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ABSTRACT OF THE DISSERTATION

Characterization and Use of Vibrational Tags in Coherent Raman Microscopy
By
Richard C. Prince
Doctor of Philosophy in Biomedical Engineering
University of California, Irvine, 2021

Professor Eric O. Potma, Chair

In this work, we outline the current state of coherent Raman scattering microscopy with
a special emphasis on the sub-field of stimulated Raman scattering. This field has seen
tremendous growth in development and applicability over the last twenty years. Much of
the work has focused on demonstrating the utility of both CARS and SRS to the field of
lipid metabolism, and there it has seen great success. However, it has not managed to get
into the hands of as many users as might be desired. CRS is often criticized for a lack
of specificity. Here we have demonstrated the successful use of isotopic Raman probes to
the study of metabolism in multiple cell types including an understudied form of cartilage
and in the origins of meibum lipid as it related to dry eye disease. We will also discuss
the application of computational chemistry techniques to the study and design of molecular

probes for Raman imaging.
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Chapter 1

Introduction: A Technique Searching

for Applicability



Parts of this chapter were published in 2021 in the Journal of Biomedical Optics
as Coherent Raman scattering microscopy: capable solution in search of a larger

audience by R.C. Prince and E. O. Potma.

1.1 Perspective on Coherent Raman Scattering

Almost 40 years since the coherent Raman scattering (CRS) microscope produced its first
image; the CRS technology has brought together an active community of developers poised
to deliver unique imaging capabilities to a broad group of users.'? The technical performance
of the CRS microscope has improved dramatically over the years. Still, these developments
have not yet translated into a substantial user base beyond a strong core of enthusiasts. To
understand the current state of the field, we reflect on the birth, rapid rise, and inescapable
growing pains of the technique. We look back on nearly four decades of development to

examine where the CRS imaging approach might be headed in the next decade.

The benefits and applications of new optical imaging approaches are not always evident
at the inception of the technique. The first CRS microscope, built in 1982 and shown in
Figure 1.1, was an unmistakable technological advance. The system produced images of

1

onion cells in heavy water! as well as deuterated multilamellar vesicles.® At the same time,

the immediate impact of the device remained largely unclear. Although it was recognized
that the CRS signal levels could “exceed those produced in spontaneous Raman processes” 4

and that spurious fluorescence contributions could be largely avoided, an application space

in which the attributes of CRS microscopy made a clear difference stayed out of sight.

Even after substantial improvements to the CRS microscope were reported in 1999°, experts
in the field of optical microscopy continued to be skeptical about the prospects of the still-

nascent CRS technology.® Such skepticism was not surprising since images required up to



30 minutes to record. Yet, less than a decade later, further developments had improved
the imaging rate to such an extent that speed became CRS microscopy’s most celebrated

asset. 710

The Raman effect senses molecules through their characteristic vibrational modes. Using this
capability in a microscope makes it possible to generate chemically selective images without
the use of labels. The much higher image acquisition rate offered through the nonlinear CRS
mechanism implies that the Raman effect can now be used for label-free mapping of live
cells and tissues - applications for which fast imaging capabilities are of essence. After the
advances of the early 2000s, it was now possible to create molecular time-lapses of dynamic

processes and image 3D tissue volumes with rates comparable to fluorescence.

The speed of CRS imaging allowed the study of water dynamics in cells and tissues. ! 14

And the exceptional contrast generated by lipids led to visualization of lipids in cultured
cells, tissue slices, and live animals. The high CRS signals obtained from pooled lipid
in otherwise aqueous environments enabled a wide range of studies that uncovered various

aspects of lipid biology!®, with applications in the areas of intracellular lipid metabolism 6%

19-21 27-29
)

atherosclerosis 2!, neurodegenerative diseases?? 2%, the role of lipids in cancer biology
and many more. Thanks to the technique’s successes in lipid imaging, its reputation as a
biological and biomedical imaging technique grew. On the other hand, these successes also

cemented the notion that CRS microscopy is synonymous with lipid mapping and not much

else.

1.2 Growing Pains

The adoption of coherent Raman scattering (CRS) microscopy has been a slow and seemingly

protracted process. Primarily driven by a core group of devoted developers, CRS techniques



have begun making inroads into university imaging facilities, neuroscience laboratories, and
clinic bedsides. However, widespread adoption is still lacking, with many instruments exist-
ing only in large optical development labs. The high cost, complexity, and limited supplier
base of turn-key devices have undoubtedly contributed to CRS’s undersized adoption, but
so too has a focus in the literature on development. The first CRS images were produced
nearly forty years ago, and the technique has become virtually synonymous with lipid imag-
ing. However, recent progress on Raman probes to address fundamental questions of cellular
metabolism and translation into bedside devices may pave the way for CRS to become a

practitioner’s tool.

Many of the growing pains associated with the adoption of CRS imaging techniques boil
down to a need for dedicated probes. A reckoning with the limitations of CRS imaging was
inevitable to push the technique into widespread use. Hyperspectral imaging speed, sen-
sitivity, and molecular specificity have all played a central role in driving the development
of CRS systems in the past decade as underperformance in each limited CRS’s applica-
bility for widespread use. It is crucial that we take stock of the improvements in each of
these performance areas and demonstrate the potential to answer fundamental biomedical

questions.

1.3 Specificity

In the past decade, the development and use of Raman tags have grown significantly to
identify specific metabolites. The general strategy of Raman tagging is that particular targets
are equipped with chemical groups that have their characteristic vibrations in a frequency
range free of overlapping band structures. Perhaps the gentlest form of Raman tagging is
the substitution of a given element with one of its isotopes, which alters the effective mass

of the mode and this shifts its vibrational energy. A prime example is the replacement of



carbon-bonded hydrogen atoms with deuterons, which moves the mode vibration into the cell
silent region of the spectrum. This concept was already employed to improve specificity of
the world’s first CRS microscope?®, and has proven early on a reliable strategy for identifying

specific fatty acids in membranes. 303!

The need for Raman tags arose from limited molecular information available from endogenous
sources. Lipid imaging is so successful, in part, due to the isolated frequency range of the
carbon-hydrogen (C-H) bond vibrations. In the absence of overlapping bands from other
chemical group vibrations, the C-H stretching vibrations are confidently assigned. Their
signal is used as a reliable source of contrast in CRS images. In direct contrast is the
fingerprint region, known for its richness in information, but correspondingly, an intensely
congested spectral range where individual bands’ assignment is immensely challenging due

to their overlapped nature.

The molecular specificity of vibrational bands is limited, even when vibrational lines can
be resolved and pinpointed. For instance, the Amide I vibrational mode can often be dis-
criminated from nearby vibrational lines, but targeting this mode provides information on
all protein structures in the probed volume rather than a specific enzyme’s whereabouts.
Similarly, the strong stretching mode of the carbon-carbon double bond (C=C) reports on
the presence of numerous molecular species that contain a C=C moiety, complicating the
identification of a specific target based on this band alone. Given these challenges, it is no
surprise that the idea of Raman labeling has proved powerful in dramatically improving the

molecular specificity of Raman-based imaging techniques.

The use of deuterated probes gained new momentum during the past decade through the
realization that isotopic analogs of endogenous molecules can be metabolically converted in
live cells and tissues, thus providing a “hook” to track metabolic processes. For instance,
uptake and subsequent esterification of deuterated fatty acids or cholesterol offer a direct

view of the cellular machinery a work.3?3* This principle can be extended to deuterated



amino acids to follow protein synthesis de novo®>3¢, deuterated glucose analogs to monitor

3738 glycogen®® and biomass production?, as well as D20 to study protein and

lipogenesis
lipid metabolism in live animals. ' The ability to directly examine metabolic pathways in live
biological systems offers a unique view of fundamental processes such as cellular homeostasis,
tissue growth, aging and oncogenesis. Hence, although the use of deuterated probes may

appear a small technical feat, it is transformative in the way it has expanded the biomedical

impacts of CRS microscopy.

Whereas the carbon-deuterium (C-D) bond offers a labeling strategy of minimal chemical
interference, the Raman response from individual bonds is relatively weak, necessitating
probes that incorporate numerous deuterons to achieve nominal CRS signals. Alternatively,
molecular targets can be equipped with small chemical motifs that exhibit much higher
Raman cross sections. The approach was popularized for CRS through the use of bio-
orthogonal alkyne tags, small chemical groups with an exceptionally strong Raman response
and a vibrational resonance in the cell silent region of the spectrum.*?#* Alkyne tags are
unreactive under typical physiological conditions and small enough to avoid compromised

metabolism of its molecular carrier. These tags have been incorporated into a wide range

43;44 43;44
)

of small molecules, enabling the visualization of specific nucleic acids , amino acids
glucose®, fatty acids?%49, sterols?”, choline®?, and many more, in live cells and tissues. This
idea has been expanded to include other tags, including nitriles and isonitriles. Nitriles have

the added benefit of a resonance frequency that is sensitive to the local electrostatics of its

immediate chemical environment, allowing, for instance, local probing of water content.*®

The use of Raman tags is not unique to CRS microscopy per se. In fact, the concept was
introduced to improve the molecular specificity in conventional Raman microscopy, and many
of the tag-bearing small molecules now used in CRS imaging were first developed for linear

49;50

Raman applications. Nonetheless, the isolated nature of the spectral bands associated

with these tags allows direct identification with narrowband CRS microscopy. Here, the fast



imaging capabilities of CRS imaging offer tangible benefits, as metabolic processes in live
cells and organisms can be tracked in real time, a capability that is simply out of reach for

spontaneous Raman microscopy.

1.4 Sensitivity

The sensitivity of CRS imaging is generally in the range of 1-10 mM for endogenous com-
pounds. The use of Raman tags, which typically have higher Raman cross sections, can
push the sensitivity into the 100 pM range. Although impressive, this detection limit is
often higher than the concentration of small endogenous molecules and metabolites in the
cell. The application space of CRS microscopy would thus widen significantly if ways can be

found to improve the sensitivity.

Since the illumination power is limited by sample damage, the only conceivable way to im-
prove the CRS sensitivity is to increase the effective Raman cross section of the molecular
responders. For endogenous compounds, the Raman cross-section is an inherent property
of the molecule, which is essentially immutable to change when excitation wavelengths are
far from electronic resonances. For extrinsic probes, however, Raman cross-sections can be
boosted significantly when electronic resonances are present near the frequency of the exci-
tation beam. The principle of resonance Raman scattering can be ported to CRS excitation
and correspondingly improve the molecular concentration detection limits.?' 53 This strategy
requires chromophores that exhibit vibrational modes with good couplings to the electronic
resonance. Select fluorophores developed for the purpose of fluorescence labeling display
excellent enhancement of the vibrational response of up to 106 times when the excitation
frequencies are tuned near the electronic transition, as demonstrated for stimulated Raman
scattering (SRS).%%%® The result is that such fluorescent probes can be detected through the

CRS process at sub-uM concentrations. This is significant, because it opens up the possi-



bility to map distinct probes in a multi-label sample, with the number of different probes
ultimately limited by the bandwidth of the Raman line rather than by the bandwidth of
fluorescence. Whereas it is challenging to label the sample with more than four probes in
fluorescence microscopy because of cross talk between the detection channels, in resonance
enhanced SRS imaging multiplex labeling can be extended to tens of different probes.?34
In terms of multiplex imaging, this capability is a big win as many cell biological studies

require the visualization of multiple molecular actors to uncover intracellular processes and

pathways.

The multiplex capability offered through resonance enhanced SRS can be pushed even further
to lower probe concentrations. By letting the probe selectivity be determined by the SRS
excitation process alone, the bandwidth on the detection side can, in principle, be relaxed.
This implies that after a Raman transition, the molecule can be excited in a second step to
an emitting electronic state, allowing efficient detection of the chromophore via fluorescence
emission. If the electronic transition is conditional on a successful Raman transition, then the
chromophore can be selected based on its narrow Raman band while the probing sensitivity is
boosted by the highly efficient fluorescence detection strategy. This process, called stimulated
Raman excited fluorescence (SREF), makes it possible to detect molecules at concentrations

down to the single molecule limit. %

The SREF method combines the advantages of multiplex
imaging offered by SRS with the high sensitivity of fluorescence microscopy, enabling imaging

studies that were hitherto impossible with either of these techniques alone.

1.5 Speed

The advances discussed in the previous two Sections focused on CRS improvements through
exploiting and optimizing the target molecule’s response. The intelligent use of molecular

probes expands CRS’s application landscape without technical advancements of the micro-



scope instrument itself. Next, we will focus on increasing the image acquisition speed of
the microscope, an advance that often involves modifications of the system’s hardware. In
particular, we are interested in ways that fast hyperspectral CRS imaging can be accom-
plished. The term “hyperspectral” is used here to denote the acquisition of data cubes where
there are two spatial dimensions (typically the lateral coordinates x and y) and one spectral
dimension, resulting in a 2D spatial image where each spatial pixel is expanded along the

third coordinate to represent the vibrational spectrum.

Over the last decade, there has been a proliferation of approaches for recording CRS hy-
perspectral data cubes. The variety of approaches is vast, which implies that there are also
numerous ways to categorize them.*%%7 For the discussion here it will be helpful to cate-
gorize hyperspectral CRS techniques in terms of the detection strategy, namely either the
use of a single pixel detector or the involvement of a detector array. For the case of a detec-
tor array, a spectral dispersion element is used, and numerous spectral values are recorded
simultaneously. Where a single pixel detector is used, a data stream of values needs to be

recorded in time from which spectral information can then derived.

By the early 2000s, it was recognized that spectral information in microscopic CARS mea-
surements could be obtained efficiently by using a standard spectrometer as the detector. %
The speed of the resulting images is then limited primarily by the strength of the signal and
the data processing time of the arrayed detector. Various optimization strategies have led
to the acquisition of broadband CARS spectra, spanning the 600cm ™1 to 3100cm ™1 range,

with pixel dwell times as short as 3.5 ms for biological samples.®! For comparison, the fastest

spontaneous Raman microscope requires at least 100 ms to obtain similar quality spectra.

The use of conventional arrayed detectors is more challenging in SRS microscopy because

of the necessity of high frequency modulation. One approach is the use of multiple lock-in

2

detectors, each capturing the information from a spectral bin%?, a strategy that has been

expanded to no less than 128 lock-in amplifiers.®® Other arrayed detectors used for SRS have



included fast CMOS detectors®4% and arrayed photodiodes where each element is equipped
with a resonant LC filter.% Using the latter recipe, SRS spectra consisting of 32 bins have

been recorded within only 5 us, corresponding to 200,000 spectra/s.%7

Arrayed detectors offer limited flexibility in balancing the number of spectral data points
with acquisition speed. For this reason, many CRS methods have focused on variations in the
use of fast single element detectors. The most straightforward method is the rapid spectral
scanning of one of the input beams in narrowband CRS while recording images sequentially
for each spectral setting.%® 7 If starting from a broadband beam, a rapid tunable filter, such
as a galvanometric mirror and a grating”™ or acousto-optic tunable filter (AOTF)™, offers
a viable way to collect CRS hyperspectral data cubes swiftly. Another popular approach
is the spectral focusing method, used both for CARS™ ™ and SRS ™, where the spectral
dimension is obtained through a temporal scan of the delay between the chirped broadband
pump and Stokes pulses. Rapid scanning of the delay is possible through various means,
for instance with the aid of acousto-optic filters, producing spectral scans in as little as
12.5 ps per pixel.™ Other approaches use spectral modulation techniques, whereby the spec-
trum is amplitude modulated by a spatial light modulator®’, digital micromirror device®!
or AOTF®2, and the spectrum is retrieved computationally from a sequence of CRS mea-
surements obtained for different realizations of the spectral content of the input beams. A
similar concept can also be applied when a single broadband beam is employed to drive the
CRS process, using amplitude and phase shaping to achieve the desired resolution. Many

spectral shaping techniques exist, most of them comprehensively summarized in reference.?®

A final development of note is found in the area of Fourier transform CRS, which rapidly
collects temporal interferograms that can subsequently be transformed to the spectral do-
main to retrieve Raman-based spectra.®3Several optical designs for enabling fast sweeps
in the temporal domain have made it possible to acquire spectra at very high rates. In

point-scanning CARS microscopy, the Fourier transform approach has produced spectral ac-
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quisition times of 42 us per spatial pixel.3* A related strategy has also been implemented in
a wide-field CARS microscope.® Outside of the microscope, even higher spectral acquisition
rates have been reached®, up to 100,000 spectra/s in the form of dual-comb coherent Raman

spectroscopy. 3788

1.6 Taking Stock and Looking Ahead

The last decade’s technological developments are exciting as they push CRS microscopy to
its ultimate speed and sensitivity limits. Nonetheless, many implementations thus far remain
rather complex, which has kept these solutions out of the hands of routine microscopy users.
The success of an imaging technique like CRS is ultimately measured by the quality of the
science and discoveries it enables, and this requires the user base to expand beyond the com-
munity of microscope developers. Despite its impressive capabilities, the CRS microscope,
in many ways, is still grappling with similar questions that bubbled up when the first CRS
imaging system saw the light of day: how can this technology be tailored to benefit a much
wider research community? Buttressed by a strong portfolio of biological applications in
the scientific literature, CRS developers have put their hopes on commercial releases of the
SRS microscope as a way to bring fast vibrational imaging properties to a larger group of
users. An affordable and user-friendly SRS microscope would no doubt expand access to the
technique and multiply the number of studies in which CRS’s label free imaging capability

is a decisive factor of success.

Dominated so long by the emphasis on instrument development alone, this impasse might
finally yield. By expanding the uses of fast Raman-based imaging to include mapping of
metabolic processes, multiplex probe microscopy and optimized Raman label strategies for
visualizing key molecular actors, the technique is likely to reach new audiences in the decade

ahead. In the work that follows, a small step in that direction is taken.
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Figure 1.1: The first coherent Raman microscope
Dr. Michael Duncan adjusts the world’s first coherent Raman microscope built at Naval
Research Laboratory in 1981. Courtesy of Michael Duncan.
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Chapter 2

Decreasing volume, Increasing
Impact: A History of Stimulated

Raman Scattering
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Figure 2.1: Bibliometrics of stimulated Raman scattering
The number of publications per year in the topic of stimulated Raman scattering and the
sum of the total citations to articles mentioning stimulated Raman scattering per year.
The academic product of stimulated Raman scattering has grown extensively since the
discovery of the technique.

2.1 The Birth & Evolution of Stimulated Raman Scat-
tering
Over the last few decades, the use of SRS as an analytical technique has grown rapidly, and

will continue to grow as more commercial turn-key systems enter the market. According to

Clarivate Analytics Web of Science, there are more than 6,000 publications in the field of
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stimulated Raman scattering and more than 70,000 articles citing work in that collection.®’

This is shown graphically in Figure 2.1. In this Section, we will discuss the origin of the SRS
approach, its coming of age as a sensitive molecular spectroscopy technique and its growth

into a popular label-free imaging technique.

Discovered shortly after the first demonstration of a working laser, the phenomenon of stim-
ulated Raman scattering (SRS) has closely tracked that of the laser itself.? The pulsed
action of some lasers, including Maiman’s first ruby laser, create extremely intense bursts
of light, and it was quickly realized that these intense fields would enable the generation of
various nonlinear phenomena.?' The first prediction of a nonlinear optical effect had been
worked out by Maria Goppert-Mayer in 1930.%? Remarkably, the demonstration of nonlinear
optics occurred a year after the birth of the laser with Franken et. al. demonstrating second
harmonic generation (SHG) and Kaiser demonstrating two-photon excitation.?¥% A year
after these, in 1962, third-harmonic generation (THG) requiring even higher electric fields
was demonstrated by Terhune.? In each of these cases, observation of a color different than
that of the input light revealed the nonlinear process. The discovery of SRS would be no

different.

The discovery of SRS was serendipitous. To achieve pulsed laser action, known then as a
“ogiant ruby-laser pulse”, and thus the high peak intensity necessary to generate nonlinear
effects, many labs turned to the use of Kerr-cell shutters to modulate the output of their

96-101 The common material for Kerr shutters of the time was nitrobenzene, a material

lasers.
with several Raman active modes.19%1% In 1962, Woodbury and colleagues at the Hughes
Research Laboratories reported in a brief correspondence anomalous laser lines from their
ruby laser and identified that the lines depended on the operation of their nitrobenzene Kerr
shutter.'% An interpretation of the first Raman laser is shown in Figure 2.2. An interesting

historical note about this discovery was that it was made while conducting research on lasers

for the United States Air Force, and was reported in a now unclassified report. 1%°
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Figure 2.2: Author’s Interpretation of the first SRS System
Modern diagram of the original Ruby laser Raman oscillator arrangement as used by
Woodbury and Ng. Reproduced from a diagram in Bloembergen 1967.1% Intense Stokes
radiation is produced from the fluid in the sample cell and from the Raman active mode of
the nitrobenzene in the Kerr shutter.

These anomalous “satellite” lines of their pulsed reflector laser were correctly identified as
a version of Raman scattering in research published later in 1962.1°7 By comparison to
literature values, it was determined that the R-line of the ruby laser was shifted by an
amount corresponding to the energy of the symmetric stretching mode of the NO, group
of nitrobenzene, and subsequent measurements were made with different organic liquids to
confirm Raman scattering as the origin of the effect. The authors made the realization that
the amplification of the Raman lines was due to a similar process to that of the stimulated
fluorescence emission that produces laser action. Thus, the name of stimulated Raman

scattering was stuck to this process.

By 1962, a theory of four-wave mixing to explain nonlinear light-matter interactions was
already in place,®® and by the end of the decade, a semiclassical theory of SRS in terms of

10111 104

four-wave mixing was readily described.!%11% Explanations in the classical wave
quantized field regimes!'? were delineated, and it became possible to fully describe the SRS

process in the laser cavity. 1%
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2.1.1 The Birth of SRS: Light Conversion & Early Spectroscopy

The first demonstrations of stimulated Raman scattering were inherently spectroscopic in
nature. The presence of a sufficient quantity of a Raman-active material produces additional
laser lines at the Stokes and anti-Stokes frequency. In brief, the fundamental (pump) laser
line, wy; produces lower energy Stokes-shifted radiation through spontaneous Raman scat-
tering, which involves Raman mode w,, producing radiation at ws = w; — w,. The highly
reflective cavity mirrors allow Stokes photons to travel the cavity and return to the Raman
active medium where they, in turn, stimulate the emission of more stokes photons. Just
as in stimulated fluorescence, this generates a coherent and highly directional beam at fre-
quency wy. It is important to note that unlike stimulated emission no energy is stored in
electronically excited states. Instead the difference in energy between the pump and Stokes
photons is transferred to the Raman active material in the form of excited vibrational modes
at frequency w,. This follows the usual Raman relation: hw, = h(w; — wq). Analogous to
linear Raman scattering, stimulated anti-Stokes scattering is also observed wherein a beam

blue shifted from the fundamental is produced, giving rise to radiation at w3 = w; +w,. 137116

Early on the use of SRS diverged into two distinct paths. The first path of research focused
on the generation of coherent radiation, most widely in the form of Raman shifters. It was
realized that SRS could be achieved by placing the Raman active material outside of the
laser cavity, and in this way, external Raman based shifters were achieved.!'” These first
shifters used transparent crystals such as diamond and calcite, but use of other materials
quickly became commonplace.® 120 Of particular importance, is the use of SRS to red-
shift light in silica fibers by excitation of the Si-O modes around 13 THz (440 cm™!).121:122
SRS in fibers forms the basis of fiber Raman lasers and broadband Raman amplifiers. 123124
Both of these technologies have found major use in the fiber based telecommunications

industry. 125126 Research into Raman shifters and Raman lasers continues several decades

since their invention as a popular source of frequency conversion. The second path of research
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aimed to use SRS for studying the spectroscopic properties of materials, which is discussed

next.

