, 18 mW of Stokes, were used for the
PML-16-C detector. Due to the lower count rates required for the R3809-U50

detector, laser powers of 10-15 mW were more typical.
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8.4 Applications of TCSPC

Fluorescence Lifetime Imaging

In Figure 8.5(a), we show an image of the interface between FCN and NLR
using the R3809-U50 single channel detector. This image is the simplest level of
detection available on the TCSPC system; it is an intensity image that reports
the total number of photons accumulated in each channel. In Figure 8.5(b),
the intensity image from Figure 8.5(a) has been converted into a lifetime image
by fitting the fluorescence lifetime at each pixel. This image combines both
intensity and lifetime information: The brightness is determined by the number
of photons collected in a given pixel, whereas its lifetime is illustrated by its
colour. In the inset, we show the distribution of lifetimes in Figure 8.5(b).
There are two clear peaks in the lifetime histogram, corresponding to the two
dyes. The lifetime of NLR is found to peak at ~2.2 ns, and that of FCN is 3.4
ns.

The emission spectrum of pure FCN dye was measured using the PML-16-
C with lifetime contrast, as shown in Figure 8.6. Despite the relatively poor
frequency resolution of the PML-16-C, we see relatively good agreement between
the measured FCN emission spectrum compared to the literature [171]. We find
that the lifetime is relatively constant across all wavelength channels, with a
value ranging from 3.3-3.5 ns.

In Figure 8.7, we show an example of FCN and NLR interface imaging using
the PML-16-C detector. In this case, each frame represents an 12.5 nm wide
wavelength channel, integrated along the time axis. The image hypercube was
collected over a period of 30 minutes with a count rate of 4x10° counts/s.
One can also integrate along the wavelength axis, and create a fluorescence
lifetime image of the same data, as shown in Figure 8.8. One could also use this

time-wavelength hypercube to generate a fluorescence lifetime image at each
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wavelength, but this particular data set was too sparse for the lifetimes to have

good statistics without spatial integration.

Time-Gated FWM with TCSPC

The effectiveness of the faster response time of the R3809-U50 detector com-
pared to the PML-16-C were investigated using a combined lifetime and FWM
setup. Using the sample made from AstaREAL deposits and fluorescein, a
forward-directed image was created from the FWM and fluorescent responses
of the two compounds. In Figure 8.9(a), we show an image of this sample using
the PML-16-C detector, collected in single channel mode. As can be observed,
there are small, dense deposits of AstaREAL present, dispersed in a fluorescent
medium. The average background counts was found to be 190 counts. The
signal had a maximum of 3000 counts, yielding a signal-to-noise ratio (SNR)
of up to 16:1 for this image. The total number of counts is approximately 50
million counts. For the ADC resolution of 1024 timing channels, each channel
had a width of approximately 12 ps, and thus 18 channels corresponded to the
IRF of 208 ps. The image created by this timing window is shown in Figure
8.9(b). Significant background suppression is observed, with the background
count rate falling by a factor of two to approximately 100 counts per pixel. The
signal intensities similarly dropped by 100 counts, improving the SNR to 28:1
at maximum. For a hypothetical sample that produced exactly 1000 counts,
the initial SNR would be about 5:1, which would improve to 9:1 following this
time-gating.

For comparison, we attempted a similar experiment using the R3809-U50
detector using the same sample, but in a different position in the sample. Al-
though the astaxanthin content in both fields is slightly different, both fields
have the same background, the FCN solvent, so we can compare the relative