2.1.2 First Wave: Picosecond Time-resolved Spectroscopy

Early on, many experts were skeptical about the utility of SRS as a spectroscopic tool.
Bloembergen stated in a review from 1967 that “The spectroscopic information that may
be obtained from the stimulated process is very restricted compared to the results from
spontaneous scattering.” 1% Others realized the implication that coherent radiation implies
coherent molecular motion. Early work focused on studying the dephasing dynamics of the
Raman active modes of various materials.'?" 29 These lines of research were enabled by
continually progressing research into lasers themselves as pulses into the picosecond became
available. 13%131 The short temporal pulse widths of these lasers were shorter than the de-
phasing times of Raman lines. As such, molecular vibrations could be coherently prepared
in a material and the free induction decay of the excitation could me measured. Throughout
the 1970s, SRS research followed the advances in picosecond laser technology. Many coher-
ent Raman studies focused on the ground-state vibrations of materials in all three major
physical states. The increasingly shorter pulse widths promised to allow SRS to disentangle

the broadening mechanisms behind Raman line widths. 32

2.1.3 Second Wave: Ultrafast and Impulsive Regimes

During the late 1970s and 1980s, SRS had a limited effect on the field of nonlinear optics
and ultrafast spectroscopy. In many cases it was experimentally easier to use the anti-
Stokes signal at 2w; — wy or the coherent Stokes signal at 2wy — w;. Coherent anti-Stokes
Raman scattering (CARS) and coherent Stokes Raman scattering (CSRS), both third-order

nonlinear techniques like SRS, overshadowed SRS during this time period.
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Figure 2.3: Timeline of major developments in SRS technology

The resurgence of SRS as a technique coincided with the invention of femtosecond laser
sources, operating through various kinds of mode-locking mechanisms, including Kerr-lens

133-135

mode-locking. This timeline of use is shown graphically in Figure 2.3. Similar to stim-

ulated Brillouin scattering, femtosecond pulses could be used to impulsively excite phonons

136;137

in crystals. Due to the broad spectral profile of these pulses, both the w; and wy fre-

quencies could be achieved in a single pulse and drive the phonon at the Raman frequency,

Wy = Wy — Woy. 138

This new technique was given the name of impulsive stimulated Raman scattering (ISRS) as
the temporal width of the pulses is shorter than the period of the vibrational modes under
study. The study of crystalline solids was quickly expanded to include low energy modes in

liquids as well. '3 Low energy modes, < 200 cm™!, are typically hard to probe with CARS
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or CSRS because of the difficulty of spectrally filtering small Raman shifted contributions
so close to the laser lines. Thus SRS was able to fill a gap in the spectroscopist’s repertoire
allowing access to intra- and inter-molecular vibrations and orientational modes of liquids
as well as lattice dynamics in solids. Using [SRS it was possible to resolve the evolution and

dephasing of vibrational motion as a function of time.4°

The advent of ISRS led to a resurgence in the use of SRS for spectroscopy. While early
experiments were conducted in optically transparent solids, ISRS was shown quite capable
at studying electronically resonant molecules. With ISRS, the vibrational modes of excited
states can be directly probed, thus offering a coherent view of electronic and vibrational
coherences. As discussed elsewhere in this work, electronic resonances enhance the Raman
response and boost signal. This allows for measurements at very low concentration of the
chromophores, down to the uM range. This technique has been used extensively to study

the vibrational dynamics of chromophores in solution. 141743

Throughout the nineties and into the early 2000s, the increasing versatility and availability of
ultrashort Ti:sapphire lasers allowed for further advances in SRS techniques. In 2003, McCa-
mant demonstrated what they called femtosecond stimulated Raman spectroscopy (FSRS)
named for the time-resolution of the measurement.'** The FSRS was famously used to
elucidate structural dynamics of biologically important molecules such as [-carotene and
retinal. 145 Besides ISRS and FSRS, the family of vibrational spectroscopy methods that rely
on a stimulated Raman transition also contains techniques such as the time-resolved optical
Kerr effect (OKE)!46, used for studying low energy Raman-active modes, and the Raman
induced Kerr effect (RIKES) 7, used for interrogating high energy vibrational modes. Some

of the principles of time-resolved SRS spectroscopy will be discussed in Section 2.2.
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2.1.4 Third Wave: Diffraction-Limited Microscopy

Maturation of the laser technologies of the late twentieth century have led to great increases
in the sensitivity of SRS measurements. By combining these with various modulation tech-
niques and lock-in based detection, SRS measurements have been pushed to the point where
the signal is limited only by laser shot-noise. This directly translates into measurements of

small volumes and lower concentrations.

Gains in sensitivity enabled the use of higher numerical aperture lenses and, eventually,
microscopic imaging. #%14% Previous SRS techniques were performed in samples with an
interaction distance on the order of several millimeters by focusing with a long focal length
lens. With a high-NA lens the focal length becomes on the order of a micrometer and
the focal volume that of a femtoliter (fL.). CARS was the first demonstration of a coherent
Raman scattering process in a fL. volume, performed in 1999 by Zumbusch.? CARS turned

out to be the proving ground for coherent Raman microscopies, and is itself a widely used

technique, as underlined by the release of commercial CARS microscopes. 150153
@ | f . (b) 1000f
—_ L] . intracellular water
g 08F g bulk water
= < 100}
= >
2 06} £
c S 7}
L o4 5
U—CJ ' £ 1o}
X 02} “J
S S
00fe 1
2 1 0 1 2
Lateral distance (um) Delay (ps)

Figure 2.4: SRS microspectroscopy with a high numerical aperture objective.
(a) Optical Kerr effect signal of a 1 um diameter glass bead as it is scanned through focus.
Inset shows a Jablonski diagram with the femtosecond pump (red) and probe (orange) field
interactions indicated. (b) Impulsive optical Kerr effect microspectroscopy of water inside a
live cell (black curve). A fit reveals a structural relaxation time of 1.35 ps for cell water
(green) and a relaxation time of 0.79 ps for water of the growth medium. Adapted with
permission form Ref!%4.

Converting SRS for the purpose of microscopy proved to be a more difficult task than that
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of CARS. Unlike a spectroscopy experiment where the larger volumes would permit spatial
separation of the input beams, high-NA conditions utilize a collinear excitation. An early
implementation of the SRS principle with collinear excitation in an optical microscope came
in 2001 in the form of optical Kerr effect spectroscopy. In this implementation of ISRS,
low energy librational Raman modes of water in cells were excited and probed in a time

5 as shown in Figure 2.4. The first demonstration of SRS as a contrast

resolved fashion,!
mechanism for imaging followed several years later, in the form of broadband SRL and SRG
using a white light probe pulse and a modulated, spectrally narrow pump pulse.'*® In the
configuration as used by Freudiger et al., two input beams at frequencies w, and w, and
picosecond pulsewidth are tuned to match a vibrational mode of interest in the sample.4?
The first application of picosecond SRS microscopy to biological systems is reproduced in
Figure 2.5. However, in all these cases the SRS signal cannot be spectral isolated from
the input beams. This necessitates the use of modulation techniques wherein a modulation
applied to one beam is transferred onto the SRS signal imprinted onto the other beam. One
enabling factor for SRS microscopy was selecting a modulation frequency that is high enough
such that the 1/f noise from the laser is minimized, resulting in modulation frequencies of
> 1 MHz.'%® Using variations on these techniques, concentrations as low as 100 uM have

been demonstrated. 4”53

While these advances in sensitivity are already commendable, the resulting molecular con-
centration limit is still higher than the intracellular concentration of many small metabo-
lites, with concentrations in the uM range being typical. Additionally, Raman scattering
cross-sections of the vibrational modes of biomolecular molecules are inherently low (in the
10—28-10732 cm? /st range). Several groups have turned to developing other ways of boost-
ing the SRS signal. Of particular note, is the use of electronic resonance conditions similar
to that of ISRS.% It well known that the SRS signal can be greatly enhanced by tuning
the frequency of the incident radiation to be near or at an electronic transition. By ex-

ploiting the electronic resonance, imaging of molecules at sub-uM concentrations has been
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Figure 2.5: The First Demonstration of SRS Microscopy in Biology
SRS is shown to be a powerful tool to image lipid distribution for cell cultures and tissues
in the first biological SRS microscopy report. Here, Omega-3 fatty acid uptake is
monitored in A549 human lung-cancer cells. (A) SRL image taken at 2920 cm™'. (B) SRL
image of the same cell taken at 3015 cm~! which is indicative of unsaturated fatty acids.
Reproduced with permission from Ref!4?. Copyright 2008 American Association for the
Advancement of Science.

reported. >1:52157

Some of the underlying principles in SRS microscopy and its applications will be further

discussed in Section 2.3.

2.1.5 Fourth Wave: Nanoscale and single molecule spectroscopy

Inspired by the successes of nanoscale spectroscopy and single molecule spectroscopy tech-
niques, the last decade has seen a growing effort by the SRS community to push the sensitivity
of the technique to the nanoscale. At the nanometer level, the number of molecules is nec-
essarily smaller, and this, in turn, affects the detectability of the signal. The Raman effect
alone is too weak to allow for measurements at this level, and the effect of stimulating the
Raman transition, which effectively increases the detected signal by 10° — 10° times, remains

insufficient to enable the observation of molecules at this scale. Additional mechanisms are
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needed to boost the signal, and some of these mechanisms are discussed in Section 2.4 of

this Chapter.

Among the developments that pushed the SRS technology to the nanoscale, and, by exten-
sion, to the single molecule limit, is the technique of using surface plasmons to enhance the
Raman response. The fields of surface and cavity enhanced Raman spectroscopy are well
established in their own right. %10 Following much the same evolution from Raman to SRS,
surface enhanced Raman scattering (SERS) has been translated into the surface-enhanced
stimulated Raman scattering (SE-SRS) family of techniques. While much of the advances in
SE-SRS occurred in the twenty-first century, it was first proposed and demonstrated in 1979
at Bell Labs. 161162 These techniques have been used to probe a variety of scientific problems,
including the promise of creating “molecular movies” of targets in plasmonic cavities at the
ultrashort time scales. !63 This technique also shows promise in studying plasmonic catalysis,
for detection of small drug compounds, and of plasmonic processes in nano-aggragates. The
process can also be utilized in a variation of tip-enhanced Raman spectroscopy.!%* These
advances did not come without challenges however. The high peak intensities inherent in
surface enhanced picosecond and femtosecond spectroscopies have been shown to be on the
order of 1 V/nm; a regime where chemical changes in the molecules of interest may be

induced by the applied fields themselves.

2.1.6 Towards SRS Nanoscopy

As can be imagined, the Raman imaging community, spurred on by super-resolution tech-
niques in other imaging fields, ' is pushing the limits of what SRS can do with the ultimate
goal of developing a nanoscopy with single-molecule detection capabilities. This is an emerg-
ing field, and as such, much of its history is yet to be written. We will provide a brief

overview of major trends here.
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Early work towards this goal appears in theory by 2014 with a method similar to that
of stimulated emission depletion microscopy(STED)®. Under this proposed scheme, an
additional third pulse would be utilized in the form of a doughnut-shaped Stokes beam to
saturate the SRS signal at and around the perimeter of the pump beam.!671% In 2015,
work by Silva and colleagues demonstrated that using a STED like approach can yield sub-
diffraction level resolution. %Y In this technique, the added toroidal pulse depletes vibrational
coherences in the molecules of interest by driving population away from the ground state
into the vibrationally excited state, thus reducing the normal SRS signal through ground
state depletion. This effectively eliminates SRS signal generation in the overlap of the SRS
coherence and the depletion beam through the process of Raman saturation. However, the
low repetition rate of their laser makes this approach impractical for biological imaging.
The same strategy was expanded on by Graefe et al, who demonstrated sub-diffraction
limited SRS imaging with a MHz laser, which brings this technique closer to applicability in
biological imaging. '™ Though it should be noted that a demonstration on a biological sample
was not provided in that work. Another way to achieve the higher resolution afforded by
Raman saturation is to use a special modulation/demodulation scheme that is sensitive to
the nonlinear dependence of the saturation process.'™ In this fashion, no extra doughnut-
shaped beam is needed, thereby significantly simplifying the experiment. This method has
been used to visualize biological cells with sub-diffraction limited resolution. Among other
recent efforts to improve the resolution in SRS comes a surprisingly simple solution: use
shorter wavelength pump and Stokes beams and a very high NA objective lens. Following
this recipe, images of cultured cells were obtained with a lateral resolution of 113 nm,'" as
highlighted in Figure 2.6. A possible downside of this method is the increased probability of

photo-bleaching and possible photo-damaging due to the use of pulsed visible light beams.

These advances demonstrate the rapid progress being made towards a true label-free vibra-
tional nanoscopy. However, many challenges remain to demonstrate a technique fully capable

of generating such visually stunning images like those currently available with fluorescence
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based super-resolution techniques.
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Figure 2.6: SRS Imaging in the Visible Regime
High resolution SRS imaging using visible pump and Stokes beams. (a) Energy level
diagram of SRS with near-infrared excitation beams, shown on the left, and visible
excitation beams on the right. The near-resonant condition provides an additional boost to
the signal. (b) Cross section of the SRS signal from a 60 nm polystyrene bead, showing a
full width half maximum (FWHM) of 113 nm. (c) High resolution SRS image of a cell
taken with visible excitation beams. Images were obtained with a NA = 1.49 oil immersion
objective lens. Adapted with permission from Ref!".

2.2 Probing molecules with SRS Spectroscopy

Readers with a primary interest in imaging and microscopy may be unfamiliar with the
principles of SRS spectroscopy, the technology on which the imaging version of the SRS
technique is based. In SRS spectroscopy, the emphasis is on the spectroscopic properties

and physical interactions of molecules. Sample volumes in SRS spectroscopy are often in
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the 10 puL - 1 mL range, much larger than the ~fL volumes typical for SRS microscopy.
As highlighted in earlier Sections, the spectroscopy version of SRS dates back to the 1960s,
the decade in which the laser was developed. With the subsequent availability of shorter
laser pulses, the SRS techniques was used predominantly to offer a time domain version of
the spectra collected with spontaneous Raman scattering. The development of the ISRS
technique, in particular, made it possible to follow the evolution of vibrational coherences
of solids and liquids on the femto and picosecond timescales, prompting numerous research
activities. In the following, we will discuss some of the properties of SRS spectroscopy, with

an emphasis on the time domain version of the technique.

2.2.1 SRS Spectroscopy in the Time Domain

The spectra acquired in spontaneous Raman spectroscopy contain a lot of information. Be-
sides the spectral positions and relative intensities of the Raman lines, the spectra also hold
information about the dynamics of the induced Raman polarization. The longer the polariza-
tion is able to retain its induced oscillatory motion, the narrower the Raman spectral profile.
Vice versa, shorter lived Raman polarizations give rise to broader linewidths. The frequency
and time domain are related to one another by a Fourier transformation. However, while the
frequency domain reports on the overall timescales on which the Raman polarization unfolds,
it does not provide a time consecutive picture of the evolution of the vibrational motion.
In the time domain, on the other hand, the vibrational dynamics are resolved directly as
function of time, revealing the actual chronology of the vibrational movements involved. The
ability to ‘see’ the motion of chemical bond vibrations is rather compelling, and it has led

to the development of a broad arsenal of time-resolved SRS techniques.

To describe the SRS experiments in the time domain, it is helpful to invoke the quantum

mechanical picture of the material states while the light fields are treated classically.'™ In
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general, we may write the eigenstates of the molecular system as |n). A useful tool in
describing evolution of the system as it interacts with the incident fields is found in the

so-called density matrix operator. It is defined as:

pH) =Y pam(t) ) (m] (2.1)

The diagonal elements of the density matrix operator, p,,, give the probability that the
molecule is in state |n), whereas the off-diagonal elements describe the system as it is in a
coherent superposition of states [n) and |m). The operator |n) (m| is called a coherence when
n # m, and p,;,(t) gives the time-dependent amplitude of this coherence. When n = m, the
operator |n) (n| is referred to as the system’s population of state |n). In this case, the system
is not in a superposition of states, but resides in a well defined eigenstate. It is the evolution
of p(t) that we are interested in, as it conveniently describes the light-induced couplings

between the material’s states and the subsequent dynamics that follows.

To follow the evolution of the system, it is convenient to consider the four-level system
sketched in Figure 2.7a. Here the ground state is indicated as |a), the first vibrationally
excited state as |b), and two virtual states as |n) and |n’). Note that the virtual states are
not eigenstates of the material and thus the system cannot evolve in such states any longer
than dictated by the time uncertainty in the experiment. In the semi-classical description
of SRS, the material is subjected to three interactions with incoming fields. Before any field
interactions, the system is in the ground state population, expressed by the operator |a) (al.

Each field interaction can change the bra or the ket of the density matrix operator.

In the time domain SRS experiment, the first two field interactions are with a pump and
probe field, indicated by E; and Es, respectively, in Figure 2.7a. These two field interactions
can manipulate p in many ways, but here we will focus on a particular manipulation, or

pathway, that forms a dominant contribution to the SRS signal. This pathway is represented
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in terms of a double-sided Feynman diagram in Figure 2.7b, which is read from bottom to
top. Starting in population |a) (a|, both the pump (w;) and the Stokes (—ws) interact on the
bra side, producing the coherence |a) (b|. After the preparation step, the system will evolve
in this superposition of two vibrational states (Raman coherence) during time 7 as the
molecule interacts with its surroundings. Two important effects can alter the amplitude of
the coherence. First, the vibrational lifetime of |b) limits the time the superposition of states
can be maintained, resulting in a decaying coherence with a rate of 4. Second, because
each molecule is affected by its immediate surroundings differently, the phase evolution of
the superposition of states in one molecule will differ from that of another molecule. This
implies that the amplitude of the total Raman coherence in the sample will decrease as
individual components run out of phase. This effect is known as pure dephasing of the
coherence of the molecular ensemble, and characterized by the dephasing rate 4,,. The joint
effect of vibrational lifetime and inter-molecular dephasing gives rise to an overall decay
rate Yap = Yob/2 + Jap for the Raman coherence. Here the vy, is divided by 2 because the

populated decay rate is defined through the modulus square of the density matrix amplitude

as |€77bbt/2|2 — ef'ybbt‘

After an evolution period 7, the system is probed by a third field interaction, here with the
pump field w; that interacts from the left with the ket, as shown in Figure 2.7b. During this
interaction time, the system radiates a photon at ws, upon which the material is left in the
population |b) (b|. The end result is that the system is in a higher energy state because of
the Raman interaction. The radiation probability of the w, photon in the probing step is
related to the amplitude of the density matrix operator after three incident field interactions.
Computationally, the density matrix can be determined using third-order perturbation the-
ory, yielding p®®(t), which in turn can be used to calculate the third-order polarization in

the material:

PO () = Ntr [1p®(t)] (2.2)
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Figure 2.7: Diagrammatic representation of the SRS process
(a) Energy level diagram with four material states, and four field interactions. (b)
Double-sided Feynman diagram of one of the contributions to the SRS signal. Time 7
indicates the time delay between the preparation and probing step in the time-resolved
SRS process.

where N is the number density of molecules, fi is the dipole operator, and the tr symbol
indicates the trace over the matrix elements of the operator product between the brackets.
This procedure thus gives access to the temporal evolution of P®) (t), which is the key
quantity measured in time-resolved SRS experiments. In general, the detected SRS signal S

in the detection channel (w) can be written as:1™

S(w;,t) = %Re (Ey(t) - B (t)} (2.3)

™
where ¢ = 1,2 for the pump and Stokes detection channels, respectively, and the signal field
is written as F,. Assuming far-field detection of a plane wave, the signal field is proportional

(3

to the nonlinear polarization, i.e. Fy o< iP®, and the detected signal can be written as:

S(wy, ) oc —=Im {PE(t) - Ef (t)} (2.4)

In case the dynamics of P®)(t) are followed as a function of the time delay between the

preparation step and the probing step, then the amplitude of the polarization can be moni-
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tored as a function of 7. The measured quantity, P®(7), contains all the information about
the frequencies of the driven vibrational modes as well as the dephasing parameters of all
excited Raman lines. Note that the far-field SRS signal is sensitive to the imaginary part of
the material polarization. Physically, the imaginary part of the material response is related
to the exchange of energy between the material and the light fields. From this notion, it
can be understood that the SRS signal is directly proportional to the energy gained by the

material or, vice versa, the energy lost by the (combined) light fields.

2.2.2 Features of time-domain SRS

The characteristics of the time profile of the measured third-order polarization dependent
on the way the experiment is conducted. In particular, different features can be observed
as the bandwidth of the pump and Stokes pulses is changed. Typical features of the time-
resolved SRS signal are shown in Figure 2.8. In the column on the left hand side, the
real and imaginary parts of the Raman polarization are shown in the frequency domain.
The gray shaded area indicates the convolved width of the femtosecond pump (w;) and
Stokes (ws) pulse pair. In panel (a), a high frequency Raman mode at w, = 1000 cm™!
is driven by the frequency difference (w; — wy) of the pump and Stokes pulse pair. The
spectral width of the effective driving frequency w; — w» is sufficient to cover the width of the
Raman line, but insufficient to cover multiple lines. When another pump/Stokes pulse pair
of similar duration is used to probe the induced polarization as a function of 7, the profile in
panel (b) is observed. The frequency domain and the time domain are related by a Fourier

transformation, and thus the exponential decay of the polarization directly corresponds to

the linewidth of the excited mode.

In panel (c), the width of the w; — ws driving frequency is broad enough to coherently excite

two nearby Raman lines. Now the induced polarization oscillates at two frequencies, which
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Figure 2.8: Frequency and Time dependence of the third-order polarization

Simulated frequency (a,c,e,f) and time (b,d,f,h) dependence of the third-order polarization
P®) as probed under different experimental conditions. (a) Amplitude of the real (blue)
and imaginary (red) part of the nonlinear polarization due to the presence of a single
high-frequency Raman resonance. The Raman coherence is driven by the pump (w;) and
Stokes (wsq) fields at (w; — wy). Gray region indicates the spectral profile of the effective
driving field (w; — ws). (b) Amplitude of P®) as a function of time delay 7, corresponding
to the situation in (a). (c¢) Driving two high-frequency Raman resonances with two
broadband laser fields in the spectral domain and in the (d) time domain. (e) Driving one
low-frequency Raman resonance with one broadband laser field in the spectral domain and
in the (f) time domain. (g) Driving two low-frequency Raman resonances with one
broadband laser field in the spectral domain and in the (h) time domain. Reprinted with

permission from Ref.'”™ Copyright 2017 American Chemical Society.
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coherently beat against one another. These quantum beats are directly visible in the time-
resolved SRS trace. The periodicity of the quantum beat is inversely related to the spectral
difference between the two lines, whereas the linewidth of the individual bands is reflected

in the overall decay of the time-dependent profile.

In Figure 2.8e, the system is not driven by two spectrally separated pump and Stokes pulses,
but rather by a single broad bandwidth femtosecond pulse. This single pulse is broad enough
to provide both the pump and Stokes frequencies for driving a low frequency mode, shown

here at w; — wy ~ 100 cm™ 1.

In the spectral domain the pulse covers all frequencies from
zero to well beyond the mode of 100 cm ™!, which in the time domain corresponds to a pulse
duration much shorter than the periodicity of the molecular vibration. The mode is now
excited impulsively. Panel (f) depicts the time profile as the polarizaton is probed with the
probe pulse of similar duration, revealing oscillations that now directly track the motion of
the molecular vibration. Finally, in panel (g), the single preparation pulse coherently excites
two low frequency Raman modes, resulting in the time profile of panel (h). In the latter

case, the time trace exhibits oscillations of the individual modes as well as quantum beats

between the modes.

If the driven vibrational modes are those of the ground state potential, then the information
in the time-resolved SRS signal is directly related to that of the Raman spectrum. In this
case, the time profiles can be obtained by a simple Fourier transformation of the spontaneous
Raman spectrum and no new insights are to be gleaned from the time-resolved SRS mea-
surements. This is an important realization, as there is, in principle, no reason to perform
a much more complicated ground state SRS experiment in the time domain when a simple
spectral Raman measurement suffices. In many ways, earlier picosecond and femtosecond
time-resolved SRS studies of ground state vibrations, while technically important advances,
have added very few new fundamental insights into the dynamics of molecules. Nonetheless,

time-resolved impulsive SRS remains an important approach for detecting low frequency
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modes that are difficult to detect in the frequency domain because of their proximity to the
Rayleigh line. This higher sensitivity to low frequency modes has recently been exploited in

microscopy as well, in the form of impulsive SRS microscopy.