improvements in signal-to-noise based on the proportion of background sub-
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tracted. For an accurate comparison, approximately 50 million counts were
collected. The count rate in this experiment was 2x10* counts/s, compared to
1x10° counts/s in the PML-16-C detector, so this required a factor of 5 longer
to achieve the same number of counts. The generated image is shown in Figure
8.10(a). The mean background count rate is 148 counts, which is comparable
to that of the PML-16-C detector. The maximum count rate was 2093, yielding
a SNR of 14:1. With a time resolution of 12 ps, only four timing channels were
necessary to fit the FWHM of the 44 ps IRF. The image created by this timing
window is shown in Figure 8.10(b). The background count rate was reduced by
over a factor of four to an average of 38 counts per pixel. As a result, the maxi-
mum SNR improved to more than 55:1. For a sample with exactly 1000 counts
initially, we would expect an improvement of SNR from 7:1 to 26:1. We show
the residual fluorescence in Figure 8.10(c). We observe that there is some resid-
ual signal from the astaxanthin droplets, which likely results from the choice to
time-gate to the FWHM of the IRF. Using a larger time gate would likely cap-
ture more of the FWM signal, but also more of the fluorescence, likely resulting
in a poorer overall signal-to-noise. We can validate this time-gating approach
by constructing a fluorescence lifetime image as shown in Figure 8.10(d). The
background fluorescence lifetime is >2 ns typically, whereas regions of signifi-
cant FWM response have lifetimes of a few tens of picoseconds, consistent with
the IRF approach. Note that regions of weaker FWM response have lifetimes
that are derived from the convolution of the FWM response and the fluorescence
lifetime, and thus reflect some intermediate value. While it should be stressed
that these are not the true lifetimes, then, this can be used as a diagnostic for

the relative weights of FWM and fluorescence in given parts of the sample.
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8.5 Discussion

The R3809-U50 and PML-16-C detectors provide each provide distinct advan-
tages and disadvantages for lifetime imaging. Figure 8.5 shows the simplest
demonstration of the use of lifetime imaging in the R3809-U50, where two com-
pounds can be easily distinguished by their fluorescence lifetime, and the specific
values of the lifetimes can be calculated. We note that the fluorescence lifetime
of NLR, 2.2 ns, was found to be in good agreement with the literature value of
2.4 1s [172] , but that of FCN, 3.4 ns, was found to be somewhat shorter than the
expected lifetime of 4.1 ns [171]. Possible mechanism are due to concentration-
dependent self-quenching in the fluorescein, or FRET in fluorescein, both of
whichare known to shorten its lifetime [171]. From Figure 8.6, we note that
the lifetime of fluorescein is essentially constant as a function of wavelength.
This observation makes FRET an unlikely candidate for a significant reduction
in lifetime, as FRET results in a decrease in lifetime of the donor [159]; as
a consequence, we would anticipate that fluorescence emitted from the donors
(shorter wavelengths) would have slightly longer lifetimes than that of the ac-
ceptors (longer wavelengths), which was not observed in this case. Therefore,
we attribute the shorter lifetime primarily to self-quenching.

One major advantage to collecting lifetime simultaneously with CARS or
FWM is the added degree of discrimination afforded by lifetime imaging. While
CARS and FWM are undoubtedly less sensitive to background fluorescence
than spontaneous Raman, background fluorescence can nonetheless present sig-
nificant difficulties in CARS or FWM experiments, depending on the nature of
the sample. For example, chlorophyll is highly fluorescent and happens to have
an emission in the region of 670 nm; CARS experiments using a 815 nm pump
and 1064 nm Stokes produce an anti-Stokes at 660 nm, contributing to signif-

icant cross-talk between the channels that cannot be easily separated using a
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band-pass filter; however, as chlorophyll-a and -b have lifetimes of 5.1 ns and 3.9
ns, respectively [173], lifetime-gating provides a clear method to improve CARS
contrast in a highly fluorescent medium [165]. We find that lifetime gating can
lead to substantial gains in SNR. With a lifetime gating of 208 ps, we were
able to reduce the background by nearly a factor of two using the PML-16-C
for the 3.4 ns lifetime fluorescein, and with the improved time resolution of the
R3809-U50, a factor of four in background reduction could be achieved. We
note that discrimination generally improves with increasing fluorescence life-
time. The total fraction of background fluorescence rejected can be calculated

from Equation 8.4,
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where 7y, is the instrument response function and we integrate between two
pulses separated by 12.5 ns. In Figure 8.11, we plot Equation 8.4 as a function
of the lifetime I" out to 4 ns for our two detectors. As can be seen from the Fig-
ure, efficient background rejection requires an IRF that is considerably shorter
than the fluorescence lifetime; even for relatively long-lived species, the perfor-
mance of the PML-16-C is considerably worse than the R3809-U50. Indeed,
if the PML-16-C were operating at its optimal performance of 150 ps IRF,
there would already be a considerable improvement in background rejection.
The experimental results for the PML-16-C agree well with theory, predicting
a background rejection of approximately a factor of 2; for the R3809-U50, the
background rejection was found to only be about a factor of 4, whereas theory
predicts it should be closer to a factor of 6. This may be a statistical error, as
the residual count rate of approximately 34 counts/pixel is at the noise floor of