The information content offered through either time- or frequency-resolved Raman exper-
iments is no longer strictly identical, however, when the molecule is excited first to an
electronically excited state, and then allowed to evolve on the excited state potential while
the SRS process is used to probe vibrational motions. This scenario is relevant to a wide va-
riety of photochemical processes. A frequency domain measurement is unable to resolve the
time consecutive steps of the wavepacket dynamics, and a time-resolved measurement is the
only way to fully appreciate the dynamics on the excited state potential. An important form
of SRS spectroscopy in the latter category of experiments is called femtosecond stimulated

Raman scattering (FSRS), to which we will turn next.

2.2.3 Femtosecond stimulated Raman scattering (FSRS)

The FSRS approach follows a specific scheme that proved to be very favorable for studying
molecular conformational dynamics after a photo-induced excitation. This situation is rel-
evant to chromophores with electronic resonances in the visible range of the spectrum that
undergo dynamical changes upon photo-excitation. Examples include photo-isomerization
reactions, internal conversion dynamics, and excited state electron and proton transfer pro-

cesses.

The FSRS technique involves the excitation of the target molecule by a short actinic pump
pulse, which prepares a wavepacket on the excited state potential, shown in Figure 2.9a.
The actinic pulse is typically a short femtosecond pulse, which plays an important part in
defining the temporal resolution of the experiment. The vibrational modes in the excited

state are then probed through a SRS process as the wavepacket evolves on the excited state
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potential. The SRS process is achieved through a combination of a spectrally narrow Raman
pump pulse and a spectrally broad probe pulse. This is a common scheme for acquiring SRS
spectra, as the spectral resolution Av is determined by the narrow Raman pump pulse, which
imprints narrow SRL and SRG features onto the broadband probe, as well as the resolution
of the spectrometer that is used to collect the spectra. In the time domain, the Raman pump
pulse duration is in the picosecond range while the probe pulse is in the sub-100 fs range.
Time delaying the probe pulse relative to the actinic pulse will allow the collection of SRS
spectra at different time points as determined by the time delay 7 of the actinic pulse and
the probe pulse, both of which are in the femtosecond range. The cross correlation between
these short pulses sets the time resolution At along the 7-axis. The long picosecond pulse
envelope of the Raman pump is virtually flat over the examined time delay and is thought
not to limit the time resolution of the experiment. In this fashion, vibrational spectra with
a spectral resolution of Av ~ 10 cm™! have been recorded with a temporal resolution of

At ~ 100 fs as the photo-physical process on the excited state potential unfolds.

The principle of FSRS was first developed in 1994.'7" Subsequent improvements showed the
utility of the approach for following the photoisomerization of a dye molecule, the confor-
mational dynamics of S-carotene, and the isomerization of retinal chromophores. 14417 Ever
since the early 2000s, the FSRS has been applied to numerous other molecular systems. 145179
An example of the power of FSRS is shown in Figure 2.9b for the case of 11-cis retinal in

rhopdopsin, a study that uncovered the primary structural changes of the chromophore

responsible for vision.

As can be seen in Figure 2.9b, the vibrational features of the FSRS Raman gain spectra
display changes on the < 100 fs timescale, suggesting that simultaneous high At and Av can
be achieved. This is remarkable, as the time-bandwidth product AtAv in a typical optical
experiment is constrained by the Fourier relationship between the conjugated variables of

time and frequency. For instance, for optical experiments conducted with Gaussian pulses,
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Figure 2.9: An Example of Femptosecond Stimulated Raman Scattering
(a) The FSRS excitation scheme where a fs actinic pulse prepares a wavepacket on the
excited state, which is subsequently examined by SRS spectroscopy as it evolves on the
potential surface. Inset shows the time domain picture. (b) Application of FSRS to the
photoisomerization of 11-cis retinal in rhodopsin to the all-trans bathorhodopsin
photoproduct. Time-resolved FSRS spectra are shown for different delay times 7 between
the actinic pulse and the SRS pump pulse. Resonance Raman spectra of ground-state
rhodopsin (Rho) and the trapped bathorhodopsin (Batho) product are included for
comparison. Adapted with permission from Ref!".

the time-bandwidth product is found as AtAv ~ 15 ps ecm~!. In FSRS, time-bandwidth

1 d 180

products of 1 ps em™" or lower have been reporte , raising questions about violation of
the fundamental uncertainty between time and frequency. The argument that the delay time
7 and the spectral resolution on the spectrometer are independently controllable parameters,

and thus not Fourier conjugates, seeks to dispel such concerns.

However, others have pointed out that it is not the system’s evolution along the 7 dimension

that is of direct relevance to the time-bandwidth product of the vibrational lines, but rather
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the time evolution of the system during the generation of the stimulated Raman gain pho-

tons. 181

For these photons to acquire a narrow spectral width of 10 cm ™!, the light-matter
interaction must have a duration of ~ 1.5 ps for this spectral content to develop. During
this interaction time with the Raman pump and probe pulses, the wavepacket would sample
different parts of the excited state potential. In this scenario, dynamics can still be observed
on shorter timescales, but the vibrational part of the time-dependent polarization needs a
longer time to develop its signatures and, thus, cannot be resolved with the same At as
the electronic contributions to the polarization. Despite these concerns, theoretical methods
have been developed that promise to retrieve the dynamic peak frequencies of the relevant
Raman modes from the FSRS spectra on a timescale much faster than the time needed to

develop a narrow line. 152

2.3 Probing Smaller Samples: The Transition to Mi-

Croscopy

As alluded to in Section 2.1, the use of SRS as a contrast mechanism for microscopy has
been a fruitful area of scientific research and engineering over the last two decades. Getting
to that point, however, required significant work in the realm of spectroscopy, and several
important realizations and considerations about the spatial nature of light propagating in

smaller and smaller interaction volumes.

2.3.1 Shrinking the probing volume

As discussed in Section 2.2, the experimental configuration for SRS changes quite dramat-
ically when moving from a typical SRS spectroscopy experiment to an SRS measurement

in an optical microscope. One of the most striking and important differences that occurs
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between these configurations is the size and form of the probing volume. In a typical ISRS
experiment the pump and probe beams are incident on the sample at different angles, forming
an overlap region that constitutes the interaction volume. Typically, the interaction length
is on the order of 0.1 - 10 mm. The interaction volume is orders of magnitude larger than the
optical wavelength, and the nonlinear polarization radiates a signal in a well-defined, phase-
matched direction. The issue of phase matching is important in both SRS spectroscopy of

bulk samples as well as in SRS microscopy, albeit in different ways.

Spatial phase matching is an important consideration for all coherent nonlinear optical ex-
periments. In SRS, phase matching describes the process of matching the spatial phase
of the induced polarization P® to that of the propagating signal beam. Each field w; in-
volved in the SRS interaction is described with a spatial phase ¢; = k; - L, where k; is the
associated wavevector and L is the vector describing the propagation distance inside the
interaction volume. The three incident fields that drive P®) assign a spatial phase to the in-
duced polarization. In SRL, the nonlinear polarization is driven by the effective driving field
E,\(r)E3(r)Ey(r), whereas in SRG the effective driving field is Es(r)Ej(r)E;(r), resulting in

the following spatial phases:

¢sre = (ki —ko+ky)-L (2.5)

dsre = (ko—ki+ky) L (2.6)

The spatial phase of the nonlinear polarization needs to match that of a propagating beam
at the signal frequency, with in the case of SRS corresponds to the phase of the (forward
propagating) probe beams. For SRL, the phase required to generate a propagating beam at
w1 is ¢, = ki - L, and for SRG the required phase is ¢,,, = ks - L. The phase difference A®

between the induced polarization and the probe field is then given as:
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Abspr, = o¢spr — dw, = (ki — ko +ko —k;)- L =Ak-L (2.7)

Aq)SRG - ¢SRG — ¢w2 = (k2 - kl + kl - k2) . L - Ak . L (28)

In equations 2.7 and 2.8, we now define the wavevector mismatch, Ak. In general, if A® > T,
the radiation originating from the induced polarization cannot propagate into the far field.
It is serendipitous that for both SRG and SRL experiments Ak = 0 and consequently
A® = 0. In other words, there is no phase mismatch between the induced polarization and a
propagating signal field. The signal is said to be phase matched in the forward propagation
direction of k;. For homogeneous bulk samples, L is very long compared to an optical
wavelength, so Ak ~ 0 is a crucial condition. Importantly, in the backward direction, the
wavevector of the propagating signal field is —k;, and it can be seen that Ak # 0 for both
SRG and SRL. Consequently, even for small L the total phase difference A® easily surpasses

7, resulting in a complete phase mismatch and thus no signal in the backward direction.

2.3.2 Phase matching in coherent Raman microscopy

While the above section focuses on the wavevector mismatch, Ak, the full equation for the
phase difference, A® = Ak - L < 7, leaves open the possibility of experimental conditions
where the above criterion can be satisfied even if the wavevector mismatch is nonzero. This
becomes highly relevant in the case of microscopic probing volumes. In a typical SRS mi-
croscopy setup, the pump and Stokes beams propagate collinearly and are not spatially
separated. As stated above, in the forward direction Ak = 0, yet in the backward direction

Ak >> 0 and we might expect an absence of detectable signal on an epi-direction detector.
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However, the beams are focused by an objective lens to a very small focal volume. For a
high numerical aperture objective, L ~ 1 um, on the order of an optical wavelength. If the
focal volume contains very small objects, then the interaction distance L can be very small
such that the condition Ak-L < 7 is met for backward radiated fields. '#3'¥ Hence, unlike in
SRS spectroscopy of bulk samples, in SRS microscopy situations exists where phase-matched

signal can be detected in the epi-direction as well.

Another difference between regular SRS spectroscopy and SRS microscopy is how the signal
is modeled. In SRS spectroscopy the propagating fields are assumed to be plane waves and
the signal is commonly described by the one-dimensional nonlinear wave equation. This
approximation is no longer valid when describing the signal in SRS microscopy. The wave-
front passing through the objective lens spans a wide distribution of propagation angles,
which are needed to form a tightly focused interaction volume. This negates the use of
the one-dimensional wave equation as a tool for modeling signal generation. Additionally,
a collimated beam with a linear transverse polarization will be transformed by the focus-
ing lens to produce a focal field with non-negligible polarization components along both the
transverse and longitudinal dimensions. '® To further complicate the matter, the Gouy phase
shift becomes manifest over a distance similar to an optical wavelength under microscopic
focusing. These distinctions from macroscopic SRS has led to the development of a different
class of models to describe the generation and propagation of the SRS signal from micro-
scopic volumes. A more intuitive approach is to model the sample as an ensemble of dipole
emitters driven nonlinearly by the excitation fields. The radiation generated by the dipoles
can be collected in the far-field, and the magnitude and direction of the signal computed as

a function of particle size, shape, position and other material properties. 74184
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2.3.3 Instrumentation for SRS Microscopy

Despite the difficulty in modeling, SRS experiments at the microscopic level have proven to
be feasible and practical. The field of SRS microscopy is flourishing especially in its use to
image and study biological samples. The traditional appeal of the technique is its ability
to generate label-free, chemically specific samples. Experiments are often conducted with
near infrared beams, such that sample heating and photodamage is generally not a concern.
As a multifaceted tool, it is capable of imaging tissues, cell cultures in both monolayer and
three-dimensional form, and molecular distribution inside single cells. In this section, we
examine the common instrumentation builds utilized in SRS microscopy.

dual beam laser source

optical modulator

dichroic

- photodiode

&

delay stage

high-NA objective

scanhead

Figure 2.10: A typical SRS setup with two synchronized beams.
During the SRS process the modulation applied to one beam is transferred to the other.
The signal can then be demodulated with a lock-in detector.

SRS systems and experiments can be divided into two broad categories based on the laser

being used: 1) broadband techniques, using a femtosecond laser, or 2) narrowband tech-
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niques, which typically make use of a picosecond laser. In an SRS experiment, the two light
fields, pump w; and Stokes ws, must be supplied in a synchronized manner. This can take
the form of two synchronized lasers, a laser and an optical parametric oscillator (OPO), or

a single laser whose output is split and modified in some way.

The major difference between broadband SRS and narrowband SRS is in how the condition
w, = w; — wq is fulfilled. In SRS microscopy, the Raman-active mode, w, is the source of
contrast. In narrowband, or frequency-tuned, SRS experiments, a picosecond light source
with a repetition rate near 80 MHz is commonly used. The light source is coupled with an
OPO which allows one of the two beams to be tuned such that w, can be selected. The other
beam may be provided by a second laser output, through residual OPO-pump light, or from
the idler beam of the OPO depending on the specifics of the setup. After one of the beams
is modulated — pump for SRG, Stokes for SRL. — the beams are spatially and temporally
overlapped. The overlapped beams are raster-scanned through a high-NA objective incident
onto the sample. From there, the output beams are spectrally filtered to remove the originally
modulated beam, and the one carrying the SRS signal is detected. In this setup, the choice of
the variable wavelength beam is the determining factor in what Raman mode is probed. The
narrow spectral bandwidth of picosecond pulses gives rise to the ability to be highly selective
of which mode is probed. For hyperspectral imaging, multiple images — each at a different
wavelength — are acquired and analyzed. The down side of this method is that spectrally
tuning is generally a slow procedure, so obtaining a relatively wide spectrum of images is
time-consuming. Additionally, the relatively lower power of picosecond pulses compared to

femtosecond pulses reduces the overall signal.

For broadband SRS microscopy, the technique further can be separated into two distinct
methodologies: shaping techniques and the multiplex techniques.?®® Two different but sim-
ilar approaches are used to shape pulses for SRS microscopy, namely pulse shaping and

spectral focusing. In both techniques the output of a femtosecond laser is shaped to im-
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prove the spectral resolution of the experiment. In the pulse shaping technique a 4-f pulse
shaper, consisting of a grating and a motorized slit or spatial light modulator, is employed
to spectrally shape either the Stokes or pump beams, or both. In one implementation, a
pulse shaper picks a color out of a broadband femtosecond pulse. By holding one line at a
constant wavelength, the other can be quickly scanned to allow for rapid spectral imaging.
Nonetheless, this method presents some difficulties however, as it adds complexity to the
setup and requires high-output power from the laser source as only a small percentage of
the total light in each pulse makes it to the sample. In the spectral focusing technique, ade-
quate spectral resolution is created by positively chirping both the pump and Stokes beam.
This creates a quasi-linear distribution of frequencies as a function of time. By scanning the
time delay of one beam relative to the other, the difference frequency for driving a specific
Raman mode is selected. This method is easier to implement than pulse shaping, however,

1

the spectral resolution is relatively low, ~ 20 cm™" in practical applications.

In multiplex SRS microscopy, a combination of broadband and narrowband pulses is used.
The combination of the two pulses excites multiple Raman modes simultaneously. This idea
is similar to what is used in SRS spectroscopy. However, whereas in spectroscopy applications
a spectrometer is used for resolving the spectral components, such an approach is too slow
for signal collection in microscopy. For this purpose, alternative detection strategies have
been developed. In one such scheme, the pump beam is spectrally dispersed and the various
wavelengths are amplitude modulated at distinct frequencies. The beam is recombined
and overlapped with a narrowband Stokes beam. After interaction with the sample, the
SRS signal is encoded onto the Stokes with distinct frequency components. The signal is
recorded by a single photodiode in the time domain. A Fourier transform of each pixel
will then give rise to the SRS spectrum. 8¢ 1¥8 Many other strategies exist for capturing the
SRS spectrum. One implementation involves spectrally dispersing the detected beam onto a
photodiode array with either tuned or resonant amplifiers or multi-channel lock-in detectors

for demodulation of each spectral component 92 64:66:189
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2.3.4 Applications of SRS Microscopy

The broad array of instrumentation types as well as abilities conferred by the nature of
nonlinear microscopy allow SRS to be deployed to a wide array of use cases. While we
attempt to highlight these cases here, the reader is also referred to a number of review

%190-193 With an axial resolution of approximately

articles on the subject of SRS microscopy.
1lpum, SRS offers excellent optical slicing capabilities for three dimensional imaging. For
certain cases, the signal generation efficiency is high enough to enable video-rate imaging

194 This corresponds to a frame rate of 30 frames per second and a

in biological samples.
pixel dwell time around 100 ns. Like other microscopy techniques, multiple SRS images can
be combined and overlapped to produce mosaics of tissue samples several centimeters in

diameter. %% Some examples of the myriad uses of SRS microscopy are shown in Figure

2.11.

Perhaps the area where SRS microscopy has really stood out is in metabolic imaging through
the use of hyperspectral and multiplex acquisition and analysis. By producing images tar-
geting different Raman modes, chemically informative maps can be produced and quantita-
tive measurements made. Lipid mapping and lipid-to-protein ratios are a mainstay of SRS
microscopy. 32391967202 The 3015 cm ™! band associated with C=C-H stretching modes in un-
saturated fatty acids and the CH, stretching mode of lipids at 2845 cm~! provide excellent
sources of contrast. Of particular note, these bands were used to follow in vivo myelination
of tadpoles.?%® They have been used to image various fatty acids in multiple types of cancer
cells. Protein and nucleic acid distributions can also be distinguished inside cells and within

the extracellular matrix. 204205

One of the earliest demonstrations of SRS was performed on human lung cancer cells. This

work provided prelude to the extensive use of the technique for studies of various kinds of can-

29;206 208;209

cers including breast cancer , skin cancers?”, brain tumors , and gastro-intestinal
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Figure 2.11: Examples of SRS imaging of various samples in the high frequency range
(2000 cm ™! — 3300 cm™!)

(a) Lipid secreting gland of Drosera capensis at 2845 cm™! (red) and pump-probe signal
from the surrounding choloroplasts (green). Sample courtesy of Jessica Kelz (UC Irvine).
(b) Lipid droplet distribution in cultured rabbit meibocytes at 2845 cm™!. Sample courtesy
of Dr. James Jester (UC Irvine). (c¢) Crystallized d38-cholesterol crystal imaged at
2140 ecm~!. (d) Polymer cubes printed with two-photon polymerization visualized at
2900 cm ™.

tumors?!?. The reader is directed to Austin et. al. for a more through review of SRS appli-
cations in cancer diagnostics.?!! SRS has also proven useful in other areas of biomedicine.

21;212:213

It can be used to characterize vascular structure and atherosclerotic plaques , as well

as monitor a host of other pathologies.?4 222

In addition to using the intrinsic contrast of native biomolecules, much work has recently
gone into using small molecule Raman tags such as carbon-deuterium bonds (C-D), alkyne
tags (C=C), the carbon fluoride bond (-C-F), azides (—Nj), nitriles (-C=N) and isonitriles
(-N=C). 14:41:43:215;223-225:225-228 Thege various tags occur in what is commonly called the cell-

silent region of the Raman spectrum between ~ 2000 cm ! —2700 cm~t. The use of deuterium
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labeling has been developed to allow tracing of lipogenesis from glucose, protein metabolism
and other small precursor molecules. 343537229230 Tt has been shown to have little to no

41;203;231

biological effects even to a high percentage of use. In addition to the use of small

functional group tags, other reporter molecules with unique Raman signatures have been
developed for both the Raman microspectroscopy community and for SRS imaging. 5%23%235

The development of bioorthogonal tags and their use is SRS microscopy is an extremely

promising technique.

While all the above applications focus on biology or disease, SRS has also found a niche in
research on materials, biofuels, plant research, and pharmaceutical analysis. In the realm of
materials-science SRS has been used alongside other methodologies to study microstructures

236:237 " as well as crystal orientation

in two-photon polymerization additive manufacturing,
and more basic research.?3® 240 Research into plant materials has been demonstrated several
times with algae, lignin, and cellulose for biofuels and other purposes. %187:241-244 Additionally,
SRS microscopy has been used to study and suggest improvements for drug delivery and
manufacture, to examine drug breakdown over time in pellets, and drug release in drug

delivery systems. 245251

While the field of SRS microscopy is barely a decade old, it has resulted in a large number
of publications and meaningful impacts across a variety of fields. Researchers are actively
developing new techniques, new tags, and examining new systems. As these technologies
mature, SRS is sure to serve as an impactful and fruitful tool for new discoveries in the

microscopist’s workbench.
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2.4 From Ensembles to Single Molecules

The success of SRS microscopy, where sample volumes are orders of magnitude smaller than
in regular SRS spectroscopy, suggests that further reduction of the sample volume might be
possible. This notion has raised the prospect of pushing SRS microspectroscopy all the way
to the single molecule limit. In this Section, we will discuss work that explores the possibility

of single molecules SRS and its tentative applications.

The transition from small microscopic volumes to single molecules is quite a leap. For
instance, a tightly focused laser beam with a high numerical aperture objective reaches
effective excitation volumes of ~ 0.1 fL.. When this light is focused in aqueous media, the
focus roughly encompasses 3.3 x 10 water molecules. The signal from a single water molecule
can thus be expected to be several billion times less than the SRS signal measured in a
microscope when the sample is bulk water - signals that are many order of magnitude
below practical detection levels. Clearly, to reach single molecule detection levels, regular
SRS microscopy techniques come up short. Some form of enhancement is needed to lift
the SRS signal from single molecules to detectable levels. Currently, two mechanisms for
signal enhancement are actively explored: 1) the enhancement of the Raman cross section
through electronic resonances in the molecule, and 2) enhancement through confining the

electromagnetic modes to nano-scopic volumes, reaching the molecular size.

2.4.1 Enhancing SRS with electronic resonances

As discussed in Section 2.2, the use of an electronic resonance in the molecule to enhance
the response is a well known strategy to improve the sensitivity and selectivity of the SRS
signal. Similar to the resonance Raman effect, stronger SRS signals can be expected when

the frequency of the pump beam is tuned close to an electronic resonance. This mechanism
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is sketched in Figure 2.12a. In addition, the vibrational mode needs to be coupled to the
electronic transition in order to maximally benefit from the electronic enhancement. Usually,
this condition is met for vibrational modes closely associated with the m-conjugated network
of the molecule, such as the C=C vibrations of bonds that are directly implicated in the
electronic transition. The effective Raman cross section of such vibrational modes can be up
to six orders of magnitude higher than for similar modes that lack the benefit of electronic
enhancement. Resonance-enhanced SRS has been extensively used to study the vibrational
dynamics of chromophores in solution, and has recently also been used in SRS microscopy.
By choosing or designing optimal chromophores and tuning the excitation wavelength of the
incident beams on or near the electronic resonance, effective enhancements of the SRS signal

51:52;252

by 10° have been reache In combination with microscopic focusing, resonance-

enhanced SRS signals of as little as ~ 500 molecules have been detected ™.

(a) (b) (c) @

Figure 2.12: Different forms of electronic enhancement of the SRS signal.

(a) (Pre-)resonant SRS. The molecular Raman polarizability is enhanced by an electronic
resonance of the molecule. (b) Stimulated Raman excited fluorescence (SREF). An SRS
process in the ground state is followed by an excitation to the excited state of a
fluorophore, followed by fluorescence emission. (c¢) Surface-enhanced SRS. The transition
rate in the molecule is accelerated by the presence of enhanced local excitation fields,
provided by a plasmonic antenna.