the system.
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It is clear from this analysis that the R3809-U50 provides a significant ad-
vantage in terms of time-gated background rejection for CARS signals. How-
ever, this detector does suffer from some significant limitations. In particular,
the R3809-U50 has a rather low damage threshold, requiring that count rates
not exceed 10° Hz, compared to rates of >10° Hz available for the PML-16-
C detector. This lower detection rate makes measurements considerably more
time-consuming, presenting considerable difficulty for more unstable samples.
Moreover, the R3809-U50 requires a large and expensive cooling apparatus to
operate and, even cooled, still has a considerably higher rate of dark counts than
the PML-16-C. For experiments run for the same length of time, rather than the
same number of counts, the much lower signal rates of the R3809-U50 may not
be sufficient to offset its improved timing resolution. Moreover, the PML-16-C
has the added advantage of wavelength resolution. This advantage can mani-
fest in two ways. First, on the issue of background rejection, the PML-16-C has
the option to reject fluorescence on the basis of wavelength. The anti-Stokes
bandwidth is only a few nanometers wide, and thus can likely fit into one, or at
most two, wavelength channels. Thus the PML-16-C can be used effectively as a
tunable bandpass filter for CARS with a width of as little as 12.5 nm, the width
of the wavelength channels. This comes at the expense of timing resolution,
but nonetheless filtering in this manner, provides another option for fluorescent
background rejection. We note that, due to the differing count rates of the two
systems, collecting sixteen channels of wavelength data on the PML-16-C would
not require significantly longer than a single channel on the R3809-U50. On the
other hand, the PML-16-C has poor sensitivity beyond 750 nm, and thus would
be unsuitable for fingerprint-region CARS using NIR pulses.

We note that the increased sensitivity and added modalities provided by

TCSPC comes at significant cost compared to conventional CARS experiments.
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Using our standard PMTs and CARS detection scheme, we can generate hy-
perspectral CARS images in a matter of minutes and, at a single Raman shift,
can monitor dynamic changes in real-time. By comparison, in our single-photon
detection scheme, we sacrifice many of the advantages of CARS for additional in-
formation in fluorescence. In particular, TCSPC is much more time-consuming
than the CARS setup from Chapter 3, to the point that collecting an image—at
a single Raman shift—takes comparable, if not longer, time than collecting the
entire CARS spectrum. This makes dynamic measurements virtually impossi-
ble and makes CARS spectra consisting of more than a handful of data points
rather impractical. Thus the added benefits of improved signal-to-noise from
the TCSPC system and the added imaging modality of lifetime imaging are

partially offset by the loss of dexterity in CARS measurements.
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Figure 8.4: Instrument response functions of the (a) R3809-U50 and (b) PML-
16-C detectors. The R3809-U50 has a measured IRF of 44 ps. The PML-16-C
has an IRF of 208 ps.
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Figure 8.5: (a) Intensity image showing the number of photons collected at a
FCN and NLR interface. (b) FLIM image of (a) calculated assuming each decay
is a single-exponential. The lifetime of NLR is found to be distributed near 2.2
ns; FCN is found to be approximately 3.4 ns.
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Figure 8.6: Emission spectrum of fluorescein measured using 16 wavelength
channels. The fluorescein was measured at neutral pH with a two-photon exci-
tation at 800 nm. The micrometre was set to 2.85 um. The centre wavelength
of each channel is indicated. Inset: Reference emission spectrum of fluorescein

from [171].
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Figure 8.7: 16-channel wavelength imaging of FCN and NLR interface measured
using the PML-16-C detector. Channel wavelengths for each image are noted
in nm. The micrometre was set to 2.53 pm.
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Figure 8.8: (a) Fluorescence lifetime image of Figure 8.7. (b) Measured fluores-
cence lifetime of the indicated point is 3.1 ns.
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Figure 8.9: (a) Image of AstaREAL and FCN in water. AstaREAL droplets
produce FWM around 650 nm and minimal fluorescence. The image has been
integrated along the time axis to show the total signal. (b) Image of AstaREAL
and FCN in water using only channels 86-104, which correspond to the 208 ps
IRF of the PML-16-C. Small, extremely bright deposits have been saturated
(red) in order to better display the remainder of the image.
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Figure 8.10: (a) Image of AstaREAL and FCN in water collected with the
R3809-U50 detector, integrated along the time axis. (b) Time-gated image of
AstaREAL and FCN in water using only channels 88-92, which correspond to
the 45 ps IRF of the R3809-U50. Small, extremely bright deposits have been
saturated (red) to better display the image. (c) Residual background from
channels 92-1024. (d) FLIM image of (a). FWM signals have extremely short
lifetimes, allowing us to differentiate between FWM and fluorescent responses.
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Figure 8.11: The fraction of fluorescence background rejected depends on the
detector IRF and the sample lifetime. Rejection rates for the R3809-U50 (blue,
solid), PML-16-C (green, dotted), and the PML-16-C using its optimal IRF
(red, dashed) are plotted.
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9 Conclusion

The goal of this thesis has been to demonstrate various advances in the field
of CARS microscopy, specifically advances related to the formations of images
and associated spectra, and how CARS images and spectra could be distorted
or enhanced depending on the sample, the optical geometry or chirp matching
conditions, or the presence of a highly fluorescent background.

Hyperspectral CARS imaging is a technically challenging technique both
due the complexity of its implementation and to its coherent nature. In Chap-
ter 3, we discussed various implementations of a CARS system, with specific
focus on a chirp-matched implementation of CARS. While this technique has
been available for longer than a decade, in this thesis we have shown that in
many respects it is still poorly characterized, particularly in terms of calibrating
the translation stage to the CARS frequency spectrum, the confounding effects
of the non-uniform PCF output, and the determination of the optimal spec-
tral resolution and chirp-matching conditions. We highlight in particular the
non-uniform nature of the Stokes spectrum as a particular challenge, an issue
that we have raised at various points in Chapters 3-6. This creates substan-
tial complications for interpreting the intensities of CARS spectra. In Raman
spectroscopy, the relative heights of the peaks in the spectrum can often be
used as an indicator of various physical processes, such a relative saturation of
lipids [174], but applying this analysis to CARS, even Raman-retrieved CARS,
is fraught with difficulty as there is no guarantee that the intensities are not
contaminated by the non-uniform behaviour of the Stokes spectrum. Moreover,
as the Stokes spectrum varies slowly in time, it is possible to remove much of its
influence by dividing the measured signal by an OSA-collected Stokes spectrum,
but this measurement needs to be repeated frequently between scans to ensure

high fidelity.
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The coherent nature of the CARS process provides an added obstacle to
interpretation of CARS experiments. It is well-established that CARS signals
interfere with a simultaneously generated nonresonant background [12], and
much of early CARS microscopy innovations have been attempts to remove or
suppress the NRB [29, 30, 31]. Other researchers have argued for a transition
from CARS to stimulated Raman scattering (SRS), a non-parametric coher-
ent Raman scattering technique that provides similar spectral information to
CARS, but is insensitive to the NRB [107, 175, 176]. In Chapter 4, we have
shown that the coherent nature of CARS creates several more subtle effects
apart from the well-established spectral distortions noted in the literature. In
particular, we demonstrated the existence of a coupling between coherent spa-
tial artefacts, notably shadows, that appear in CARS microscopy images and
that these artefacts induce corresponding distortions in the spectrum due to the
phase relations between the signal and the NRB. These distortions are driven
primarily by the Gouy phase shift, as well as by changes in the linear refractive
index between the object and the solvent, and cannot be easily accounted for in
standard retrieval methods. Fortunately, these distortions are limited to sam-
ples whose signals are comparable to the NRB, and whose size is comparable to
the Rayleigh length of the microscope focus. This seems to be an argument in
favour of SRS, which does not produce imaging artefacts via the Gouy phase if
the signal is modulated by frequency [177]. We stress that CARS researchers
need to take extraordinary care when interpreting variations in spectra, as it is
very easy to misinterpret the spatial-spectral coupling effect, the non-uniformity
of Stokes spectrum, or a calibration error due to an inappropriate method, as
a biological or chemical variation within the sample. We note that such subtle
difficulties and limitations of the technique are rarely discussed in the literature

and an important component of this thesis has been to carefully highlight these
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various effects both in theory and in application, and to explain our results in
the context of these challenges.