Whereas the well-known strategy of resonance-enhanced SRS has reached impressive sensitiv-

ities, comfortably reaching the single molecule limit with this approach remains a challenge,
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and it remains to be seen how practical the method is for SRS measurements of individual
molecules. This notion has prompted the development of alternative methods that leverage
the strong response of electronic transition in molecules. Inspired by fluorescence-encoded
infrared absorption spectroscopy, recent efforts have focused on using the mechanism of SRS-
assisted fluorescence as an effective means to perform vibrational measurements on molecules
that exhibit strong fluorescent emission. In this approach, a vibrational state is first popu-
lated in the ground state potential through the SRS mechanism and subsequently probed by
exciting the molecule to an electronically excited state with an additional light-matter inter-
action. The fluorescence that follows is then a measure of the successful population of the
vibrational state®®. This process is illustrated in Figure 2.12b. The beauty of this approach
is that it takes maximally advantage of the efficiency of the fluorescence process. Using
molecules that exhibit high fluorescence quantum yields, the fluorescence probing step can
reach efficiencies close to 1, thus completely eliminating the tentative challenges of detecting
the loss of a single pump photon in a regular stimulated Raman loss experiment on a single
molecule. Hence, whereas stimulated Raman excited fluorescence (SREF) involves an addi-
tional molecular excitation in addition to the ground state SRS transition, the fluorescence
detection strategy is orders of magnitude more sensitive than the common SRS detection
scheme. This optimization of detection scheme has led to new SRS sensitivities that were
hitherto deemed impossible, enabling reproducible measurements of single molecules with
good signal to noise ratios®2°%. This method is thus suitable for mapping fluorescent probes
with a spectral resolution defined by the vibrational linewidth of the chosen marker band.
On the other hand, the requirement of specific fluorophores with favorable properties for
SREF renders the method unsuitable as a general approach to increase the SRS detection
sensitivity for any given molecule. In this regard, methods that do not rely on the presence
of electronic resonances in the target molecule remain of great interest. The most successful
approach in this category is the use of nanoscale antenna systems that support plasmonic

resonances, which we wil discuss next.
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2.4.2 Enhancing SRS with plasmonic resonances

In 1974, Fleischmann et al made a very curious observation. They found that the sponta-
neous Raman signal of pyridine was much stronger if the target molecule was adhered to a
roughened silver electrode?™. Several years later, members of the Van Duyne group figured
out why: the surface plasmon resonances supported by the nano-structured silver provided
local fields are strong enough to enhance the Raman response from the molecules in close
vicinity to the surface?®®. Subsequent work underlined the favorable properties of localized
surface plasmon resonances for surface spectroscopy?°, and Raman spectroscopy in particu-
lar '8, Structures that support such resonances, typically made of noble metals that display
resonances in the visible range of the spectrum, act like efficient antennas in that they couple
propagating radiation to strongly localized evanescent fields?7. The spatial confinement of
such surface bound electromagnetic fields can be so effective that ‘hotspots’ of less than a
nanometer can be reached. At these scales, far below the diffraction limit of propagating
light, the fields are confined to dimensions that approach the molecular size, allowing efficient
coupling of the field to the charges in the molecule. Vice versa, the radiative properties of
the induced polarization are enhanced by the presence of the plasmonic antenna, allowing

the near-field molecular polarization to couple efficiently to the far-field.

In this picture of electromagnetic enhancement of the signal, the surface enhanced Raman

scattering (SERS) response can be understood as:

S(ws) o Nﬁ2(wp)]p52(ws)as (2.9)

where w; is the Stokes frequency, w, is the pump frequency, I, is the pump intensity NV is
the number of molecules in the illuminated volume and o, is the Raman cross section. The
field enhancement factor is denoted as 5. Both the excitation (at w,) and radiation (at wy)

processes are enhanced by a /32 factor by the antenna, giving rise to an effective enhancement
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of the Raman signal by 3*. Well designed nano-antenna systems offer 3 factors of well over
100 times, producing overall enhancement factors in the range 5* ~ 108 — 10'2. Such
enhancements have been shown to be sufficient to generate spontaneous Raman signals from

258-260  (GGiven the infamous weakness of the Raman effect, the ability to

single molecules
perform Raman experiments at the single molecule level is truly a remarkable achievement,
and it underscores the tremendous efficiency of plasmonic antennas to improve the optical

interaction between propagating radiation and the molecule.

The success of SERS suggests that even stronger signals can be expected when surface en-
hancement is combined with SRS, shown schematically in Figure 2.12c. The Raman signal of
the simple picture presented in equation (2.9) would then be further amplified by a factor pro-
portional to I, the intensity of the stimulating Stokes beam. Whereas the surface enhance-
ment factor of the surface enhanced SRS signal would still be 54, the effect of the stimulating
beam can be expected to increase the transition rate in the molecule by another factor of 10°—
105. The motivation for developing surface enhanced version of SRS is thus to collect Raman
signals from low concentration samples, down to single molecules, at much higher signal ac-
quisition rates than what can behttps://www.overleaf.com/project /608bafee05¢5010838e54€05

achieved with SERS.

As stated earlier, the first indications that the SRS process can be enhanced by surface
plasmons were provided in 1979, only a few years after the SERS mechanism was estab-
lished 161162 Tn the same year, it was unambiguously shown that the surface plasmon polari-
tons (SPPs) provided by flat silver films were responsible for the enhancement of coherent
anti-Stokes Raman scattering (CARS) from benzene molecules in close proximity to the
film?%!. Despite these encouraging early indications, surface-enhanced SRS was not further
pursued until much later. In 2011, interest in surface enhanced SRS was rekindled by a fem-

262

tosecond SRS study on molecules adhered to gold dimer antennas“®. The resulting spectrum

is shown in Figure 2.13. Besides the encouraging observation that clear vibrational signa-
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tures of the molecules were visible on the spectrally resolved signal, this study also revealed
a somewhat unexpected feature, namely the dispersive nature of the vibrational lines and
the presence of a relatively strong pump-probe background. Subsequent studies confirmed

that this observation was no fluke but rather an intrinsic property of surface enhanced SRS.

Stimulated Raman Gain

| I I 1 | |
300 1000 1200 1400 1600 1800
Raman Shift (cm”)

Figure 2.13: The First Demonstration of Surface-Enhanced SRS
Surface-enhanced SRS was first demonstrated on nanoantennas containing
trans-1,2-bis(4-pyridyl)-ethylene molecular reporters. Adapted with permission from
Ref?62. Copyright 2011 American Chemical Society.

The virtually background-free signals and the Lorentzian lineshapes that make SRS spec-
troscopy in many cases preferable over CARS microscopy seem no longer applicable when

the SRS process is mediated by surface plasmons. Several theoretical works have attempted
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to explain the observed dispersive lineshapes. What is clear from the analysis is that the
Raman polarization is no longer driven by the propagating field, but by the local surface
plasmon field instead. The phase of the local field can differ markedly from the phase of
the incident field. The local field enhancement factors are thus complex quantities that can
alter the phase relation between the driving fields and the radiated polarization in the far-
field. This principle largely explains the trends observed in the surface enhanced SRS signals

collected in a microscope?®.

Is the surface enhancement effect sufficient to bring SRS sensitivity into the realm of single
molecules? This indeed appears to be the case. Experiments in the Cheng group have fo-
cused on individual hotspots in nano-sphere aggregates and have found convincing evidence
that vibrational signatures from single adenine molecules can be detected.?** Using a bian-
alyte method and a special denoising algorithm to improve the SRS images, reproducible
spectra that can be assigned to individual molecules were obtained. Similar to previous mea-
surements, the spectra display dispersive lineshapes on a rather strong background. It was
identified that the photothermal effect was a major contributor to the background, offering
hopes that improvements in experimental design can increase the SRS sensitivity for single

molecules even more.

2.4.3 Advanced techniques: Non-Optical Detection

In SRS, the coherent Raman polarization in the sample is probed through the radiation that
reaches the far-field detector. Whereas in surface enhanced SRS the near-field interactions
are amplified by the action of surface plasmon fields, the detection principle remains the
same: the near-field Raman polarization is detected by the successful radiation of photons
into the far-field. However, optical detection is not the only mechanism by which the Raman

polarization can be examined. Several forms of non-optical detection of SRS have emerged
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and they turn out to be specifically relevant for measurements at the nanoscale.

One form of probing the induced Raman polarization is by detecting the force between
the oscillating charges in the molecule and the dipole in an atomically sharp tip that is
placed in the immediate vicinity of the molecule. This electromagnetic dipole-dipole force is
weak, typically less than a pN2%°, but it is sufficient to be picked up by a modern scanning
probe microscope. This principle was used to detect the stimulated Raman signal from
chromophore molecules on a glass surface.?% Using cw pump and Stokes beams, this force
detection method, named photo-induced force microscopy, was able to resolve small clusters

of molecules with a spatial resolution well under 10 nm.

Another form of scan probe microscopy uses the electron tunneling current between the
sample and the sharp tip as the contrast parameter. In a very elegant piece of work, the Ho
group recorded the changing tunneling current of a molecule bound to the surface as it flip
flops under the influence of a femtosecond pulse pair.?¢” The flopping rate, recorded through
the current, is a function of the successful transfer of energy from the light to the molecule,
i.e. energy that is needed to complete the flip flop. This energy transfer is only successful
if a Raman mode is excited. By time-delaying the pulse pair, the Raman coherence induced
by the first pulse is converted to a vibrational population only periodically by the second
pulse. This results in periodic modulation of the flopping rate as a function of the time delay
between the pulses. In essence, this is a time-resolved ISRS experiment detected through

the tunneling current, performed on a single molecule!

The examples above illustrate that other sensitive techniques can be employed to study
molecules on the nano-scale through the principle of the stimulated Raman effect. It is
likely that non-optical techniques, which do not suffer from the challenge of detecting a
small signal relative to the intensity of the probe beam, will gain importance as efforts

increasingly focus on the coherent Raman response of single molecules.
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Chapter 3

Coherent Raman Scattering: a

Nonlinear Optical Process
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3.1 A Brief History of Nonlinear Microscopy

Since the invention of the microscope, the role of optics in understanding biology and
medicine has been difficult to overstate. During the middle and late twentieth century,
many new techniques such as phase-contrast, differential interference contrast, and dark-
field contrast were developed that expanded the role of microscopy and opened many new
aspects of the microscopic world to investigation. The first theoretical prediction of mul-
tiphoton phenomena occurred in 1931, and the first demonstration was not until after the
invention of the laser enabled access to high energy density, coherent sources of light. 94268
Afterwards, nonlinear microscopy techniques, e.g. second harmonic generation (SHG), two-
photon excited fluorescence (TPEF), third-harmonic generation (THG), were developed at
the turn of the twenty-first century, evolving from experimental work done in spectroscopy

and laser development over the preceding decades. 12269271

During this same period, the development of Raman spectroscopy and its use as a micro-
scopic tool accompanied the invention of the various refractive contrast methods, harmonic
generation spectroscopies, and many fluorescence techniques.?"%2™ Raman spectroscopy pro-
vides a means of studying the chemical constituents of a sample. The information available
in a Raman experiment includes chemical subgroups, their relative concentration to one an-
other, bond strength and dynamics, and molecular symmetry. Raman spectroscopy is often
said to give a fingerprint from which to identify molecules.?™ Raman has proven to be a
powerful tool in many areas including gas phase, condensed matter, and more recently biol-
ogy. However, it it not without its weaknesses. Raman measurements are notoriously slow,
and it is often difficult to extract the weak Raman scattering signal from a large fluorescent

background.

The origin of the Raman effect is inherently found within quantum mechanics, and it is

within that framework that several alternatives to it can be found. Much as Goppert-Mayer
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predicted multiphoton absorption and emission to act as counterpart to linear absorption
and fluorescence, so to were a set of phenomena analogous to Raman scattering discovered

107112275 Of particular note, are Coherent Anti-Stokes Raman Scattering

and characterized.
(CARS) and Stimulated Raman Scattering (SRS). Collectively, they fall into the classifica-
tion of Coherent Raman Scattering (CRS) techniques. Both phenomena provide information

based on the linear Raman spectra, but they rely on different experimental parameters.

As discussed in Chapter 1, the application of CRS as a microscopic tool significantly lagged
behind the development of theory and spectroscopy applications. The first demonstration
of a CARS microscope was in 1982, nearly twenty years after the first demonstration of
the CARS effect.!'®. The first demonstration of an SRS in a microscope occurred even
later in 2007, and was it quickly followed the next year with an application to biological
systems. 18149 Given the multitude of uses of CARS and SRS, it behooves us to spend some
time discussing the fundamentals of nonlinear optical interactions in more detail than in

Chapter 1

3.2 Understanding Nonlinear Optical Processes

My gratitude to Dr. Dimitry Fishman for the opportunity to work as an instruc-
tor, and to the undergraduates who have had to work with me while I parsed

this out for myself.

How does a material respond to the presence of light serves as the fundamental inquiry as-
sociated with much of optical science and spectroscopy. All matter is composed of particles
possessing charge, and to varying degrees, charged particles will rearrange themselves per-

turbed an electric field. The rearrangement of charges on the macroscopic level is described
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by the time-varying polarization, P (t), defined as in 3.1

P(t) = eoxE(t) (3.1)

where Y. is the electric susceptibility and E (t) is an applied electric field. This quantity is
of immense interest as it can be shown that an oscillating polarization will itself satisfy the

electromagnetic wave equation, thus acts as a source of radiation.

3.2.1 The Lorentz Model and the Harmonic Oscillator

A clear understanding of the origin of the time varying polarization in matter begins with an
analysis based on one of the most ubiquitous models in physics, the harmonic oscillator. 276277
It is a model that describes many natural phenomena, and its utility seemingly knows no
bounds. It finds uses in phenomena as far-ranging as the vibrations of a guitar string?™
to electronic circuits?™ to finally spectroscopy.?®® The commonality between these systems
lies in the mathematics of oscillatory systems, and within the classical regime the vibrations
of molecules is no difference. In this section the basics of harmonic systems is reviewed
and a classical description of the Raman effect is introduced. These descriptions and the

simplest forms of the equations involved have served as a useful didactic tool for introducing

spectroscopy, and the spectroscopy for introducing basic physics.

The use of the harmonic oscillator to describe optical systems traces itself to the Lorentz

model for simple atoms, and is further developed in many texts for diatomic and polyatomic

151;281-284

molecules. The simplest case concerns a mass attached to a spring as shown in

Figure 3.1 (a). This system is subject to two laws governing its motion: Newton’s 2nd Law,

—

F(t) = m%% and Hooke’s Law, F(z) = —kz.

— az
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Figure 3.1: Simple Harmonic Oscillators
(a) A simple case of a mass on a spring. zy is the equilibrium position of the mass. (b) A
simplified representation of a diatomic molecule. The In this case the bonds between atoms
serve as the spring. xg is the center of mass of the two atom system.

Equating both equations and setting to zero gives equation 3.2.

dr  k

This is the simplest form of the harmonic oscillator without either damping or driving. It

—

has a solution of z(t) = Acos(wot + 1) The spring constant and the mass together define

the resonant frequency of the system, wg, where wi = % Adding in a damping term,
F = —27mfl—f and a driving term de;ng(t) yields the driven, damped harmonic oscillator,

equation 3.3 from which our analysis will be based.

d?*z dr  k n
iz gt = Fariing () )
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In terms of optics, it can be genrally assumed that the the driving force will take the form

of a rapidly oscillating wave with angular frequency w. Thus,

ﬁdriving(t) - F_;‘Oe_iwt (34)

By making a reasonable ansatz, we can look for a solution to the equation of motion with
the form Z(t) = Z(w)e ™*. By taking the derivatives of the ansatz, we can substitute into

equation 3.3 as below:

== —iwz(w)e ™! (3.5)

d> :

d_tf = —wlr(w)e ™ (3.6)
2 —iwt F_:Oe_iwt

after gathering like terms and rearranging we find the solution to the general equation of the

damped driven harmonic oscillator with a harmonic driving force:

g

— 3.8
#(w) Wi — w? — 2iwy (3:8)

[\

Equation 3.8 is a form of the complex lorentzian function which is commonly used in describ-
ing lineshapes in various spectroscopies. 284285 Analysis of it’s real and imaginary components

will be expounded on later in the description of CARS and SRS.
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3.2.2 Good Vibrations: A Model of Linear Raman Scattering

symmetric stretch

— AT fe—

antisymmetric stretch

—— AT —

/ bending \

Figure 3.2

Our analysis of linear Raman scattering begins with the a fairly simple idea: molecules
vibrate. A fact that Richard Feynman considered so important that it is laid out in Chapter
1 of the Feynman Lectures.?%® The nuclei of various atoms move towards and away from each
other, they may rotate around bonds, and molecular orientation can change. Each motion
of a molecule has an associated energy and, in general, vibrations and rotations may be
described by characteristic normal modes. The specific normal mode is may be associated
with a stiffness correlated with its energy. The strength of bonds, the mass of the nuclei,
electronegativities, and bath interactions can all play a role in determining this stiffness, but
in general the energies involved for a molecular vibrations are on the order of 102 — 10%*cm =2,

10729J.%282 The geometry of molecules defines the number of possible vibrational modes and

defines the selection rules that are applicable to Raman spectroscopy. A linear molecule will
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have 3n — 5 normal modes and a nonlinear molecule will have 3n — 6 where n is the number
of atoms. These modes have been given names characteristic of the classical interpretation
of their motion such as symmetric and anti-symmetric stretching modes, twisting modes,
bending modes, and wagging modes among others.?®® A schematic of some of these modes

is presented in figure 3.2

Given that molecules vibrate and have normal modes with characteristic energy, how does
this explain the Raman effect? To that we want to return to the key quantity ﬁ(t), the
polarization. We defined the polarization above in equation 3.1 with respect to the macro-
scopic susceptibility. We shall return to that definition, but for now we want to consider a
single molecule. We know that as before the molecules of a material are made of charged
particles that will respond to electromagnetic waves. The electron clouds forming the bonds
of the molecules in particular are low enough in mass to respond adiabatically to the quickly
oscillating light waves. The electrons will attempt to follow the electric field according to

F(t) = —qE(t) This shift in the electron clouds from equilibrium define an electric dipole

moment given in equation 3.9

ji(t) = aE(t) (3.9)

On this nanoscopic level we define the molecular polarizability « as the property of the
material that describes the ability of the material to polarize in response to an electric field.
In general, this can vary according to direction in space and is thus a tensor quantity. For
simplicity’s sake we only treat the isotropic case here. It can safely be assumed that in
the general case the incident light field can be described as a sinusoidally varying function
such that E(t) = Egcos(wt), where we know that the cos function is the real portion of the

complex exponential used above.
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Of course, the electrons are not the only charged particles in the molecules. The nucleus
of each atom has charge and will respond as well. However, the much greater mass of the
of the nuclei means that they are unable to follow the rapidly varying electric field. The
motion of the nuclei is defined by the relative motion of the between one another according to
q(t) = qocos(Qgrt) where qq is the amplitude of the vibration and g is the nuclear resonance.
Changing the relative position of the nucleus will further modify the response of the electron
cloud and in that sense the molecular polarizability «. It is therefore a time-dependent

quantity, and the induced dipole moment of the molecule can be written in the form below:

[i(t) = a(t)E(t) = at) Eycos(wt) (3.10)

To a good approximation, it can be assumed that the nuclear displacement, ¢(t), is relatively
small. This allows us to expand a(t) in a Taylor expansion around the nuclear displacement

such that:

at) = ap+ (g-j)()q(t) +..=ap+ (g—(;)O qocos(Qrt) + ... (3.11)

Introducing the expanded molecular polarizability into formula 3.10 and ignoring higher

order terms it follows that:

i) = a()E(t) = [ozo + (g—j)oqocos(QRt)] Eqycos(wt)

= aoﬁocos(wt) + (g—j) qocos(Qrt)cos(wt)
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Applying the product identity to the second term above yields:

[i(t) = g Epcos(wt) +

quo 304
dq

5 —) [cos((w + QR)t) + cos((w — QR)t)] (3.12)

Equation 3.12 defines the classical origins of the Raman effect. In fact, it contains three
separate scattering phenomena. The first term on the right is interpreted as Rayleigh scat-
tering. The fundamental incident field creates an oscillation in the molecule at the same
frequency as itself. This is a form of elastic scattering. No energy is loss from the light field
to the molecule The second and third term represent Raman scattering; an inelastic process.
Specifically, the second term with frequency w + {2g corresponds to the so-called anti-Stokes
scattering. In this process, molecular vibrations characterized by 2z lose energy to the in-
cident light generating a blue shifted radiation field. The last term, w — Qp, is the term
corresponding to Stokes scattering. In this case, the incident light induces vibrations in the
material at frequency {2z and loses a corresponding amount of energy causing a red-shift.
All three processes are shown diagrammatically in figure 3.3. The equataion also defines
the major selection rule in Raman spectroscopy. That is that to be Raman active a vibra-
tional mode must affect the polarizability of the molecule. This is given by the derivative,

<g—f1‘) # 0 Thus, symmetric vibrations are generally very strong in Raman spectroscopy.
0

Mathematically, it is evident that the two inelastic processes produce shifted light symmet-
rically around the central incident frequency by €r. Stokes and anti-Stokes scattering thus
give complementary information about the chemicals in a sample. From this level of theory,
it would seem that Stokes and anti-Stokes scattering would scatter at the same rate as shown
in figure 3.4 (a). However, this is not the case experimentally. In experiment, the intensity
of the anti-Stokes radiation is significantly less than the Stokes scattering. The explanation

for this phenomenon is in both quantum mechanics and thermodynamics.
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Stokes scattering
(w- Og)

w Rayleigh scattering (w)

anti-Stokes scattering
(w- Qg)

Figure 3.3: Diagrammatic Representation of Classical Molecular Scattering
Incident light at frequency w is incident on a Raman active molecule (left arrow). On the
right hand side three forms of scattering are shown: Rayleigh at the fundamental
frequency, Stokes scattering (w — §2,.), and anti-Stokes scattering (w + 2,.).
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Figure 3.4: Diagrammatic Representation of recorded scattering peaks

To understand the intensities of the scattered light, it is necessary to consider the states of
the molecules being probed by the incident field as well as the occupation number of photons
in the three fields. Under normal circumstances at room temperature molecules exist in the
the ground state both electronically and vibrationally. This is known due to the Maxwell-
Boltzmann distribution shown in the equation below. The population of molecules in the
first excited vibrational state, P,—; is much much less than the number in the ground state

P,_o.

L

— ¢ AB/KT (3.13)

L
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Figure 3.5: Jablonski Diagrams for Elastic and Inelastic Scattering
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Unlike IR spectroscopy, Raman scattering probes molecules with optical laser light. The
energy of light in the optical range is much greater than the energy of a molecule’s vibrational
levels indicating that Raman is an indirect process. The Jablonski diagrams illustrating this
are shown in figure 3.5. Raman probes nuclear motion through the coupling of electrons to
nuclear motion. Quantum mechanically this is an odd situation. A molecule is forbidden

from absorbing light unless the energy of that light hw matches the energy of the transition.

10) (b
w2
n)
W1 ANNA
) | (b]
NN~ Wo
(n’
EVAVAVAR'V|

Figure 3.6: Double-Sided Feynman Diagram for the Spontanecous Raman Process

To explain this, we can consider a quantized approach wherein interaction with the incident
light field initially interacts with a system in the ground state |a) (a|. This process is shown
in the time ordered double-sided Feynman in figure 3.6. The incident frequency here is
represented as wy and the anti-stokes scattered frequency is ws. This first interaction changes
the bra (a| to (n’|. The states n and n’ are referred to as virtual states as they do exist as

eigenstates of the system. The second interaction on the bra side occurs with ws. This field
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is initially unpopulated and thus is supplied by the vacuum field. The lack of any photons
initially in the wy state accounts for the extreme weakness of Raman scattering compared to
other linear light matter interactions. This interaction generates the coherence |a)b. This
coherence couples the ground and vibrationally excited states, and it is during this time that
the density matrix of the system is said to evolve. On the ket side the system again interacts
with w; changing to a virtual state. The final interaction occurs with the emission of a stokes
photon, wy and the system converting to the vibrationally excited state |b) b. Effectively, the
Raman interaction has moved the population from the ground state to the first vibrationally

excited state.