The other key theme in this thesis is the issue of spectral enhancements
in CARS spectroscopy and nonlinear optical microscopy more broadly. The
most common form of enhancement in optical systems is resonant enhance-
ment. Resonant enhancement occurs when the energies of some combination of
the participating photons in an optical process approach that of a real electronic
or vibrational resonance in the material system. The CARS spectrum is gener-
ated by the interaction of the pump and Stokes on vibrational resonance in the
molecular system. It is also possible to do double or even triple resonance en-
hanced CARS, where the pump or probe photons’ energy approaches that of an
electronic resonance [113]; however, this is often difficult to do in practice with
NIR photons as they are typically below the energy of electronic resonances.
Resonance enhancement, however, is not the only way to produce stronger sig-
nals in nonlinear optical systems. In Chapters 5-7, we discuss an unusual effect
that appears in the carotenoid compound astaxanthin that generates extremely
intense CARS signals. In Chapter 5, we have highlighted the extremely large
CARS response of astaxanthin compared to samples generally known for their
intense CARS response, namely lipids and diamond, and demonstrated conclu-
sively that this enhancement cannot be due to an electronic resonance. Fur-
thermore, we have provided numerous examples of how this enhancement can
be exploited for in vivo studies of biological samples of substantial commercial
interest. We argue that, while the bulk of CARS studies have focused on the
study of lipids [22, 23, 24], polyconjugated molecules and carotenoids may be
the ideal system for study using CARS microscopy due to their intrinsic en-
hancement effects. We further show that not only does astaxanthin produce

extremely intense CARS signals, but that it also generates a substantial FWM
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response. In Chapter 6, we demonstrate the first example of label-free FWM mi-
croscopy of a biological system. The fact that the FWM intensity is comparable
to that of CARS means that it can be used as an imaging modality with sub-
tly different properties that may be used advantageously by researchers. FWM
does not interfere with the NRB, so it is much easier to interpret images and
generate concentration studies. Moreover, since FWM does not have a spectral
dependence, it can be achieved using an off-the-shelf laser system without the
need for a chirp-matched apparatus. In Chapter 7, we demonstrated the subtle
origin of this enhancement. Polyconjugated molecules such as astaxanthin are
strongly coupled systems, such that the dominant contribution to their Raman
spectrum (and, as it turns out, to the CARS and FWM responses) is due to
a single vibrational mode along the fI coordinate. This, in turn, generates the
identical conditions for resonance enhancement, even in the static limit. This
enhancement engenders both a significant enhancement in the CARS signal, as
well as an intrinsic coupling between the electronic and vibrational states of the
molecule, resulting in a corresponding enhancement in FWM. While we have
restricted our analysis to only to one type of molecule, polyconjugation is quite
a general phenomenon and, therefore, there are many molecules that will expe-
rience similar enhancements that will be extremely amenable to CARS study,
greatly expanding the field beyond its lipid-focused origin.

Finally, we turn our attention to the matter of fluorescence. While the NIR
pulses used in CARS microscopy experiments, as well as the confocal microscope
geometry, generally reduce the problems of fluorescent background contamina-
tion compared to spontaneous Raman, this is still a potential problem for weak
CARS signals embedded in a highly fluorescent medium whose spectrum hap-
pens to overlap with the anti-Stokes colour of the CARS process. In such case,

we cannot use colour to distinguish between the two processes and must turn to
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some other mechanism. Fluorescence lifetime is one such contrast mechanism:
Because of the physical processes that cause CARS and fluorescence, the pho-
tons generated by each process will have different delay times relative to the
laser pulse. CARS is essentially instantaneous, whereas fluorescence depends
on the emission lifetime. Consequently, using a TCSPC apparatus, the signals
from CARS and fluorescence can be separated by time-gating [165, 166]. Life-
time also provides us with a further degree of freedom for imaging. The lifetime
of a molecule is sensitive to the local environment and, therefore, lifetime itself
may be used as a contrast mechanism. Changes in lifetime, including changes
resulting from FRET, are sensitive to nano-scale changes in the local environ-
ment of the molecule. In effect, lifetime imaging has the potential to act as a
fine “Vernier scale” for spatial localization within CARS images. In Chapter 8,
we outlined an implementation of multi-channel TCSPC for use in CARS and
FLIM experiments, and demonstrated the potential of time-and-frequency re-
solved fluorescence measurements as an extremely powerful extension to FLIM
studies.