3.3 An Overview of Stimulated Raman Scattering

Work in this section is included in R. C. Prince, R. R. Frontiera, and E. O.
Potma, Stimulated Raman Scattering: From Bulk to Nano, Chemical Reviews

117(7), 2017, 5070-5094

In this Section, the nature of the SRS light-matter interaction is briefly reviewed. We will
first consider the process from the perspective of the light fields, which undergo amplitude
changes due to the SRS interaction. We will next connect the observed changes in the light
fields to vibrational motions in the material. For this purpose, we will qualitatively discuss
the material response in both the classical picture as well as the quantum mechanical picture.
In particular, we will highlight the use of the density matrix formalism that is commonly

used to interpret time-resolved SRS experiments.
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Figure 3.7: Schematic of the SRS light-matter interaction.

(a) Energy level diagram in the intensity representation showing the absorption of an w;
photon and the emission of a ws photon. (b) Energy level diagram in the field representation
showing the interaction of the fields F; and F, with the quantum mechanical states of the
material. Note that the arrows are not time-ordered. (c¢) Double sided Feynman diagram of
one of the SRS pathways, showing how the field interactions affect the density matrix of the
material. This diagram also represents the spontaneous Raman scattering process, with wy
a photon mode provided by the vacuum field.

3.3.1 Field picture

In the following, we will assume two incident light fields F; with frequency w;, where ¢ = 1,2
and w; > wy. We will call F; the pump field and FE5 the Stokes field. These fields are
typically delivered by a laser source. The intensity of each beam is directly proportional to
|E;|2, or can quantum mechanically be expressed as n;iw;, where n; is the number of photons
in the mode w;. In a typical SRS experiment, both beams are incident on the sample, where
they interact with the material. After passing through the sample, the intensity of either
the pump or the Stokes beam is measured with a photodetector. The measurement thus
reveals changes in the intensity of the pump and Stokes beams. Any changes in the material
have to be inferred from the intensity changes of the light beams, as we only measure the
molecular response indirectly through the fields. Although it does not explain the nature
of the photo-induced response in the material, the field perspective of the SRS process is

intuitive and very helpful in recognizing the flow of energy between the light fields and the
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material.

Figure 3.7a shows the well known Jablonski diagram of the SRS process. This diagram
shows the SRS interaction in terms of the beam intensities. Quantum mechanically, the
interpretation is straightforward: upon interacting with the material, a w; photon is absorbed
(annihilated) and a wy photon is emitted (created). The difference in photon energies,
fi(wy — waq), is absorbed by the material. The SRS interaction can thus be measured by
probing the loss of photons in the pump beam or by detecting the gain of photons in the
Stokes channel. The first detection method is called stimulated Raman loss (SRL) and the
latter is called stimulated Raman gain (SRG). Note that both detection methods result from
the same light-matter interaction, i.e. the Raman information detected in SRL and SRG is

identical.

The Jablonski diagram for the spontaneous Raman process is the same as shown in Figure
3.7a, as the diagram does not explicitly show the occupation numbers of the photon modes.
In spontaneous Raman scattering, the w; mode is occupied with a high number of photons,
ny >> 1, whereas the wy mode is initially empty, i.e. no = 0. The Raman interaction
changes the occupation numbers to n; — 1 for the w; mode and to ny + 1 for the wy mode,
where the new wy photon is created from the vacuum field. The same is true for SRS, with
the important difference that the initial occupation number of wsy is high (ny >> 1). In
SRS, the rate of photon generation in the ws channel, W;,,, is proportional to both the n;
and ny occupation numbers, i.e. ni(ny + 1)1*2. On the other hand, for spontaneous Raman
scattering the rate of emission, Wy, is proportional to ni, because ny = 0. The effect of

the stimulating field is thus to increase the rate of wy emission287:288;

Wstim
Wspon

X ng +1 (3.14)

Because the number of photons in the stimulating beam is high, the increase of the emission
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rate in wo is significant. This implies that information about the Raman transition can
be retrieved much faster in SRS than in spontaneous Raman scattering by many orders of
magnitude. This increase in signal acquisition speed is the key advantage of SRS microscopy
over spontaneous Raman scattering microscopy!’. In practice, the useful information is not
determined solely by the number of w, photons, but rather by the signal to noise (S/N)
ratio. Both spontaneous Raman and SRS are ultimately limited by the shot noise limit,
which states that the signal needs to exceed the photon shot noise of \/n;, where n; is the
total number of photons in the detection mode w;. Because the SRS signal is detected against
a background of nsy of incident photons, nominally the signal needs to be higher than the
shot noise limit set by the background, i.e. y/ny. This implies that the gain in SRS must be
sufficient in order to reach the shot noise limit and to fundamentally outperform spontaneous
Raman scattering. Empirically, for a given Raman line, the increase in the signal acquisition
rate from a microscopic probing volume typically exceeds 10°. In this limit, SRS offers clear
benefits. For instance, if a spontaneous Raman measurement of a particular vibrational

mode takes 100 ms, SRS can provide the same information with comparable S/N in only 1

1S.

The intensity diagram in 3.7a also reveals that annihilation of a w; and the creation of a
wy is accompanied by a Raman transition in the material. The molecule has absorbed the
residual energy from the light fields and is left in a vibrationally excited state. However,
this representation does not provide detailed information about the vibrational motions in
the molecule or the Raman coherence in the material. In Figure 3.7b, the SRS interaction
is depicted in terms of fields rather than intensities. As is clear from the diagram, the SRS
interaction involves four fields, which classifies SRS as a four-wave mixing technique. As
discussed in Section 3.3.3, keeping track of the field interactions with the material is a much
more useful way for analyzing the material response in terms of vibrational coherences. For
this purpose, it is convenient to describe the material response in terms of the density matrix.

Before discussing the SRS signal in the context of the density matrix, which involves a
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quantum mechanical treatment of the molecule, we will briefly describe the material response

in a classical fashion.

3.3.2 Classical vibrational motions

The classical description of the stimulated Raman process provides a very intuitive picture
of molecular motions driven by two external fields w; and w,*% 21, Unlike the field picture
discussed above, the classical SRS model explicitly takes the vibrational motions of the
material into account. The model aims to determine the magnitude of the polarization in the
material, due to the presence of vibrational oscillators that are actively driven by the incident
fields. The frequency of the incident radiation is typically in the visible to near-infrared range
(~ 10® THz), whereas the frequencies of the nuclear vibrational motions in molecules are of
much lower frequencies (1-100 THz). Therefore, the nuclei cannot follow the incident fields
adiabatically. Instead, the molecules couple to the fields through their electrons, which can
follow the rapid oscillations of the driving fields. In case there is coupling between the electron
motions and the nuclear modes, the resultant electron oscillation contains information about
the nuclear vibrations as well. Raman processes thus probe nuclear motions in the molecule

indirectly through the motion of electrons.

The response of the electrons to an optical field, E(t) = Ae™™! + c.c., is classically modeled
by the electronic polarizability a. This quantity is a tensor, but to simplify the discussion we
will consider it here as a scalar. The time-dependent molecular polarization p(t) induced by
the optical field is then written as p(t) = «(t)E(t). In the absence of nuclear modes or any
nonlinearities, o can be considered a constant () and the molecular polarization depends
linearly on the field. In the presence of a nuclear mode, written as Q(t), which describes the
displacement of the nuclei along the generalized nuclear coordinate ), the electron motion

can be distorted in case « is dependent on the nuclear positions. In this scenario, there is a
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0292, Vice versa, this

change in « if there is a change in @, or in other words (0a/0Q), #
coupling between electronic and nuclear motions implies that the nuclear displacements may
be affected when the electrons are set in motion. In the presence of the driving fields E(t)

and Fs(t), the nuclear mode can experience a driving force F(t) at the difference frequency

Q) =w; — was:

F(t) = (g—g)o [AiAse ™™ + c.c] (3.15)

Note that the magnitude of the force depends explicitly on the coupling term (0a/0Q),,
which acts as a nonlinearity because it drives a material motion in response to two incoming
fields. The time-varying nuclear displacement Q(¢) in the presence of the force in Eq. 3.15
can be modeled with an equation of motion for a damped harmonic oscillator?™. The
solution of the equation is Q(t) = Q(Q)e ** + c.c., which describes a harmonic motion of

the nuclear mode with the amplitude?3%:29!:

1 (O« A A
Q) = m (@)0 w2 — 02 — 20y (3.16)

where m is the reduced mass of the nuclear oscillator, 7 is the damping constant and w,, is the
resonance frequency of the harmonic nuclear mode. Eq. 3.16 shows that the nuclear motion is
significant when the electronic-nuclear coupling is high, underlining that the (0a/0Q), term
plays a central role in (stimulated) Raman scattering. The amplitude also scales linearly
in both driving fields F; and Es. In addition, the amplitude grows when the frequency

difference €2 coincides with the resonance frequency of the nuclear mode, i.e. when 2 = w,.

In general, the induced polarization of the sample is given by P(t) = Na(t)E(t), where N
is the number of molecules in the interaction volume and E(t) is the total applied field. In
the presence of Raman active modes, the electronic polarizability is no longer a constant, as

the electron oscillation is affected by the mobility of the nuclei. The electronic polarizability
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can be expanded in a Taylor series to include the effect of the nuclear modes to lowest order

as 292

a=ag+ <g—g)0@(t) v (3.17)

Given that the total electric field in the material is E(t) = FEi(t) + E»(t), the induced

polarization in the interaction volume can be written as:

P(t)=N [ao + (3—2‘2)0 Q(t)} (E\(t) + Es(t)} (3.18)

The terms in the polarization that depend on (Ja/0Q), include the contribution of three field
interactions: two interactions to drive ()(t) and one final interaction with either E; or Es.
These three interactions of two frequencies (wy,ws) produce polarization components at four
distinct frequency combinations in the material: w.s = 2wy —w; (coherent Stokes frequency),
Wsra = ws — w1 + wy (Stokes frequency), wsrr = w; — wy + we (pump frequency), and
Was = 2wy — wy (anti-Stokes frequency). The amplitude of the SRS polarization components

are found at wsrg and wsgrr, and are given as:

P(wsrc) = 6eoxiv,(Q)A1]* Ay (3.19)

P(wsrr) = 6eoxnr(Q)|Azf” A (3.20)

where € is the vacuum permittivity and x y is the Raman-dependent nonlinear susceptibility

of the material, which is written as:

N (0o’ 1
v (§) = 6meg <@)0 w2 — Q2 — 2iQy (3:21)

The nonlinear susceptibility is a material quantity, it describes the frequency dependent
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response of the material to the incoming fields. Eq. 3.21 shows that the Raman-related
material response scales with the square of the (da/0Q), coupling term. The material
also becomes more responsive when the frequency difference 2 coincides with the resonance

frequency of the nuclear mode.

Using this classical model, we see that the SRS process induces oscillating polarization
components at the pump and Stokes frequencies in the material, as indicated by Eqgs. 3.19
and 3.20. Using this formalism, we can also relate the material response to the measured
optical signal by the photodetector. Both the P(wsgrg) and P(wsgr) components depend
on the same Raman nonlinear susceptibility. They exhibit similar amplitudes but oscillate
with different phases. Consequently, as the nonlinear polarization radiates, it produces
the field components Fgrg(ws) and Esgr(wi), which arrive in the far-field detector with
distinct phases. If the signal is detected in a phase-matched direction that is different
from the direction of the probing fields, the signal is proportional to |P|%>. On the other
hand, if the signal is detected in the phase-matched direction that coincides with the probe
field, the induced field components interfere with the incident fields components F; and
E,, respectively. For instance, at the Stokes frequency, the measured intensity is [(wy) =
€o¢/2 |Esra + E2|2. The interference term between the signal fields and the incident fields

constitutes the SRS signal in the w; and w, channels:

Ssra(wa) o< |A1|2|A2|2%{XNL(Q)} (3.22)

Ssrr(w1) o _|A1|2|A2|2%{XNL(Q)} (3.23)

The SRG and SRL signals both scale linearly with the intensity of the pump and Stokes
laser beams, and both signals probe the imaginary part of the nonlinear susceptibility, which

describes the dissipative part of the material response. Similar to the quantized field picture,
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the classical description of SRS predicts a gain in the ws channel and a loss in the w;
channel. Both models thus arrive at the same conclusion regarding the energy transfer
between the field modes, albeit in different ways. Although intuitive, the descriptions thus
far do not provide a lot of insight in the material coherences nor take fully account of the
various quantum mechanical states of the material that partake in the SRS process. The
density matrix approach provides a deeper understanding of the material response in terms

of quantum coherences, which is discussed in the next Section.

3.3.3 Quantum mechanical description: density matrix

The semi-classical model of nonlinear optical spectroscopy describes the electromagnetic
fields as classical waves but treats the material quantum mechanically. In the quantum
mechanical picture, the state of the material is described by molecular wavefunctions, which

are written as a superposition of the molecular eigenstates ,:

U(r,t) =Y cntbn(r,t) (3.24)

where ¢, are the amplitude coefficients of the wavefunction for each of the eigenstates. In
the bra and ket notation, the eigenstates of the material v, are indicated by their ket
notation as |n). The operator H, is the unperturbed Hamiltonian, which, upon acting on
the wavefunction, produces an eigenvalue that corresponds to the energy of the system. In
the presence of light, the state of the material can be altered due to light-matter interactions.
In the dipole limit, light-matter interactions are described by the interaction Hamiltonian
V(t) = fi- E(t), where i is the dipole operator which tracks the motion of charged particles
(electrons and nuclei) in response to the optical field F(t). The interaction Hamiltonian
perturbs the system and changes the state of the material by enabling transitions between

material eigenstates. The probability that the system is in a certain eigenstate |n) and the
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mutual coherence between the eigenstates after the interaction is conveniently captured by

the density matrix operator:

pE) = [2D) (L] =Y pum(t) ) (m] (3.25)

Here p,, are the matrix elements (n|p|m) in bra-ket notation. The diagonal elements
(n = m) of the density matrix correspond to the probability that the system is in eigenstate
|n). In this case, the operator in Eq. 3.25 takes on the form |n) (n|, which represents the
population of the molecular eigenstate 1,,. The off-diagonal elements, p,,,, with n # m, are
associated with the operator |n) (m|, which is called the coherence between eigenstates v,
and ,. Following the time-dependent density matrix after a light-matter interaction thus

reveals information about the population and coherence dynamics in the material.

In Section 3.3.2 it was clear that in the SRS process, a nonlinear polarization is induced
in the material through three interactions between the matter and the incident fields. The
induced polarization then radiates to produce a fourth field. This process can be described in
the density matrix formalism by monitoring the time-dependent evolution of p(t) following

three interactions with the light fields. Generally, (t) evolves in the Schrédinger picture as:

dp U
w_ g, ] 3.6

it~ h [ P (3.26)
where the total Hamiltonian includes both Hy and V. The evolution of p in the SRS process
is commonly modeled through third-order perturbation theory, where the density operator

is calculated to the third order in the electric field 08173

. In evaluating the density matrix
contribution that is third order in the field, 5®®(¢), many pathways for the material evolu-
tion are found. Double-sided Feynman diagrams are a convenient tool for analyzing such

pathways. An example is shown in Figure 3.7c, which shows one pathways that contributes
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to the overall SRS response. The diagram can be interpreted as follows. The system starts
out in the ground state, indicated by the |a) (a| population at the bottom of the diagram.
The first light-matter interaction is with the field of frequency w;, which changes the bra
from (a| to (n’|. The states indicated by n and n’ can be either real or virtual states. For
ground state SRS, these electronic states are virtual states and the n,n’ labels are dummy
indices. The second field interaction on the bra side generates the coherence |a) (b|. This is
the Raman coherence in the material which, in the absence of fields, evolves according to
the unperturbed Hamiltonian Hy. The density matrix pg is said to propagate during this
period, tracking the time-dependent material response to the light-induced superposition of
the ground state and the vibrationally excited states. The density matrix is then interact-
ing with fields w; and wy on the ket side, generating the population |b) (b|. Effectively, in
this diagram, the SRS interaction has moved population from the ground state to the first

vibrationally excited state.

It should be noted that the diagram shown in Figure 3.7c also denotes the quantum pathway
of the spontaneous Raman process, with the important difference that the ws field is provided
by the vacuum field. This does not mean, however, that all possible pathways probed in
SRS are necessarily accessible through the spontaneous Raman process. This is related to
the fact that the photon occupation numbers n; and no, in SRS and spontaneous Raman
scattering are different. The field interactions with wy in the spontaneous Raman process
are restricted as they must change the occupation number from zero to one, which limits
the freedom of arranging the field interactions in the Feynman diagrams. This restriction is
not present for SRS, in which case both n; and ny are high, allowing more permutations of
the field interactions, and thus producing more permissible quantum pathways!™. Another
important difference between SRS and spontaneous Raman is that SRS offers the possibility
to time-resolve the evolution of the Raman coherence |a) (b|, by preparing the coherence with

a pump and Stokes pulse pair and probing its propagation by a time-delayed probe pulse.
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The third-order polarization in the sample can be obtained from the expectation value of

the dipole operator, which can be obtained within the density matrix formalism as:
PO (t) = Ntr [P (1)) (3.27)

where tr indicates the trace over the matrix elements of the operator product between the
brackets. Once the nonlinear polarization of the material is known, the signal can be cal-
culated in the same manner as in the classical model. The exact time-dependence of the
polarization depends on the evolution of the density matrix, which depends, in turn, on
the details of the material Hamiltonian. Predictions of the SRS signal thus rely on proper
knowledge of Hamiltonian-dictated dynamics in the system. The simplest model assumes a
general dephasing rate 7, for the |n) (m| coherence, and the population relaxation rate 7,

for describing the energy relaxation between material states!%®.

In this scenario and assuming that the Raman line is only homogeneously broadened, a
typical time-resolved SRS experiment with ultrashort laser pulses can then be understood
as follows. The molecule is subjected to pulsed fields at frequencies w; and wsy, which induce
a vibrational coherence |a) (b| in the sample. In Figure 3.7c, this corresponds to the first
two field interactions. The duration of the laser pulses is generally much shorter than the
dephasing rate ~v,,. After preparation, the Raman coherence will decay with a rate ~,, =
Yoo/ 2 + Yap, Where 4 is usually referred to as the pure dephasing rate. After a time delay 7,
a second pulse with the frequencies w; and wy is incident on the sample to probe the Raman
coherence. The probe pulse transfers information about the 7-dependence of the Raman
coherence to the wy and ws frequency channels, which are detected by a photo-detector. The
time-dependence of the resulting third-order polarization, which is encoded in the detection

fields, depends on the details of the experiment.

Figure 3.8 depicts the material response in terms of the frequency and time dependent third-
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order polarization under several different experimental conditions. The frequency dependent
responses, on the left panels, display the real (red) and imaginary (blue) components of the
nonlinear polarization. The gray shaded areas represent the driving field (w; - wy), which
in all examples overlaps with the material resonance(s). The panels on the right depict the
time dependent response of the third-order polarization. In panels (a) and (b), a single
mode is driven by two narrowband laser fields, and the polarization decays with a dephasing
time of several hundred femtoseconds, corresponding to the frequency domain linewidth.
No oscillatory pattern is observed in the time domain as the experimental setup does not
have sufficient time resolution to resolve the carrier frequency. In panel (c), the system has
two Raman active modes which are driven by two broadband laser fields. The beat pattern
between the two modes is visible in the time-dependent response in panel (d). Panels (e) and
(f) depict a system with one low frequency Raman active mode which is driven by a single
broadband pulse. The temporal response shows a single oscillatory feature corresponding
to the vibrational period. In panels (g) and (g), a single broadband pulse drives two low
frequency Raman active vibrations. The time-dependent response shows oscillatory features

from each of the modes as well as their beat frequency.

Similar to the classical model, once the nonlinear polarization is known, the frequency-
dependent nonlinear susceptibility of the material can be determined. Within the simple
dephasing model discussed above, the contribution x® (—ws;wy,ws, —w;) to & from the

pathway shown in Figure 3.7c is'™:

N Honnallan’ Kn'b
o e 3.28
6h3e a;, Pad [Won + w2 + Ynp) [Wha — (W1 — w2) + Yap] [Wira — w1 + #Yan] (3.28)

where w,,,, denotes the difference frequency w,, —w,,, and p,,, indicates the transition dipole
moment for |n) — |m). The second denominator in Eq. 3.28 contains the information of
the density matrix propagator of the Raman coherence |a) (b|. Similar to the classical form

of the nonlinear susceptibility (Eq. 3.21), the contribution to x® shown above grows large
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Figure 3.8: Frequency (a,c,e,g) and time (b,d,f,h) dependence of the third-order polarization
as probed under different experimental conditions.

(a) Amplitude of the real (red) and imaginary (blue) part of the nonlinear polarization
due to the presence of a single high-frequency Raman resonance. The Raman coherence is
driven at (w; — wq), where E; and Fj are narrowband fields of ps duration. Gray shaded
region indicates the spectral profile of the effective driving field (w; — ws). (b) Amplitude
of the third-order polarization as a function of time delay 7, corresponding to the situation
in (a). (c¢) Driving two high-frequency Raman resonances with two broadband laser fields,
such that the spectrum of the effective driving field (w; —ws) overlaps with both resonances.
(d) Temporal response corresponding to the situation in (¢). (e) Driving one low-frequency
Raman resonance with one broadband laser field. (f) Temporal response corresponding to
the situation in (e). (g)
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when the frequency difference w; — wy approaches a Raman resonance at w;,. The spectral
dependence of the Raman resonant y® contributions follows a Lorentzian lineshape with a
width directly proportional to v,,. Note that the ) (—we; w1, we, —w1 ) contribution contains
more resonances, such as the resonance at wi; = w,,, which occurs when w; is resonant with
an electronic transition in the material. Since the diagram in Figure 3.7c is also a good

173

representation of the spontaneous Raman scattering process'’?, we may relate the measured

Raman spectrum to this x® contribution as follows:
SRaman ~ % {X(3)<_w27 Wi, wa, _wl)} (329>

The approximate sign is present because in spontaneous Raman scattering the field interac-
tions with w; and w», including their independent polarization orientations, cannot be arbi-
trarily chosen, as discussed above. For ground state SRS with linear and parallel polarized
fields, far from electronic resonances, the diagram in Figure 3.7c is a dominant contributor to
the overall SRS response and the expression in Eq. 3.29 is generally true. This implies that
for ground state vibrational Raman excitations, the dephasing parameters ,;, extracted from
a time-resolved SRS experiment are identical to the dephasing parameters derived from the
Raman linewidth. This is no longer true when electronic excitations are involved, in which
case specific time-consecutive processes in the excited state can be resolved in time domain
SRS that cannot always be reconstructed in a time-ordered fashion from the spectral Raman

response.

3.3.4 Magnitude of the Raman response

From Eq. 3.14 it is clear that the rate of SRS emission is much higher than the rate
of spontaneous Raman emission. When a Raman active material is illuminated with the

w; mode, the number of photons scattered into the wy mode is very small, emphasizing
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that spontaneous Raman scattering is a very weak effect. The rate of photon emission in
spontaneous Raman scattering, measured in all directions, for a transparent sample of length

z with an incident light intensity of I(w;) (in W/cm?), can be written as:
Wpon(w2) = NgAzo(w2)I(wy). (3.30)

where N, is the molecular number density, A is the illuminated area and o(ws) is the Raman
cross section (in cm?). The most important material characteristic is o, which is a measure
for the responsiveness of a given material. It is useful to define the rate of photon emission
in a particular direction defined by the solid angle element df). In this case, the material
response is defined through the Raman differential cross section do/d2. The differential
cross section can be related to the material properties in the previous sections, i.e. do/dQ
(Oa/ 8@)3 xS { X(3)}. The differential cross sections of various materials are listed in Table
3.1. For example, the differential cross section for the O-H stretching mode is 8 x 1073
cm? /molecule-sr when excited at 488 nm. This roughly translates into about three Raman
scattered photons out of 107 incident photons when propagating through 1 mL of liquid.
Given that 1 mL of liquid contains 3.3 x 10*? of water molecules, the Raman scattering
efficiency per molecule is indeed very small. Other modes, such as the ring breathing mode
at 992 em~! in benzene exhibit higher polarizabilities, resulting in slightly stronger Raman
signals. Even so, for smaller volumes, the number of Raman scattered photons remains low.
For microscopic volumes of 1 fLL, roughly 2 out of 10! incident photons are Raman scattered

off of the 992 cm~! mode of benzene.