CARS hyperspectroscopy is a growing field that has a wide breadth of appli-
cations many fields, and researchers will increasingly encounter and be required
to interpret CARS images and spectra. This thesis has outlined many varying
challenges associated with CARS spectra, particularly relating to how distor-
tions can be manifested, and how significant many of these effects can be. In-
terpretation of CARS spectra requires knowledge of the contribution due to the
nonresonant background, as well as an understanding both of the instrument
design and calibration, and the focal geometry, and, consequently, researchers
must be exceptionally careful in drawing strong conclusions from CARS spectra,
even those subject to Raman retrieval algorithms. On the other hand, enhance-

ment of CARS spectra provides an opportunity for exceptionally high-quality
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measurements to be undertaken, and many of the distortions associated with
CARS may be overcome with sufficiently enhanced signals. Thus by taking into
account the opportunities associated with CARS enhancements and the chal-
lenges associated with CARS distortions, future researchers will have a clear

guide for how to approach CARS spectra in innumerable future applications.
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Appendices

A Microscope Alignment

Optimization of the overlap of the pump and Stokes pulses in space, time, and
polarization, and effective coupling into the detection system is a critical com-
ponent of effective usage of the microscope system. For completeness’ sake, we
describe the standard alignment procedure used to optimize the CARS response
in our system. First, the combined pump and Stokes beams are aligned sep-
arately making use of two pinholes, one located near the dichroic mirror and
the other near the microscope output, identified as (1) and (2) on Figure A.1.
For the Stokes light, especially if there has been a recent change in laser wave-
length, it is generally preferably to commence course alignment using the 3-axis
translation stage on the output of the fiber before using the actuating mirrors
(4), (5). If fibre has been moved in the z direction on the 3-axis translation
stage, the collimating lens (3) should be adjusted to optimize the spot size of
the Stokes on a distant fluorescent card. Note that the pump spot size is much
larger than the pinholes, so only coarse alignment using actuating mirrors (6)
and (7) is necessary at this point.

Figure A.2 shows the alignment through the condensor. In order to maximize
coupling into the fiber, it is sometimes necessary to align the condensor optics.
This can be done in the following manner. First, the condensor (1) is removed,
leaving the housing. The microscope objective (2) should be set in the position
of best focus onto the sample holder. Upon closing the aperture on the side of
the housing (3), an octagon should be visible in the eyepiece under illumination
of the transmission lamp. The condensor height (4) may need to be adjusted
slightly to achieve best focus. By adjusting the actuators on the condensor

housing (5),(6), the octagon can be centred in the eyepiece. This indicates that
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the condensor is properly aligned. Note that this stage is generally not necessary
under most circumstances, as this alignment changes little day-to-day, but does

require optimization on occasion.

Microscope I Delay
1 Tocm @ BM
| | |
(8l T SFg " (9
(1) o

Figure A.1: The system should be aligned by using the numbered elements, in
order. Elements that are not numbered should be considered static and not
touched except under exceptional circumstances.

Once aligned through the compressor, a red fluorescent card can be used
to optimize the alignment of the backward-generated fluorescence. This should
be done in the following manner. First, the pump should be blocked, and the
fluorescence PMT gain should be increased to the point where the Stokes light
is visible on the detector. On an 8 bit color scale, 18 mW Stokes can typically
be observed at around 800V on the PMT. The Stokes light should be centred
using the final steering mirror (8) on Figure A.1 that directs the combined light
into the microscope. The PMT gain should then be reduced (typically around
300V for a 100 mW pump with 8 bits on the color scale) and the pump light
observed. This should be centred onto the detector using the pump actuating
mirrors (6) and (7).

If the stage position where the pump and Stokes overlap in time, time-zero,
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Figure A.2: The microscope condensor system.

is unknown, it is recommended that a sample of the compound astaxanthin
be used first to optimize the signal. As discussed in Chapter 6, astaxanthin
has a tremendously strong FWM response across all frequencies except for the
specific region between 1000cm~!-1600cm ™! where a resonant CARS response
dominates. Since this produces a broadband response over virtually the entire
Stokes bandwidth, this makes it extremely easy to optimize the pump and Stokes
overlap before searching for time zero. Thus astaxanthin can be used as a

calibration standard in any regime. If necessary, SFG from a KDP powder may
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be used in this same manner to find the optimal overlap. Note that astaxanthin
photobleaches at low powers. 40 mW pump and 20 mW Stokes powers are more
than sufficient for alignment purposes, and even lower powers may be tolerated
without difficulty.. The FWM signal from the astaxanthin should be optimized
starting at the microscope and working backwards: First, the condensor height
and microscope focus (X and Y on Figure A.2 should be chosen to maximize the
signal intensity. Next, the final steering mirror (8) and pump actuators (6) and
(7) can be tuned slightly to enhance contrast. Note that changes at this point
should be minimal. Once a strong signal is seen in the CARS channel, a sample
of ocadecene (nitrobenzene in the fingerprint) should be scanned. Ocadecene
has an intense Raman resonance at 2861 cm™! (1330 cm™! for nitrobenzene)
that is typical of lipids. At 140 mW pump and 20 mW Stokes, this resonance can
be easily detected simply by scanning the translation stage across its travel. In
practice, provided that the chirp has not changed, the peak positions should not
move significantly between wavelength tuning, so this step may be unnecessary.
Once the intense peak is located, the stage position of time-zero should be
tuned to precisely match the maximum of the peak. Time zero for octadecene
can typically be optimized to within +2 pm on the stage travel. The alignment
process for the astaxanthin should now repeat, beginning with the condensor
and focus (these should not change). In this case, the Stokes should be carefully
walked using the actuating mirrors (4) and (5). Note that translating the Stokes
light also affects the timing between pump and Stokes, so small adjustments to
the delay may also be necessary. Finally, the polarization should be optimized.
Optimal coupling requires the pump and Stokes to have the same polarization
state; the microscope itself also appears to have a preferred polarization axis.
The polarization of the microscope with respect to the pump is optimized when

the input polarizer (9) is set to 340°. The polarization of the Stokes output (10)
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may then be adjusted to optimize the Stokes polarization with respect to the
pump. Note that further signal can be gained by changing the Stokes spectrum,
either through the input to the PCF polarization, or through the Stokes power.
If only one specific resonance is required, then this procedure may be worthwile;
however, increasing the power of the Stokes at one frequency may decrease it at
others, so a compromise may be required if broad spectral scanning is required.

Table A summarizes the optimal parameters attainable for the microscope
system using the method described above on the standard calibration samples of
octadecene (C-H) and nitrobenzene (fingerprint). Note that even small changes
in the PMT gain represent dramatic increases in signal intensity: As a general
rule of thumb, an increase in gain of 50V represents approximately a factor of

2 increase in signal.

815 nm Pump 915 nm Pump

Verdi Power (W) 8.49 8.5

Power at Mira output (mW) | 970 620

Fibre coupling (%) 40 35

Stokes power

at microscope (mW) 17 16

Pump power

at microscope (mW) 144 116

Sample Octadecene Nitrobenzene
2850 cm ™! peak | 1330 cm™! peak

Saturation voltage of PMT

with 255 colour scale 580 382

on FlouView (V)

Table Al: System parameters for C-H and fingerprint CARS implementations.

B Configuring the TCSPC Module

The TCSPC module is controlled by the SPCM software by Becker and Hickl.
This is an extremely versatile software that can be used for many applications

ranging from FLIM to fluorescence correlation spectroscopy, to optical tomogra-
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phy. Here, we only focus on the specific details required for setup of the TCSPC
system for CARS and FLIM experiments. Other applications are discussed in
extensive detail in the Becker and Hickl handbook [164].

A sc150
Main Parameters Display Start! Interrupt! Stop! Exit!