Clearly, enhancing the photon emission rate as provided through the SRS process offers an
attractive strategy to overcome the small Raman signals from fewer molecules and smaller
volumes. We have also seen that the Raman reponse of the material can be directly enhanced
when the pump beam is tuned close to an electronic resonance (Eq. 3.28). The compounds

[-carotene and rhodamine 6G listed in Table 3.1 have electronic resonances in the visible
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Table 3.1: Absolute Raman differential scattering cross sections in cm? per molecule per
steradian for various compounds.

compound mode (cm™!) | A, (nm) | cross Section <—molce7gfle.sr> reference
water 3400 488 8 x 1073 203,204
cyclohexane 802 514 8.99 x 1030 295
ethanol 2880 488 1.7 x 1072° 296
benzene 992 488 3.65 x 10729 297
B-carotene 1520 514 2.04 x 1024 298
rhodamine 6G 604 532 4.1 x107% 51

range, resulting in differential Raman cross sections that are several orders of magnitude

higher than for materials that are transparent in this range.

3.3.5 SRS versus CARS

The CARS technique has its own history and application niches, which are not the focus
of the current work. Nonetheless, since the comparison between these two coherent Raman
techniques is a topic that is frequently discussed in the literature, we will briefly touch on
it here as well. It is important to underline that both techniques rely on the same Raman
coherences in the sample, driven at w; — wy, for generating a detectable signal. The main
difference between SRS and CARS is the way in which the amplitude and phase of the excited
Raman coherence are translated into a measurable change in the light fields. In terms of
the dual color excitation configuration discussed in Section 3.3.2, in the CARS experiment
the information about the Raman coherence is probed in the w,s = 2w; — wy signal channel,
whereas in SRL it is detected in the ws channel. The difference is strictly in the detection
mode: from the material’s point of view it does not matter whether the w; — wy vibrational
motion is probed in either the w,, channel or the wy channel. However, the choice of detection
channel does have experimental implications, and the preference for either SRS or CARS
is largely driven by practical factors that determine how easy the information about the

Raman vibration can be extracted from the experimentally measured signal.
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One important difference between the two techniques is the fact that SRS, detected in the
phase-matched direction of the probe, is dictated by the interference term between the signal
field and the incident probe field, and CARS is not. This intrinsic interference of the SRS
signal, which is sometimes called the self-heterodyning of the signal, gives rise to signals
proportional to the nonlinear polarization P. The resulting signal is thus linearly dependent
on the nonlinear susceptibility, and is in-phase with its imaginary component, see Eqgs. 3.22
and 3.23. Since Ix® is proportional to the Raman cross section, the SRS signal exhibits
the same spectral lineshapes as probed in spontaneous Raman scattering. For the same
reason, the SRS signal scales linearly with the number of Raman scatterers in the probing
volume. The CARS signal, on the other hand, is commonly detected in a homodyne man-
ner. This implies that it is not (self-)heterodyned, and that the signal is instead proportional
to the square of the induced nonlinear polarization, |P|*.2%' As a result, the CARS signal
scales as ‘X(?’)}Q, giving rise to a spectral response that is not directly proportional to the
spectral lineshapes measured in spontaneous Raman scattering. Furthermore, the CARS
signal displays a nonlinear dependence on the concentration of Raman scatterers. Addition-
ally, the CARS signal carries purely electronic contributions to the nonlinear susceptibility,
which gives rise to a background that is not easily separated from the vibrationally reso-
nant contributions. These attributes make SRS a better choice for certain frequency-domain
experiments, especially when the concentration of the target Raman scatterers in heteroge-
neous samples is relatively low compared to other sample constituents, in which case the
electronic background contributions in CARS can be overwhelming. This limit is relevant
for coherent Raman microscopy, and explains why SRS is sometimes advertised as being

superior to CARS microscopy.

For time-domain coherent Raman experiments, the specific advantages of SRS mentioned
above are less relevant. In fact, for molecular vibrations of higher energy (> 200 cm™1),
the CARS experiment is often less complicated because of the ease of detecting the signal

in a new frequency channel (w,;). Experimentally, the frequency shift between the incident
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light and the signal is sufficient for isolating the CARS photons with modern spectral filters.
In SRS, spectral filtering cannot be applied and instead some type of modulation is needed
to separate the coherent Raman signal from the incident beam, which can complicate the
experiment. The spectral filtering advantage of CARS, however, disappears for low frequency
vibrations (< 200 cm™!), which produce Raman signals that are too close in frequency to
the incident frequencies to spectrally separate them. Here, time-domain SRS is preferred.
The ISRS technique provides access to such low energy vibrations and offers a mechanism

to fully time-solve their coherent motions.

3.4 Information from an SRS Experiment

As was alluded to in the sections above, it is possible to gain a wealth of information from the
SRS experiment on microscopic samples. A brief description is provided here, and specific

examples will be shown and discussed in the sections on current work and the research plan.
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Figure 3.9: Raman Spectra of DMSO and deuterated DMSO.
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As Raman scattering spectroscopy probes the various vibrations of molecular bonds it is
possible to retrieve a large amount of information from the Raman spectrum. An example of
the spectra of DMSO and it’s deuterated version are provided in Figure 3.9. In these spectra,
functional group vibrational modes are recognizable in the form of the CH modes centered
around 2900cm~1. The comparison of these two spectra show how a slight adjustment in
the reduced mass of the oscillator, in this case substituting deuterium for hydrogen, makes

a large difference in the position of the Raman peaks.

Detailed analysis of hyperspectral images in SRS, such as that provided with principle com-
ponent analysis, can utilize this information to produce chemical contrast for images by
varying the wavelength of the pump beam over a series of images. In fact, as shown in'°?,
a range much smaller than that shown in 3.9 can provide enough information to sort out
differences in compounds such as protein and lipid. Additionally, rapid imaging at one band

is available on the order of one frame per second. This creates the ability of SRS to generate

images mapping the location of select functional groups in cells and tissues.

As the primary focus of this work, the addition of small molecule or isotopic tags allows
for high chemical contrast not otherwise present in the cell. This is ongoing work by many
different research groups. Chapter 4 will disucss the background of using tags for various
Raman spectroscopies, and some of the methods used with them. Chapters 5-7 display
original work based on the application and analysis of various Raman tags towards answering

biological questions.
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Figure 3.10: SRS imaging at 2120 ¢m™1 corresponding to CD2 stretches and 2841 ¢m™1

corresponding to CH2 symmetric stretches.

The result of hyperspectral SRS imaging and multivariate analysis is depicted in yellow for

D38-cholesterol in the CD region , overlaid on the maximum intensity projection of the CH
spectral scan in gray scale, and in red for lipid and green for protein in the CH region.
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Chapter 4

Instrumentation & Methodology

90



4.1 Common Modalities

During the course of my dissertation work, a number of instruments and experimental tech-
niques have been used repeatedly. As discussed in Chapter 2 stimulated Raman scattering
microscopy is one of a number of increasingly popular techniques within the larger field of
nonlinear optical(NLO) microscopies. NLO microscopies provide a method of imaging that
is relatively noninvasive and can provide excellent spatial resolution and three-dimensional

sectioning.

I,

Figure 4.1: Hlustration of the Focal Volume of a High Numerical Aperture Objective
The tight focusing conditions of a high-NA objective create the E-field intensities required
to excite nonlinear optical processes. Techniques such as SHG and CARS posses an
intrinsic sectioning ability in the axial dimension that eliminates the need for a confocal
pinhole.

While each technique is a field of research all of its own, a number of similarities unite
the techniques. Chief among these is the use of high numerical aperture objectives. While
high-NA objectives provider tighter resolution even for linear imaging, the effect is enhanced
in NLO processes. NLO signal generation requires very high electric fields. Under typical
powers used in microscopy, these fields are only realized within the region known as the focal
volume of the objective. 289299390 Aq jllustration of this effect is shown in Figure 4.1. Outside

of the focal volume, field intensities are low enough that their is little to no signal generated
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in the surrounding sample. This eliminates the need for a confocal pinhole common to linear
microscopy. Photobleaching outside the focal volume is also greatly reduced increasing the

imaging life of samples.
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Figure 4.2: Jablonski Diagrams for NLO Imaging
The diagrams for CARS, SHG, and SRS are presented here. The energy of their signal
photon is in parenthesis below each process.

There are a large number of commonly used NLO imaging techniques, I have commonly
used three across my work. Those three are coherent anti-Stokes Raman scattering (CARS),
second harmonic generation (SHG), and stimulated Raman scattering (SRS). The Jablonski
diagrams for these three processes are shown in Figure 4.2. The theoretical backgrounds for
CARS and SRS are covered extensively in Chapter 3. Briefly, both are four-wave mixing
processes that interrogate the chemical properties of molecules by probing the vibrational
resonances of molecules in the focal volume of the objective. CARS is a parametric process,
i.e. the state of the probed molecules remains unchanged after the process. SRS, however,
results in an excited vibrational state of the probed molecules making it a non-parametric
process. Imaging contrast in both modalities results from an enhancement of signal when
the condition 2 = w, — ws; matches a vibrational mode of the molecule. CARS is easier to
detect because the signal photons are produced at wavelength blue-shifted from the input,

whereas SRS signal is produced as a modulation of the two inputs. It should be noted that
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in CARS a nonresonant background is generally present. The phase of the resonant and

291 This causes a mismatch between

non-resonant component are shifted from one another.
the CARS spectrum and the spontaneous Raman spectrum. This is not the case for SRS.
SRS thus is relatively background free under ideal conditions, and it can directly reproduced

the spontaneous Raman spectrum.

While second Harmonic generation is not the focus of my dissertation, it is a useful imaging
modality for examining certain structural components of tissues. SHG is a special case of
sum-frequency generation, and both arise from the second order susceptibility, x?); making
them a three-wave process. As a second-order process, SHG is sensitive to materials that
non-centrosymmetric.?? Under the microscope, SHG is particularly useful for detecting and

imaging materials such as collagen and cholesterol crystals among others. 21301 Figure 4.3

shows SHG of collagen fibers (a) and protein crystals (b).

Figure 4.3: Second Harmonic Generation of Biological Materials
SHG images of (a) type-II collage and (b) protein crystals. SHG signal is only produced in
materials with non-centrosymmetric symmetry.
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Raman Spectrum of L-DOPA and L-DOPA-d3
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Figure 4.4: Spontaneous Raman Spectra of L-DOPA and L-DOPA-d3

4.2 Spontaneous Raman Micro-Spectrocopy

One of the essential questions in any CRS experiment is: “what are the vibrational resonances
of the target sample?” As discussed in Chapter 3, spontaneous Raman scattering provides
a wealth of information about the vibrational characteristics of molecules. It can be used to
identify unknown samples, elucidate structural properties of molecules, a monitor reactions.
For CRS however, it is often used to identify specific classes of molecules in order to zero-in
on a particular resonance for contrast. An example of this is shown in figure 4.4. In this
figure, the spectra of L-DOPA (blue) and a thrice deuterated version of L-DOPA (red) are
presented. Spontaneous Raman is useful for finding the peaks of the different modes of
the two compounds. It also easily shows the difference in modes due to deuteration. Of
particular note, two CD peaks are evident at 2260cm ™! and 2280cm ™!, whereas they are

completly absent in the native compound. Conversely the peaks associated with methyl
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stretches at 2940cm™! and the modes of the benzene ring between 3000 — 3100cm ™! are

greatly reduced.

For the studies presented here, all spontaneous Raman spectra were taken on a single instru-
ment. The Laser Spectrocopy Lab at UCI is a user facility with several instruments for linear
and nonlinear spectroscopy. For obtaining high-quality Raman spectra, the facility posses
a system developed by Renishaw Inc. (United Kingdom). The system is based on their
InVia micro-spectroscopy system. It posses the capability for three different laser excitation
wavelengths: 405nm, 532nm, 785nm. The system uses custom holograph notch filters that
allow measurements starting at 100cm~!. For both 405nm and 532nm, the system is capable
of better than 1em ™! spectral resolution. The microscope embedded in this system is a Leica
confocal model that supports multiple objectives. Unless otherwise specified, spectra were

taken using a 40x 0.85NA objective. All spectra are collected in a backscatter geometry.

Figure 4.5 shows an illustration of a typical Raman micro-spectroscopy setup. Lasers trans-
verse the same path and are reflected from a dichroic mirror into an objective. In epi-
detection, or backscatter, geometry the objective serves to both illuminate the sample and
collect scattered light. The objective focuses the laser beam incident to the sample. Both
Rayleigh and Raman scattered light are collected by the objective, but only the Raman
scattered light passes through the dichroic and into the spectrometer. A motorized grating
disperses the Raman light onto a CCD array where the intensity is read into a computer

system.

4.3 The Narrowband CRS Microscope

In Potma Labs, narrowband CRS, where the temporal width of excitation pulses is on the

order of 7ps, is the preferred method for nonlinear imaging. Narrowband SRS offers several
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Figure 4.5: Hlustrated Layout of a Raman System
with non-centrosymmetric symmetry.

distinct advantages for biological imaging. With a temporally long pulse length, comes
a correspondingly narrow spectral full-width at half max for each pulse.?°? Effectively, this
means that the spectral resolution for our system is less than 0.5nm. Under ideal circustances
the time-bandwidth product for the fundamental laser line is given by Equations 4.2 and
4.3 assuming a sech? pulse envelope. Narrow spectral resolution correspondingly means that
we are able to create hyperspectral data sets that can map out the Raman spectra for each

pixel of an image. This will be discussed in more detail in Section 4.4.

TBP = AvAT (4.1)

2l0g(1 + /2 ’
TBP,, 2 — <M> ~ 0.315 (4.2)

™

(4.3)

For nearly all CRS measurements in this work, the following equipment specifications were
used. Stimulated Raman loss (SRL) was measured using a combination of a fixed stokes

beam at 1064nm generated by a 76 M H Z mode-locked Nd:Vanadate laser (Picotrain, High-
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Q) delivering seven picosecond pulses (ps) and a variable pump beam generated through an
optical parametric oscillator (OPO, Levante Emerald, APE) pumped by the second harmonic
of the laser at 532nm. For imaging of the C'H, stretching mode commonly associated with
lipids at 2840cm ™!, the OPO was tuned to 817nm and for carbon-deuterium imaging it was
tuned between 866nm and 868nm to match the resonance that occurs between 2120cm ™t
and 2140cm ™! depending on the specific compound under study. For stimulated Raman loss
the stokes beam was modulated at 10M H z using an acousto-optic modulator (AOM, Crystal
Technology). After modulation, the two beams were combined with a dichroic mirror and
directed into a laser scanning inverted microscope (Fluoview 300 & IX71, Olympus) where
both laser beams are raster scanned across the sample. Two objectives were used extensively
in my research: a 20x, 0.75NA air objective (UPlanSApo, Olympus) and a 40x, 1.14 NA
water-immersion objective (Olympus). Acquisition times varied between samples and are
specified in individual studies. Generally, the pixel dwell time is between 7us and 20us,
though in the case of extremely low concentration samples this has been increased as high
as 100us per pixel. The signal is collected in the forward direction by a high-NA condensing
optic, NA=1.4 (Olympus). This high NA is chosen to be larger than that of any objective
used to avoid apparent erroneous signal caused by cross-phase modulation effects. The signal
is further filtered before being incident on a wide-area photodiode (56967, Hamamatsu).
The electrical signal is filterd by a 10M H z bandpass filter and amplified by transimpedance
amplifier. Finally the electrical signal is demodulated by a lock-in amplifier (HF2LI, Zurich
Instruments). The SRS signal was collected on an output channel of the lock-in by the

synced Fluoview system to form the intensity image.
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4.4 Hyperspectral Imaging

One of the most powerful features of narrowband SRS is its ability to create hyperspectral
datasets. To explain, the wavelength of the pump can be scanned over some range. At
each set point in that range, and image can be taken. A three-dimensional data stack is
created wherein the pixels all correspond to the same spatial dimensions, (X,Y), but the
third dimension is in . In practice, this yields a Raman spectra for each pixel. This enables
in-depth analysis of the spatial distribution of different chemicals.3%152303 From this data,
further analysis techniques can be used. An example of this is shown in Figure 4.6 wherein
the distribution and contribution of lipids and protein in cultured meibocytes are analyzed

through vertex component analysis.
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Figure 4.6: Vertex Component Analysis of Cultured Meibocytes
(a) mean intensity image of cultured meibocyte cells. (b) false color image where color
corresponds to a component spectra. (¢) Vertex component analysis identifies three major
components to the CH spectra of the image. A lipid-like contribution (green), protein-like
contribution (red), and background contribution (blue).
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Chapter 5

Deuterated Raman Probes:

Elucidating Lipogenesis in Cartilage
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Material in this section is being prepared for publication under the title Lipoge-
nesis is an evolutionarily conserved strategy for cartilage morphogenesis by Raul

Ramos et. al.

As discussed already in Chapter 4, recent work has shown that the use of deuterium labeled
molecules as Raman tags is a fruitful avenue for metabolic analysis of cells and tissues.
This was recently applied to the study of cartilaginous tissues in small mammals. In this
work, spontaneous Raman scattering, stimulated Raman scattering microscopy, and second

harmonic microscopy were applied to an under-described cell type, the lipochondrocyte.

Figure 5.1: Comparison between adipocytes and lipochondrocytes
Stimulated Raman scattering images of (a) adipocytes and (b) lipochondrocytes shows
significant size and other morphological differences between cell types. Both tissues imaged
at 2840cm~! where the maximum signal is derived from lipids.

5.1 A Background on Cartilage

Cartilage cells are generally thought to be characterized and identified through a process

of extracellular matrix deposition. However, evidence presented in this work indicates that
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this is not a universal process. In the neck and head cartilages of mice, a differentiated cell
known as a lipochondrocyte are found. These cells resemble white adipocytes morphologi-
cally in that the central feature is large lipid-laded vacuoles. However, lipochondrocytes do
not mobilize lipids and lack expression of key lipid uptake components. They do not change
upon obesity or caloric restriction. Figure 5.1 shows a comparison between adipocytes and
lipochondrocytes imaged with SRS microscopy. Synthesis of the lipid vacuole in ear pinna
lipochondrocytes relies on de novo lipogenesis, and inhibition of lipogenesis through either
pharmacological or genetic means disrupts the formation of cartilage. In mice, this leads to
shrunken and misshapen ears. Research suggests that lipochondrocytes are present across
multiple mammalian clades. This includes bats, primates, and marsupials. The research
herein indicates that lipid vacuolation is an evolutionarily conserved strategy for cartilage
differentiation. It is established through this work that de novo lipogenesis is a novel regula-
tor for morphogenesis of craniofacial features, and future work is needed to establish whether

other tissues utilize similar mechanisms for formation of stable lipid vacuoles.

Within vertebrate skeletal systems, cartilaginous tissues form an essential components that
plays both mechanical and morphogenetic roles.?%* Annelid worms, cephalopod mollusks,
horseshoe crabs, and other invertebrates posses similar cartilage-like tissues.3%3%.  The
mechanical properties of which are ascribed to the large amount of extracellular matrix
(ECM) secreted by the cartilage cells. It has been shown that cartilage tissues arise from
both mesoderm and the neural crest during morphogenesis, and that developmentally distinct

cartilages can merge within the cranium.307 3%

During previous work on mouse ear skin, it was noticed that samples possessed “lipid ghost”
artefacts after histological processing.3!° It is common to see lipid ghosts after processing of
adipose tissue, but generally uncommon for other healthy tissue types as most cells do not
possess large lipid vacuoles. Literature review revealed allowed for the rediscovery that mice

have multiple lipid-laden cartilage tissues consisting of vacuolated adipocyte-like cells called
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lipochondrocytes (LCs). These cells were first recognized by the famed anatomist Franz von
Leydig during investigations in the 1850s.3!! They were again described in only a handful of
hisological studies more than a century later.3'23! They remain an obscure cell and little
is known about their lineage, biochemistry, gene regulatory program or function. This is

despite their prevalence in many head and neck structures in many mammals.

5.2 Germ Layer Origins of Lipochondrocytes

Given the unique and understudied nature of this tissue, a number of investigations were
conducted to elucidate their genomic, lipodomic, and metabolmic profiles. Additionally,
tissue from multiple species was examined in order to better understand where LCs fit
evolutionarily. In order to better understand the morphology and origins of these cells,
extensive fluorescence staining and genetic tagging studies were carried out. This is shown
in Figure 5.2. Using the Wnt1-Cre2;mT/mG mouse model tissues derived from the neural
crest express green fluorescent (GFP). As shown in 5.2(b), nasal cartilage is positive for GFP
(n=>5) and contain lipid-laden vacuolated cells which stain positive under treatement with
OilRedO (n=3). This is shown in 5.2(c,d). Fig. 5.2(e,f) show tissue taken from the larynx
consisting of a composite of neural-crest and non-NC derived cells in the thyroid cartilages,
while epiglottic tissue is derived from the neural crest. Cricoid and arytenoid tissues are
negative for neural crest-derived tissues.3?® Staining indicates that tissues from the epiglottis
and thyroid cartilage both have many lipid rich cells (n=3) Fig. 5.2(g,h). However, the non-

neural crest portion of the thyroid cartilage is devoid lipid positive vacuoles 5.2(f,g).

Demonstrated in Figure 5.2(i-k), ear cartilage demonstrates high levels of OilRedO staining
(n=8). The lipid filled cells in this tissue organize into a thin plate, and show many fenestrae
that are often occupied by clusters of large lipid-filled cells Fig. 5.2(k) and 5.3. Using Wnt1-
Cre;R26R mice (n=4) Fig. 5.2(m) and cartilage-specific Col2al — CreER”; R26R (n=3)

103



a b Wnt1-Cre2;mT/mG DAPI ¢ OilRedO d
Ear —_J"V ‘///

/—\\ cartilage
) . s
P s P
K} 57 |

&

Epiglottis 1

~
Thyroid cartilage
A NC-derived -
Non-NC-derived Nasal cartilage

Nasal cartilage, 1 month (1 mo)

Nasal cartilage, 1 mo

T Nl (14
NC-derived Lipochondrocytes (LCs)

e Wnt1-Cre; mT/mG f Wnt1-Cre2;mT/mG DAPI g OilRedO h Epiglottis Thyroid cartilage
— S ¥ e~
Epiglottis s ) ' & ..‘ ..I b
oft palate < ¢ |
A “ @ ‘.Q. o,
Epiglotti |
> S )
B e ‘® 1 .09
1\ cartilage [} D ®
¥ b Ce- %

Larynx, 1 mo

OilRedO

Ear cartilage, 1 mo

o

£

o)

)

o

£

&8

o

8 : SN Pl
LacZ* LCs LacZ™e adipocytes LacZ™ adipocytes adipocytes
q Col2a1-CreER™R26R __ r 3 week chase S 23 week chase  t
el ; 52 - PR 30+

Ear cyartji{lage, 1 mo

1y »,__VA =S ,.' -
Discrete clones Discrete clones 1 mo (n=1,253) 6 mo (n=423)

Figure 5.2: Multiple cartilages show presence of Lipochondrocytes
(a) Schematic drawing of mouse cartilages color-coded by embryonic origin. LC-containing
neural crest (NC)-derived cartilages are in green. (b-h), OilRedO staining and lineage
tracing in Wnt1-Cre2;mT/mG mice shows lipid-laden LCs in NC-derived nasal (b-d),
epiglottic and thyroid cartilages (e-h), except for the posterior end (inlets on f, g). Ear
cartilage consists of OilRedO+ and BODIPY+ LCs and contains fenestrae occupied by
adipocytes. (m-p), On lineage analysis ear LCs are lacZ-positive in Wnt1-Cre2;R26R, and
Col2al-CreERT;R26R mice, but negative in adipocyte-specific Retn-lacZ and
Adipog-Cre;R26R mice. (g-t), On clonogenic analysis in Col2al-CreERT;R26R mice,
lacZ-labeled LC form discrete clones that are stable in size for 6 months. Scale bars, h — 25
pm; 1 — 50 pm; m-p, r, s — 100 pm; b, ¢, f — 200 pm; g — 250 pm; q — 500 pm; e, i — 1 mm.
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Fig. 5.2(n) mice, surrounding plate cells and not fenestra cells are positive for lacZ, and
the staining pattern for lacZ is reversed in the adipocyte-specific Retn-lacZ (n=4) Fig 5.2(0)
and Adipoq-Cre;R26R (n=6) Fig.5.2(p) models. Taken together these results identify ear
cartilage plate cells as neural crest-derived lipid-filled lipochondrocytes, while the cells inside

of the fenestra are identified as non-neural crest-derived white adipocytes.

Figure 5.3: SRS images of mouse ear cartiledge showing fenestrae without (a) and with (b)
lipid bearing cells.

With nearly two-dimensional morphology, ease of isolation, and abundance of cells, ear
cartilage tissues became the focus of latter studies. Col2al — CreERY; R26R mice were
treated with low doses of tamoxifen at P6. This causes recombination of individual cartilage
progenitors, leading to discretely labeled LC clones in adult ears as shown in Figure 5.2 (q).
The size of clones at 3 weeks (n=1,253 clones)(5.2(r)) and 23 weeks (n=423 clones)(5.2(s))
after labeling were not statistically different, Figure 5.2(t). These results suggest that LCs

experience a long lifespan with limited turnover.
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5.3 Lipid and Gene Profiling

As examined above, lipochondrocytes appear to be a unique form of cartilage and are distinct
from other lipid-laden cells. Presented as such, these curiosities necessitated further inves-
tigations into the nature of LCs. An obvious line of research was to examine the lipodomic
profile of ear cartilage compared to adipocytes. A full description of the lipid profiles is
beyond the scope of this dissertation, but the full results can be found in the peer-reviewed

work. Here I highlight the most significant points leading to further imaging studies.

Electrospray ionization-MS was performed on a TripleTOF 5600+ (SCIEX) system and
quantification was done using an in-house library. See section 5.8 for full specification of
lipidomics methodologies. Lipodomic profiles were compared between ear cartilage (n=5)
and inguinal white adipose tissue (WAT; n=>5) of wild type mice at age one month. The
two tissue types display markedly different lipid profiles in lipid abundance and diversity.
Critically, ear cartilage contains nearly half the quantity of of triglycerides (86.5% vs. 43.3%)
and substantially more fatty acid hydroxyl-fatty acids (9.4% vs. 31.1%). Substantially more
saturated fatty acid chains (3.8% vs. 19.7%). This is particularly notable as saturated fatty

acid chains are the main product of de novo lipogenesis.

Transcriptomes of ear LCs (n=3) and inguinal WAT adipocytes (n=3) were compared to
those of hyaline rib cartilage chondrocytes available in literature.??! Full data for transcrip-
tomics is available in the published work. The transcriptome of the LCs is distinct from
the other two cell types. 8,455 genes are expressed differently in LCs than in adipocytes
and chondrocytes. LCs are simultaneously enriched for both cartilage terms and metabolic
terms, highlighting these as a distinct cell type. Intersetingly, LCs and chondrocytes express

similar ECM genes, while these are otherwise minimal in adipocytes.

It should be noted that while LCs are morphologically similar to adipocytes, LCs do not

express adipokines Adipoq, adipsin, Lep, Retn, Retnla and several pro-adipogenic transcrip-
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tional regulators. These differences extend to key genes of the lipid synthesis, catabolism,
and vacuole formation and maintenance systems. Importantly, LCs do not express Cd36
and show only low levels of Slc27al. Both of these are major transporters of free fatty acids
in adipocytes. Notably, key glucose transporters and key de novo lipogenesis enzymes are
expressed along with many enzymes required at all steps of triglyceride synthesis. Pnpla2,
Lipe, and Mgll are prominently downregulated in LCs. These enzymes are important for
mobilization and breakdown of triglycerides. Key enzymes Plin1 and Abhd5 are not ex-
pressed and downregulated respectively; both are critical for hormone-stimulated lipolysis.
This all shows that LCs express a unique transcriptome that shares features of both hya-
line chondrocytes, such as ECM and signaling gene expression, and adipocytes, including

essential lipogenesis and lipid storage genes.

5.4 Lipochondrocytes Activate Lipogenesis

In developing a description of lipochondrocytes, it was important to determine when during
lineage formation LCs activate lipogenesis. To this end, a time course for the development
of ear cartilage was established. In mice, external ear structure develops after birth, 310:316:322
Ear surface measurements in wild type mice (n-5) allowed identification of two distinct and
consecutive growth phases. The first phase occurs slowly between postnatal days P1-P15.
During this phase, ears unfold and grow approximately nine times in size. During the second
phase between P15 and one month, ears rapidly expand before plateauing. They increase

in size approximately 25 times the size of the P1 ears. This is shown diagrammatically in

Figure 5.4.

To study the growth of cartilage tissue the chondrogenic marker SOX9, the proliferation
marker PCNA, and OilRedO were employed. SOX9 plays a key role in chondrocyte differ-

entiation, and it first appears at P4, and seems to broadly activate by P7. Between P4 and
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Figure 5.4: Phases of ear pinna growth in mice.
(A) Ear pinna in mice undergo significant changes in size and shape during the first month
of growth. (B) Quantificaiton of ear surface measurements reveals two growth phases and a
plateau phase during ear pinna growth.
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P10, many SOX9-positive cells stain positive for PCNA. However, they are PCNA negative
by P13. 5.5 OilRedO positive vacuoles first appear between P10 and P13. They rapidly
enlarge petween P13 and one month, Figure 5.6 (a). From this data, commitment to the LC
lineage occurs between P4 and P7. Once committed, LC progenitors proliferate between P4
and P13. Post-mitotic LCs differentiate and form lipid vacuoles starting at P10 and reach
adult size by one month. Proliferation and lipogenesis partially overlap between P10-P13,

Fig. 5.6 (b).

From the basis of the staining timeline presented above, it is possible to define several RNA-
sequencing time points: P8 and P10 as the early and late proliferative phases respectively;
P13 as the transition phase; and P21 and one month as the early and late differentiation
phases, respectively. Between P8 and P13, LC progenitors were sorted as tdTomato™ cells
from microdissected Wnt1-Cre2;tdTomato cartilage primordia. At P21 and one month, LCs
were isolated via buoyancy. Buoyant cells at P13 and non-buoyant cells at P21 were depleted
from respective samples upon processing. Analysis reveals that LC lineage transcriptome
prominently changes with time (n=3/timepoint); full data set and analysis in published work.
2,397 genes are differentially expressed and organize into four-temporally dependent clusters
via principal component analysis. Cell-cycle activators and pro-mitotic factors are abundant
in LC progenitor cells, but are largely shutdown upon differentiation. This is contrasted
with data indicating that cell cycle inhibitors are enriched in late differentiated LCs. The LC
gene regulatory program is dominated by cell cycle genes, pro-chondrogenic transcription,
and ECM factors in the early phase, and by lipogenesis machinery and specialized ECM

factors in the late phase.
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A PCNA SOX9 DAPI P4 B PCNA SOX9 DAPI P10

PCNAT/SOX9™ early LC progenitors PCNAIOW/SOX9* early LC progenitors

Figure 5.5: Expression patterns of SOX9 and PCNA in the developing ear cartilage.
Immunostaining for SOX9 (green) and PCNA (red) in P4 (A) and P10 ear cartilage (B).
For both time points, co-localization of markers is shown on the top panels. Bottom panels
show PCNA and SOX9 expression separately within the same selected region.
Single-positive cells are marked with white circles and double-positive cells with yellow
squares. Double-positive cells are present at both time points. Compared to P10, P4 ear
cartilage contains many PCNA-positive cells that do not express SOX9. In contrast, P10
ear cartilage contains many SOX9-positive cells that do not express PCNA, as compared to
P4. Ear cartilage is marked with dashed lines. HFs — hair follicles, LCs — lipochondrocytes.
Size bar: A, B — 25 pu.
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Figure 5.6: Lipogenesis dominates lipochondrocyte differentiation.

(a) OilRedO staining in the developing ear cartilage at five consecutive postnatal time
points, days P7, P10, P13, P21 and 1 month of age. First OilRedO-positive lipid droplets
appear between P10 and P13 and then prominently increase in size by P21 and 1 month.

(b) Schematic illustration of the key stages in ear cartilage development. Patterns of
proliferation, SOX9 expression and lipogenesis are at the top (green). Key stages in ear
cartilage development are in the middle (colored bars). Selected RNA-seq timepoints are at
the bottom (colored boxes).

5.5 Lipochondrocytes require de novo Lipogenesis

Our results indicate that the biogenesis of lipid vacuoles in LCs primarily occurs via de
novo lipogenesis. A direct study and analysis of this result was enabled through the use of
stimulated Raman scattering (SRS) microscopy. As noted in Chapter 4, deuterium labeling
of molecules creates a unique peak in the cell silent region of the Raman spectra. Thus
to study lipogenesis directly, spectral tracing of carbon-deuterium incorporation into lipid
vacuoles of developing LCs was performed. We cultured P14 mouse ears for 72 hours in
high glucose control media (n=3) or in glucose-free media supplemented with deuterated
glucose (glucose-d7) (n=3). High carbon-deuterium (C-D) signal ( 2140cm ™! was detected
in glucose-d7 treated lipochondrocytes after background subtraction (Fig 5.7 (b), but not
in control lipochondrocytes. In the spontaneous Raman spectrum, C-D signal observed in
the glucose-d7 treated LCs matches the C-D signal profile of pure deuterated glucose as

shown in Figure 5.7 (c, red). Comparing images whose contrast is derived from the C-D
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signal(Fig. 5.7 (b)) with the same spatial region at the C-H signal(Fig. 5.7 (a)) ( 2844c,™!
shows significant spatial overlap within the lipid vacuoles (Fig. 5.7 (d)). These data directly

confirms that differentiating LCs grow lipid vacuoles via de novo lipogenesis.
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Figure 5.7: SRS Finds Direct Evidence of De Novo Lipogenesis

Stimulated Raman scattering (SRS) reveals that glucose-derived deuterium incorporates
into lipid vacuoles of developing ear lipochondrocytes. Color-coded ear cartilage images at
the C-H vibrational range 2940cm ™" (a), C-D vibration range 2100cm ™! (b), and overlay

(d). Raman scan from deuterated glucose-cultured LC lipid vacuoles shows C-D stretch

peak overlaps with C-D stretch peak of pure deuterated glucose (c, red region). Ear

cartilage with inhibited lipogenesis is devoid of C-D signal in SRS (e). C75-treated ears

show prominent decrease in BODIPY " lipid vacuoles. Scale bars: a,b,d,e - 25 um, f - 50
wm.

Furthermore, we tested the functional significance of de novo lipogenesis during ear cartilage
development. We studied changes in ear morphology at P21 following 11 topical daily treat-
ments with Acetyl-CoA carboxylase inhibitors PR-05175157 (PF) and ND-646 (ND)323:324

112



or with C75, a fatty acid synthase inhibitor.?> Sections from the C75 treated mice were
then treated as above to 72 hours in high glucose control media (n=3). Upon imaging with
SRS, there was a deficit of C-D signal as shown in 5.7 (e). What little signal does remain
is likely produced by deuterium incorporation into non-lipid compounds such as protein.
Additionally, staining with BODIPY showed sections treated with C75 to be devoid of lipid

vacuoles unlike the DMSO treated control (Fig 5.7 (F)).

Significantly, we observed reduction in ear sizes with all three cases as shown in Figure 5.8

(a). ND and C75 produced significant reductions resulting in prominently smaller, misshapen

ears, 88 + 2% (Fig. 5.8 (d)) and 55 + 7% in size (Fig. 5.8 (e)).

b) DMSO (c) PF (d)ND (e)C75
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Figure 5.8: Inhibition of Key Enzymes Alters Morphology
Ears become smaller in mice topically treated with de novo lipogenesis inhibitors
PF-05175157 (PF), ND-646 (ND), and C75 compared to DMSO control (a).

Representative mice are ears are shown in b-e.

De novo lipogenesis was also disrupted genetically by inducing cartilage-specific deletion of
Acaca, one of two acetyl-CoA carboxylases®?%, in homozygous Col2al — CreER"; Acacall/7!
mice. Mice were induced with four daily intra-peritoneal tamoxifen injections starting at P10,
and ears were examined at P17. Compared to tamoxifen treated Col2al—CreERT; Acacat/*
control mice (n=3) (Fig. 5.9 (a,b)) , Col2al — CreER"; Acaca’"/" mutant mice (n=3)
(Fig. 5.9 (m,n)) develop misshapen ears that are 51 + 12% smaller (Fig. 5.9 (e)). Lipid

vacuole size measurements show smaller vacuoles in mutant compared to control LCs, with
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a significant reduction in size distribution (Fig. 5.9 (f-h)). These data demonstrate that de

novo lipogenesis is required for proper LC differentiation and ear morphogenesis.

ﬁ
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Figure 5.9: Genetic Inhibition Disrupts LC Differentiation
Inducible deletion of Acaca in Col2al — CreERT; AcacafV/T" mice results in smaller,
misshapen ears and smaller LC lipid vacuoles. Representative control (a-b) and mutant
(c-d) mice and ears and BODIPY-stained ear cartilage (f-g) are shown. Size quantification
for ear area is in (e) and for ear LC lipid vacuoles is in (h). Scale bars: f,g - 40 um

5.6 Human Facial Cartilage Cells Accumulate Lipids

Considering the prevalence of lipochondrocytes in mice and other mammals, we profiled
multiple human head and neck cartilages for the presence of intracelluar lipid vacuoles. At
gestational week (GW) 20-21, human fetal ear cartilage already stains with Alcian blue,
an acidic cationic dye that strongly binds to the sulfated glycosaminoglycans common to
cartilaginous tissues as shown in Figure 5.10 (a). With immunohistochemistry COL8A1 was
detected in human cartilage and adjacent dermis, but could only detect PLIN1 in dermal
adipocytes (Fig. 5.10 (b)). Remarkedly, lintracellular lipid vacuoles were detected upon
OilRedO staining in human fetal ear cartilage (Fig. 5.10 (c,d)). Using transmission electron

microscopy, large intracellular lipid vacuoles in chondrocytes of the thyroid and epiglottic
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cartilages as well as those in external ears and lateral nasal fold were shown (Fig. 5.10 (e-h)).

a Alcian Blue Hematoxylin
» - g ,

bosp COLBA1 CDAPI OilRedO d

W 21-21

| ——

-21

Human cartilage, GW 21

Figure 5.10: Human Facial Cartilages Accumulate Lipids
(a) Alcian blue staining of human fetal ear cartilage at GW 20-21. (b) Immunostaining
patterns of COL8A1 and PLIN1 in human fetal ears show PLIN1 expression confined to
dermal adipocytes and COL8A1 expression in chondrocytes and dermal cells. (c,d),

OilRedO staining of GW 20-21 human ears shows formation of lipid droplets in dermal
adipocytes (c) as well as in chondrocytes (¢, magnified in d). (e-h) Electron micrographs of
fine tissue sections including thyroid cartilage (e), epiglottis (f), ear pinna (g), and lateral
nasal fold (h) show chondrocytes with large lipid droplets; nucleus and lipid droplets have

been pseudo-colored purple and red, respectively.

A goal of this work then became to replicate human cartilage lipogenesis in vitro. Human
embryonic stem cell (hESC)-derived neural crest cells were generated in vitro and differenti-
ated into chondrocytes as previously described.32732® Chondrocyte pellets were maintained
in chondrocyte differentiation medium for up to 65 days. At that stage, OilRedO staining of
human chondrocyte pellets shows that many chondrocytes also accumulate lipids (Fig. 5.11
(a)). Similar to the results in tissue, stimulated Raman scattering microscopy reveals lipid
accumulation and second harmonic generation (SHG) microscopy detects fibrillar collagen

in these cultures(Fig. 5.11 (b)).3%

In light of these results, it was desirable to observe chondrocyte maturation and lipid droplet
growth in hESC-derived droplets at the transcriptional level using bulk RNA-sequencing

across in vitro differentiation. These results are summarized here, but may be found in
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Figure 5.11: Staining and Nonlinear Microscopy Reveals Lipid Accumulation
(a) Oil Red O staining of Day 65 pellets shows acummulation of lipid droplets in
chondrocytes. (b), Label-free imaging of lipids and fibrillar collagen using SRS and second
harmonics generation, respectively. SRS (lipids) and SHG (collagen) signals have been
pseudo-colored red and blue, respectively.

full detail in the published work. 1.V. Day 21 was used as a starting point as it was the
earliest point in which alcian blue staining is observed.®?” as well as Day 30 and Day 45.
Principal component analysis (PCA) of these transcriptomes shows they are distinct from
one another. Differential gene expression analysis shows 9,842 genes organizing into three
main temporally-dependent clusters. Paralleling mouse LCs, human chondrocytes express
high levels of structural genes and signaling genes related to cartilage development and
maturation. 33332 Chondrogenesis regulators encoded by ID2 and FOXA3 are expressed

in the human model as well as several lipgenic factors.333334

Noticeably, the adipogenic
master regulator PPARG is not detected.?3%336 In parallel with the mouse model, human
chondrocytes show no expression of genes ADIPOQ and RETN which encode adipokines.
Human chondrocytes prominently express genes involved in de novo lipogenesis, including
ACLY, ACACA, FASN, and SCD In summary, these studies show that lipogenesis is a

normal, developmentally-relevant process for facial cartilage morphogenesis. In wvitro gene

expression is remarkably similar between mouse and human cartilages.
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5.7 Discussion of Results

In this work, lipochondroytes are rediscovered and characterized as a distinct lipid-laden
cartilage cell type. Intriguingly, LCs nearly-exclusively rely on de novo lipogenesis for lipid
vacuole synthesis, which likely enables them to differentiate to a highly uniform size. It is
conceivable that using a finite number of large, uniform cells as a kind of biological “LEGO
Blocks”, LC-based cartilages attain highly consistent sizes and shapes, which can be essential
for their function. Lipid vacuoles in LCs are highly stable even upon animal starvation, and
very low expression levels of Plin1 and Lipe, otherwise critical for triglyceride mobilization,
are likely responsible for this effect. A similar molecular mechanism may protect specialized

shock-absorbing adipose tissues in hip and knee joints from starvation-induced atrophy.33"

Analogous to LCs, other cartilage and cartilage like-cells can increase their volume dramati-
cally upon differentiation. In the notochord, inner cells develop large aqueous vacuoles?®38:339,
while in the growth plate of long bones chondrocytes undergo hypertrophy via cytoplasmic
volume and organelle size and number expansion.?® We posit that lipid vacuolation is a
novel form of cartilage hypertrophy. The phylogenetic analysis presented in full detail in
the published work, suggest that LCs were already present during hte late Jurassic, in the

common ancestor of marsupials and eutherians. IT is conceivable that the lipochondrocyte

is a much older cell type, but this remains to be investigated.

Rediscovery of LCs opens new research opportunities across a range of disciplines. Their
unique lipid biology can prove useful in studying metabolic adaptations of cells, including
to high free fatty acid levels, which are normally cytotoxic.3*! LC-rich cartilages will help
to address the role of cellular vacuoles in tissue biomechanics and mechanisms of cell-based
tissue morphogenesis. Since ear cartilage can restore after injury®#2., the LC lineage might

enable studying cartilage stem cells and regeneration in a human-relevant context.
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5.8 Study Specific Methodology

5.8.1 Glucose-d7 Ex Vivo Ear Culture

P14 ears were partially dissected by removing the caudal skin flap and exposing the cartilage,
then cultured in glucose-d7 containing media. Briefly, glucose-d7 containing media was pre-
pared with glucose-free DMEM (ThermoFisher Scientific), 25umolar glucose-d7 (Cambridge
I[sotope Laboratories), 10% FBS (Atlanta Biologicals), and 1X PenStrep. Tissues were cul-
tured for 72 hours. Control samples were cultured for 72 hours in high glucose (25umolar
glucose) DMEM, 10% FBS, 1X PenStrep without glucose-d7 added. Samples were changed
into fresh media every 24 hours. All samples were rinsed with 1X PBS twice for 5 minutes

and fixed with 4% PFA for 1 hour and imaged.

5.8.2 SRS Microscopy

For full methodology, see Chapter 4. Ex vivo cultured ears were imaged through stimulated
Raman scattering to visualize lipid content and track deuterium incorporation into lipid
droplets. Stimulated Raman loss was measured using a combination of a fixed stokes beam
at 1064 nm and a variable pump beam generated through an optical parametric oscillator
(OPO, Levante Emerald, APE). For imaging of the CH2 lipid mode, the OPO was tuned to
817 nm and for deuterated imaging it was tuned to 868 nm. All images were taken in the
forward direction through stimulated Raman loss (SRL). Additionally, linear Raman spectra
were acquired for the P14 ear samples cultured for 72 hours and for pure standards using a

confocal Raman microscope (InVia Confocal, Renishaw).
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5.8.3 Mouse models

Wnt1-Cre2 (JAX, #022137), mT/mG (JAX, #007576), R26R (JAX, # 003309), tdTomato
(JAX, #007914), Col2al—CreERT (JAX, #006774), Retn-lacZ52, Adipoq-Cre (JAX, #010803),
db/db (JAX, #000697), Acaca’™? were used. In Col2al — CreERT; R26 R mice, tamoxifen
in corn oil was injected IP for four consecutive days starting at P7 at a dose of 75 mg/Kg for
full induction. For low-dose induction, a single dose of tamoxifen in corn oil at 7.5 mg/Kg
was injected IP at P7. For Col2al — Cre ERT; Acaca’"/#!' mice, full induction was performed

as described above starting at P10.

5.8.4 OilRedO

OilRedO Figure 5.12 is a fat-soluble (lysochrome) dye used to stain neutral lipids and triglyc-
erides. It has been demonstrated for use on frozen tissue sections, though it must be used
without alcohol fixation to prevent removal of lipids. Research has shown that it can be used
for qualitative and quantitative assessment of adipocytes and lipid droplets.34334* Though
it has been noted that it is not a perfect solution for detection of lipids as their trends often

do not match with biochemical analysis. !

(9
CH;

CH,

Figure 5.12: Structure of the Diazo Dye Oil Red O
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5.8.5 Histochemistry, immunostaining, and imaging

For lacZ staining, tissues were fixed in 4% PFA for 30 minutes at room temperature, rinsed
in 1X PBS and incubated in lacZ buffer at 37°C' for 5 minutes, then transferred to lacZ
buffer with X-Gal (VWR) and incubated at 37°C' until signal developed. For OilRedO
staining, tissues were fixed in 4% PFA for 8 hours at 4°C, rinsed in 1X PBS, then sub-
merged in 60% isopropanol for 1 minute followed by 6.25 mg/ml OilRedO in isopropanol
for 30 minutes. Tissues were rinsed in 60% isopropanol and imaged in 1X PBS. For BOD-
IPY staining, tissues were incubated in 200umolar BODIPY 493/503 (Thermo Fisher) in
1X PBS for 30 minutes and imaged. For fluorescent free fatty acid incorporation assay,
100ul of 20pumolar C1-BODIPY-C12 were injected peritoneally. Adult one-month old mice
received single injection and were chased for 6 hours. P10 mice received eight injections with
24-hour interval and were chased 6 hours after the last injection. The primary antibodies
used were rabbit anti-SOX9 (1:250; Millipore), rabbit anti-FASN (1:250; Cell Signaling Tech-
nology), rabbit anti-PLIN1 (1:750; Cell Signaling Technology), rabbit anti-COL8A1 (1:500;
Antibodies-Online), mouse anti-MYOC (1:250; ProteinTech), rabbit anti-ACACA (1:50; Cell
Signaling Technology), rabbit anti-CEBPA (1:100; Cell Signaling Technology), rabbit anti-
CEBPB (1:200; Cell Signaling Technology), mouse anti-PCNA (1:200; Abcam). Secondary
antibodies used were Alexa Fluor 488 and 555 goat anti-rabbit (ThermoFisher) and goat
anti-mouse (ThermoFisher) at 1:1000. Stained sections were mounted with non-hardening
mounting medium with DAPI (Vector Labs). For mouse anti-PCNA and rabbit anti-SOX9,
immunostaining was performed on paraffin sections with heat-based antigen retrieval; for

other antibodies frozen tissue sections were used.
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5.8.6 Measurements

Cell area and ear pinna area was measured in ImageJ using the polygon selection tool and
the Measure function. Lipid droplet size distribution was measured using the Lipid Droplets
Tool macro for ImageJ using a lower bound of 5um. Ear pinna area measurements were
standardized using natural ear landmarks (apex of the antihelix) for all samples. A two-sided

Kolmogorov-Smirnov test was used to analyze statistical significance between distributions.