1) SPC-150 System Parameters

Measurement Cortrol

WA -_Fifo Image Mode - asta_fluor sdt

Range
Gain

Limt Low
Limt High

1/16th ADC
H

Figure B.1: Exemplar data taken from a sample of AstaREAL in fluorscein
showing the TCSPC interface in SPCM with typical imaging parameters.

Figure B.1 shows a typical display in SPCM of an image taken with the
PML-16-C detector. The main frame (top left) shows the image generated from
a particular slice of the data hypercube: If 16 channel detection is used, then the
image will correspond to the intensity (ie. number of photons collected) from
single wavelength channel, and a certain number of binned timing channels.
Generating lifetimes from this image requires further post-processing. The bot-
tom left panel provides information on the synchronization pulse rate (80 MHz
in our case), and the number of counts collected by the CFD, TAC, and ADC,
the latter of which determines the count rate ultimately used to generate the
image. The right-hand panel specifies the relevant system parameters.

The operation mode specifies what type of data will be collected. For imaging

applications “Fifo image” is typically used. “Oscilloscope” mode is useful for
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calibration purposes, as it integrates the entire image plane to produce a single
lifetime. This can be used to ensure that the detector is collecting data properly.
A notable timing error can occur if the lengths of the cables between the sync
and CFD pulses are poorly matched. In this case, the lifetime will appear shifted
and begin at some large time. In this case, additional cables must be added to
either the CFD or the sync lines to delay the pulses relative to each other. When
the pulses are well-matched, the lifetime curve will resemble Figure 8.6.

The CFD limit low parameter specifies the amplitude below which pulses will
not be collected. Setting this parameter too high will lead to efficient counting;
setting it too low will lead to high noise and poor timing resolution. Typical
CFD low rates are -80mV for the PML-16-C and -29mW for the 3.

The ADC resolution controls the number of timing channels available to the
system. The ADC has 12 bits of data storage, allowing a maximum resolution of
4096 channels; however, binning may be necessary to improve performance or to
account for the limitations of system memory. In practice, an ADC resolution
of 1024 is sufficient for most purposes; for 16 channel detection, a maximum
resolution of 64 bins is available due to constraints on the system memory.

The delay setting controls an internal delay between the routing and control
signals. The delay should be set to maximize the ADC count rate. If the delay
is too short, the ADC will become out of sync with the TAC and will not be
able to collect any counts.

The routing X channel controls the number of wavelength bins available for
the PML-16-C, up to a maximum of 16.

The image pixel counts should be chosen to match image size on FlowView.
Note that FlowView uses a pixel clock and SPCM uses a line clock; as a result,
a mismatch between the two will produce dramatic image distortions.

Other parameters may be left at their default values.
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List of Publications

e A. M. Barlow, A. D. Slepkov, A. Ridsdale, P. J. McGinn, and A. Stolow,
“Label-free hyperspectral nonlinear optical microscopy of the biofuel micro-
algae Haematococcus Pluvialis,” Biomedical Optics Ezxpress, vol 5., pp
3391-3402, Sept. 2014

e A. D. Slepkov, A. M. Barlow, A. Ridsdale, P. J. McGinn, and A. Stolow,
“In vivo hyperspectral CARS and FWM microscopy of carotenoid accumu-
lation in H. Pluvialis,” Proc. SPIE 8937, Multimodal Biomedical Imaging
IX, 893707, Feb. 2014

e A. M. Barlow, K. Popov, M. Andreana, D. J. Moffatt, A. Ridsdale, A.
D. Slepkov, J. L. Harden, L. Ramunno, and A. Stolow, “Spatial-spectral
coupling in coherent anti-Stokes Raman scattering microscopy,” Optics
Ezxpress, vol. 21, pp 15298-15307, Jun. 2013

e A. M. Barlow, K. Popov, M. Andreana, D. J. Moffatt, A. Ridsdale, A.
D. Slepkov, L. Ramunno, and A. Stolow, “Spatial-spectral coupling in
hyperspectral CARS microscopy image formation,” Proc. SPIE 8589,
Three-Dimensional and Multidimensional Microscopy: Image Acquisition
and Processing XX, 85890T, Feb. 2013
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