5.8.7 Modified Diet Experiments

Male C57BL/6J mice were fed ad libitum with a high fat chow (for 39 weeks, starting at
P21, or placed under caloric restriction for 72 hours with water only starting at P33. Control
mice were fed ad ltbitum with normal chow for 39 weeks starting at P21. The obesity model

mice (db/db) were fed ad libitum with normal chow for 39 weeks starting at P21.

5.8.8 Topical Drug Treatment

C75 (Cayman Chemical), ND-646 (MedChemExpress), and PF 05175157 (TOCRIS) were
dissolved individually in DMSO at 40mmolar, 5mmolar, and 50mmolar concentrations,
respectively. 20ul of either drug were painted on the ears of WT mice for 10 consecutive
days, starting at P11. Changes to ear morphology were monitored daily, and final size was

measured on day 10 of treatment, at P21. Control mice received topical treatment of DMSO

vehicle only (VWR).
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Chapter 6

Exploring the Origins of Meibum

Lipids with SRS Microscopy
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Parts of this chapter were published in 2020 in The Ocular Surface under the title
Ficosapentaenoic acid (EPA) activates PPARy signaling leading to cell cycle

exit, lipid accumulation, and autophagy in human meibomian gland epithelial

cells(hMGEC) by Kim et. al.

6.1 Meibomian Gland Dysfunction

Meibomian gland dysfunction(MGD) describes a condition in which the meibomian glands,
holocrine-type exocrine glands responsible for producing the lipid-layer of the tear film,
cease to properly function resulting in deformities to the tear film and functional abnormal-
ities. 345346 MGD can lead to ocular surface disease, discomfort, eyelid inflammation, and
most importantly for this work, evaporative dry eye disease. The tear film of the eye is
responsible for sustaining and protecting the eye from the environment by regulating pH,
oxygen, carbon dioxide, and nutrient levels at the surface as well as protecting the eye from
desiccation.?*” A diagram of the tear film is shown in Figure 6.1, used with permission from

Vicnesh et. al.

Tear Film

Cornea
Mucin
Layer

Aqueous
Layer Lipid
Layer

Figure 6.1: Layers of the Tear Film
The tear film forms a protective barrier over the cornea. It is composed of three layers: a
lipid layer (orange), an aqueous layer (blue), and a mucin layer (green). Figure is
reproduced with permission from Vicnesh et. al. 2020.347
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Sustained disruption of any layer of the tear film can result in disease, and MGD is no dif-
ferent. In healthy meibomian glands, meibum (the lipid secretion) is delivered to the surface
of the eye where it coats the aqueous layer preventing evaporation. The meibum secretion
is primarily composed of wax esters, cholesterol, oleic acid, and cholesterol esters.348349 Sig-
nificant changes in the secretion rate of meibum or in the chemical composition can result
in disruption to the tear film and subsequent dry eye disease.3* The mechanisms of this dis-
ruption are contested though macroscopic effects can be observed in blockages of the ducts
of the glands themselves. Diagnosis of dry eye disease is usually done through assessment of
the tear break-up time (TBUT), wherein the stability (or instability as the case may be) of
the tear film is measured through the use of a fluorescein reporter. The break-up time is a

measure of the time between last blink and the observance of a dark spot in the fluorescein

distribution. Generally speaking, a TBUT less than ten seconds suggests an unstable tear

film. 350

Much work has gone into assessing the origins of both dry eye disease and meibomium gland
dysfunction by multiple labs including ours. 68:199:201:214:303:351 Tyestigations have ranged from
characterizing excised glands from rodents to humans. Various analysis of the individual
components of meibum have been studied in multiple works. Cell models have been made
from mouse, rabbit, and human tissues; each having its own benefits and drawbacks in gene
and lipid expression. Machine learning frameworks have also assessed meibum from diseased
and healthy patients. Unfortunately, each work adds a piece to the puzzle, but has failed
to give a complete and conclusive model for the biochemical origins of meibomian gland
dysfunction. In this work, we assess the effect of various gene pathways in meibomian cell
models and attempt to provide insight into the morphogenesis of meibomian glands and the

origins of their lipids.
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6.2 PPAR~ Signaling in Meibocytes

6.2.1 Introduction

As mentioned above, meibomian gland dysfunction (MGD) is a cause of evaporative dry
eye disease (EDED) which commonly affects older individual or patients on Accutane ther-
apy. 372353 EDED patients exhibit shortened tear film break-up time, increased tear osmo-
larity, and corneal epithelial damage and inflammation leading to symptoms of chronic pain
and discomfort that is thought to be due to the loss or atrophy of the meibomian glands
with altered quantity or quality of the meibum secretions in the presence of a normal func-
tioning lacrimal gland responsible for the aqueous layer of the tear film.**® Despite interest
and much work, knowledge regarding the molecular and cellular mechanisms controlling

meibocyte differentiation and holocrine secretion are limited.

Figure 6.2: Rosiglitazone Application Leads to Lipid Accumulation
(a) control cell cultured and (b) cells treated with rosiglitazone imaged at 2840 cm™! with
SRS microscopy. Application of rosiglitazone leads to upregulation of PPAR~y and induces
lipid accumulation.

Past work has shown that expression and post-translational modification of peroxisome pro-
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liferator activated receptor gamma (PPAR) significantly decreases with age in both human
and mouse models.?343% PPARy is a nuclear receptor sensitive to lipid binding that regu-
lated lipid storage and glucose metabolism. It has been referred to as the master regulator
of adipocyte regulation.®® It plays a crucial role in lipid synthesis and storage in both

3577359 PPAR~y expression coincides with the initial synthesis of

adipocytes and sebocytes.
lipid around past-natal day 3.3%° Furthermore, PPAR~y activation by the synthetic agonist,
rosiglitazone, is associated with up-regulation of PPAR~y response genes, PPAR~y sumoy-
lation, and cytoplasmic export leading to lipid accumulation in both cultured human and

360-362 Ag an example, the striking morphological differ-

mouse acinar cells or meibocytes.
ences between control cells and cell culture treated with rosiglitazone is shown in Figure 6.2.
These observations suggest that PPAR~y plays an important role in the differentiation and

holocrine secretion of the meibomian gland.

Although a synthetic agonist was useful to investigate the role of PPAR~ signaling, endoge-
nous ligands for PPAR~ may have broader specificity and activity. Unfortunately, endoge-
nous ligands for PPAR~y have not been identified, although various fatty acid derivatives
including eicosanoids have shown to have the ability to enhance lipid production by meibo-
cytes in culture®$®. In this study, we hypothesized that Eicosapentaenoic acid (EPA), which
belongs to omega-3 fatty acids, could serve as a PPAR~ ligand in immortalized human
meibomian gland epithelial cells (hMGEC). Previous work has shown that dietary supple-
mentation of omega-3 fatty acids improved signs and symptoms of dry eye disease including

364,365

changes in meibum quality , investigating the effect of EPA on PPAR~ signaling and

lipid synthesis in meibocytes would be valuable.

Herein, we establish that the natural PPAR~ ligand, EPA, similar to the synthetic agonist,
rosiglitazone, induces cell cyle exit mediated by decreased expression of cyclin D1 and in-
creased expression of p21 and p27. Futhermore, both agonists lead to the accumulation of

lipid that is synthesized de novo and/or transported to lipid droplets within the smooth en-
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Figure 6.3: Molecular Structure of Rosiglitazone (a) Eicosapentanoic acid (b)

doplasmic reticulum(ER). PPAR~ agonists also enhance autophagolysosome formation that
appears critical for the maintenance of mitochondrial function and potentially meibocyte dis-
integration. Together, these finding support the hypothesis that PPAR~y signaling controls

meibocyte differentiation and lipid secretion in the meibomian gland.

6.2.2 EPA induced lipid accumulation via PPAR~y signaling in

meibocytes

As shown in Figure 6.4, a greater amount of lipid was accumulated in hMGECs as cells
were exposed to EPA for longer times (6d > 4d). Furthermore, there was a dose dependent
increase in lipid accumulation with increasing EPA concentration (20 pM < 50 puM). To
evaluate whether this lipid accumulation was dependent on PPAR~y signaling cells were
treated with a specific PPAR~y antagonist, T0070907. While EPA significantly increased the
production of lipid, pretreatment with T0070907 followed by EPA inhibited this response

(Fig. 6.4 (d)), indicating that enchanged lipid accumulation by EPA was due to activation
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of PPAR~ signaling.
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Figure 6.4: Effect of EPA on lipid synthesis in hMGEC
(A) hMGEC cultured in DMEM /F12/EGF for 4 days, (B) Cultured in DMEM/F12/EGF
with 20 uM EPA, (C) with 50 uM EPA; and (D) with 50 uM EPA plus 10 M T0070907
for 4 days. (E) Cultured in DMEM/F12/EGF for 6 days, (F) with 20 uM EPA, and (G)
with 50 uM EPA. (H) Bar graph showing a significant increase of lipid synthesis in cells
cultured in DMEM/F12/EGF with EPA in time and concentration dependent manners via
PPAR# signaling (*: P j 0.05).

We used stimulated Raman scattering (SRS) microscopy to evaluate the chemical composi-
tion of the lipid droplets. Hyperspectral SRS analysis allowed access to the chemical profile
of the lipid inside the lipid droplets. By probing the carbon-hydrogen stretching mode,
2840 cm ™!, SRS is able to image lipid droplets in high detail. 3337366367 By interrogating
different Raman modes in each image, SRS was used to build hyperspectral data stacks
that revealed chemical information about every pixel in a given spatial region of the sample.

I and 3050 cm™! was interrogated with

For this work, the spectral range between 2750 cm™
~ 6 cm~! resolution to fully capture the Raman spectra of carbon-hydrogen vibrational dy-
namics. This region was particularly important as it includes information about lipid and

protein content including an assessment of saturated and unsaturated fatty acids.
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Figure 6.5: SRS Analysis of Lipid Droplet Composition in HMGEC
(A) SRS spectrum of lipids in the acinus (black) and duct (red) of an excised human
meibomian gland. Data is re-plotted from Ref. Paugh et al.?'*. (B) Average SRS spectrum
from expressed human meibum (black). Grey area shows the spatial variation in the smear.
Data is re-plotted from Paugh et. al. (C) SRS image at 2850 cm™! of hMGEC cultured in
DMEM/F12/EGF. (D) Average SRS spectrum obtained from 10 lipid droplets in hMGEC
cultured in DMEM/F12/EGF (black) and cells exposed to Rosi (red). (E) SRS image at
2850 cm ™! of hMGEC treated with EPA. (F) Average SRS spectrum obtained from 10
lipid droplets in EPA treated cells (red) and from pure EPA (black).

Figure 6.5 (a) shows the SRS spectrum measured at two locations in an excised human mei-

bomian gland, one from lipid droplets in the acinus (black line) and one from the lipid in the

1

duct (red) as produced previously.?'* The peak near 2840 cm™! corresponds to the symmet-

ric CH, stretching mode, characteristic of all aliphatic lipids. The peak near 2880 cm™! is
present mostly in samples with a high concentration of saturated fatty acids, and is thus an
indication of the presence of lipids that contain such fatty acid chains. The large shoulder

near 2930 cm™!

is often interpreted as the presence of methyl stretches, which can be ex-
pected to be strong if an appreciable amount of protein is contributing to the signal collected
from the focal probing volume. Comparing the SRS spectrum from lipid in the acinus and

the duct, we may conclude that more protein is present at the lipid droplet locations in the
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acini than what can be found at the locations in the duct, i.e. lipid-rich material in the duct
is virtually devoid of protein. In Fig. 6.5 (b), the mean SRS spectrum (black line) is shown
from expressed human meibum obtained from a healthy patient as reported previously.?!
The grey area shows the variation in the SRS spectrum at different locations in the meibum
smear. The spectrum shows the same characteristic peaks at 2850 cm~! and 2880 cm ™!, as
well as a shallow shoulder near 2930 cm™!. The latter peak suggests that besides meibum

lipids, non-negligible amounts of protein are present in the expressed human meibum.34:68:214

A representative SRS image of hMGEC control cells taken at 2850 cm™! is shown in Fig.
6.5(c), where the bright spots indicate the lipid droplets. 6.5(d) depicts the spectrum of lipid
droplets (black line) obtained by averaging the SRS spectrum from 10 individual droplets.
Peaks at 2850 cm™! and 2880 cm ™! are observed, although their relative ratio differs from
the SRS spectrum obtained from droplets in meibocytes in the acini of the excised gland
(6.5(a)). In addition, the shoulder near 2930 cm™! shows a different structure. Together, this
indicates that the exact lipid composition in the lipid droplets of cultured hMGEC control

cells differs from the lipid composition found in meibocytes in the gland tissue.

An SRS spectrum of hMGECs exposed to rosiglitazone is also presented in Figure 6.5(d),
and shows that the peak at 2880 cm ™! is much less prominent. This is a potential indication
of the lower concentration of saturated lipids. Different degrees of lipid saturation can have a
profound effect on lipid fluidity, which has a strong effect on the 2870 —2930 cm ™! vibrational
energy range. 337 The peak near 3020 cm ™! is attributed to the carbon-hydrogen stretching
vibration of the methine (=CH-) group, providing additional evidence that unsaturated
lipids are present at higher concentrations than what has been observed in expressed human

meibum.

The SRS image of EPA treated hMGECs is shown in Figure 6.5(e), indicating that the
size and number of the lipid droplets is increased with EPA treatment. The average SRS

spectrum of lipid droplets found in hMGEC cells treated with EPA is also shown by the
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red line in Figure 6.5(f). The spectrum shows some significant differences with the spectral
features observed for human meibum as well as the lipid found in control and rosiglitazone

1'is observed, as well as a very strong

treated cells. A prominent shoulder near 2950 cm™
peak near 3030 cm™!. The latter peak suggests a high degree of unsaturated lipids. The SRS
spectrum of pure EPA is also shown by the black line in Figure 6.5(f). It can be seen that
EPA exhibitys a strong peak near 2950 cm ™! and 3030cm ™!, suggesting that a large amount

of EPA has been absorbed by or transported to the lipid droplets following EPA treatment.

6.2.3 EPA induced upregulation of lipogenic genes by activating

PPAR~ signaling

Previously previous work demonstrates that the specific, synthetic PPAR~y agonist, rosigli-
tazone (Rosi), upregulates the expression of PPAR~ response genes related to lipid synthesis
at the transcriptional level.?01362 In this experiment the effects of EPA were evaluated, on
expression of PPARy response genes. As shown in Figure 6.6, EPA significantly upregulated
mRNAs in hMGEC encoding PLIN2 (Fig. 6.6(a)), ELOVL4 (Fig. 6.6(b)), and SOAT1 (Fig.
6.6 (d)) by 2.7, 3.0, and 2.1 folds on average after 2 days respectively, and by 4.7, 2.4, and
3.2 folds after 4 days, respectively. These effects were blocked by the addition of the PPAR~y
antagonist, T0070907 (*: P < 0.05).

6.2.4 EPA and rosiglitazone induced cell cycle exit of meibocytes

To evaluate whether EPA induces cell cycle exit similar to that previously observed for for the
specific synthetic PPAR~y agonist, Ki-67 labelling was examined after treatment with EPA.
Ki-67 is a nuclear protein that is a marker of cells undergoing cell division.3”* As shown

in Figure 6.7, about 24% of hMGECs cultured in control, differentiation media containing
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Figure 6.6: Effect of PPAR~y Signaling on mRNA expression.

EPA significantly upregulated expression of (A) PLIN2, (B) ELOVL4, and (D) SOAT1 by
2.7, 3.0, and 2.1 folds on average after 2 days, and by 4.7, 2,4, and 3.2 folds after 4 days,
respectively (*: P 0.05) in hMGEC. A PPAR~y antagonist T0070907 significantly
abrogated EPA-induced upregulation of these genes to the similar level with control

group.(C) PPARG mRNA expression was not significantly altered by EPA treatment.

DMEM/F12 with EGF showed positive labeling by Ki-67 (Fig. 6.7(a)). By comparison,
cells treated with EPA showed significantly reduced Ki-67 labeling after 4 days in culture
(Fig. 6.7(b)), and this effect was significantly reversed by the addition of the specific PPARy
antagonist T0070907 (Fig. 6.7(c)). Together, these data (Fig. 6.7(d)) indicate that EPA
induces cell cycle exit mediated by PPAR~y receptor signaling, a similar finding to that of

the synthetic PPAR~ agonist, Rosi.?%? Further research on cell cycle proteins was examined

through the use of western blotting. These results are presented in the published work. 2%

6.2.5 Discussion

This work expands upon previous studies of the role of PPAR~ in regulating meibocyte

differentiation®%!, and evaluates the effect of the natural PPAR ligand, EPA, that broadly
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Figure 6.7: Effect of EPA on Ki-67 labeling in cultured hMGEC.

(A) Control cells, which were grown in DMEM/F12 with EGF for 4d showed about 24%

positive labeling (green) and (B) EPA treatment induced a significant reduction of Ki67

labeling. (C) Co-treatment of PPAR~y antagonist T0070907 with EPA showed a similar

labelling to control. (D) Bar graph showing Ki-67 labeling index (*: P j 0.05).

activates PPAR signaling through «,3/d and v isoforms3®337. In this study we confirm that
EPA | through specific PPAR~y receptor signaling induces cell cycle exit, lipogenic gene expres-
sion and the accumulation of neutral lipids, similar to that of the specific, syntheticPPAR~y
agonist, rosiglitazone [10]. While little is known regarding control of meibocyte cell growth
and differentiation, this process has been extensively studied in adipogenesis where PPAR~y
agonist have been shown to induce the later stages of adipocyte differentiation through up-
regulation of cyclin kinase inhibitors (CKI) and adipocyte specific genes, where these are
molecularly linked to ensure irreversible terminal differentiation.®™ Our findings that EPA
up-regulates p21/Kipl and p27 Wafl/Cipl are consistent with that of CKIs that are up-
regulated by PPAR~ in adipocytes. While there are unique differences between these two cell

types, as one stores and the other secretes lipid, these findings suggest that there are parallels

between these two cells regarding the molecular program regulating cell differentiation.

Regarding the expression of lipogenic genes by EPA, PLIN2, ELOVL4 and SOAT1 were
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shown to be up-regulated. PLIN2 is a lipid droplet associated protein considered to be a
maker of lipid accumulation in various tissues. 36237437 PLIN2 stimulates the uptake of long
chain fatty acids that represent a prominent component of meibum lipids. Higher level of
expression has been observed in more mature meibocytes located toward the center of the
acini and it was hence suggested to be a differentiation marker for mature meibocytes.3"
ELOVL4 and SOAT1 are known to play important roles in meibum lipid synthesis and
are necessary to synthesize very long chain fatty acids and cholesterol ester, respectively.3""
Considering that these very long chain lipids and cholesterol esters are major meibum lipid
species, modulation of ELOVL4 and SOAT1 expression by PPAR~ signaling could have
relevant clinical implications in the development of MGD. Overall, these findings indicate
that transcriptional up-regulation of these genes are dependent on PPARy receptor signaling.
By comparison, EPA treatment did not change expression of PPARG, a different finding
from rosiglitazone treatment described in our previous study.®®! This data indicates that

each natural PPAR ligand may not show exactly the same response as that obtained by

specific, synthetic PPAR~y agonists.

Additionally, our findings regarding the effects of EPA on hMGEC are consistent with those
reported by Hampel et al., who evaluated the effects of both docosahexaenoic acid (DHA)
and EPA in combination, showing synergistic effects at a concentration of 100uM each that
peaked 24 h after treatment.3™ Our findings are different in that EPA alone at lower doses
than those used by Hampel, produced significantly increased accumulation of neutral lipid
that increase in size and number from 4 to 6 days, compared to the decreasing effect at 72 h
detected by Hampel et al. This difference is likely due to the different differentiation culture
conditions used.3™ 382 First, serum was removed from the differentiation media to eliminate
serum lipids and other factors that could influence cell differentiation. This elimination of
serum required the addition of lipid free albumin to act as a lipid carrier for EPA, as fatty
acids alone are cytotoxic. It is interesting to note that our more pronounced and prolonged

effect on lipid synthesis suggests that serum, while showing some ability to induce differen-
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tiation of hMGEC, 381382 also contains factors that are potentially inhibitory for meibocyte
differentiation. Further study of these effects may help in understanding the overall value of

these cells to probing the molecular mechanisms of meibocyte differentiation.

While EPA was shown to significantly enhance lipid droplet accumulation, probing of the
lipid contents using SRS microscopy failed to show a similar Raman profile to that detected
in meibum from human eyelids or excreta.?'4 Unfortunately, SRS cannot specifically identify
individual lipid classes; however, our findings are consistent with earlier reports indicating
that hMGEC lipids do not resemble those normally identified in expressed meibum,37%:380:383
As we have previously reported, several lipogenic genes are not expressed by hMGECs in
culture and are not up-regulated following treatment with either rosiglitazone or EPA.362
Of particular note is the loss of AWAT 1/2 expression, which is a critical enzyme required
for the synthesis of wax esters that represent 40% of the total meibum neutral lipids.3""
The failure of PPAR~y activation to induce expression of this enzyme suggests that meibum
specific lipid synthesis is not fully controlled through PPAR~ signaling and that additional

complex signaling cascades as yet to be discovered may be involved in complete meibocyte

differentiation.

SRS did show that lipids droplets accumulated in hMGEC when treated with either Rosi or
EPA, indicating that there is both de novo lipid (DNL) synthesis and transport of lipid into
the accumulating lipid droplets. Since treatment of hMGEC with Rosi alone was not in the
presence of serum, the only source for the accumulation of lipids would be DNL through fatty
acid synthesis. However, the SRS analysis of lipid droplets in EPA treated cells suggested the
presence of EPA within the droplets. As SRS has a voxel resolution of 1um?, it is not likely
that this signal was obtained from extracellular lipid. The fact that meibocytes in culture

384 and later

can synthesize DNL meibum was first established for bovine meibomian glands
for rabbit meibomian glands.3®> A more recent report, however, suggests that meibomian

glands predominantly use circulating lipids for biosynthesis of meibum.38¢ This is in distinct
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contrast to that of sebaceous glands that rely predominantly on DNL. Further study of lipid
synthesis is needed to confirm these unique differences between meibomian and sebaceous

glands.

6.2.6 Study specific materials and methods

Cultivation and differentiation of meibocytes

Immortalized human meibomian gland epithelial cells (hMGEC), a gnerous gift from Dr.
Sullivan (Schepens Eye Research Institute), were grown in Keratinocyte Serum Free Media
(KSFM, Invitrogen-Gibco, Grand Island, NY) as previously described.?6! At 80% confluence,
differentiation was induced by culturing cells in DMEM-F12 (Gibco, Grand Island, NY)
supplemented with Epidermal Growth Factor (EGF, 10 ng/ml, Sigma) and Bovine serum
albumin (fatty acid free-BSA, 3 mg/ml, Sigma) with or without PPAR~y agonist, rosiglitazone
(30uM, Sigma, St. Louis, MO) or EPA (20 — 50uM, Sigma). EPA stock was prepared as
a solution in ethanol and aliquoted at —20°C' in tightly sealed vials in the dark. Further
dilutions of the stock solution into pre-warmed DMEM /F12 media containing fatty acid free
albumin was made prior to media change and a fresh preparation is used for experiments.
For PPAR~y signaling studies, a specific PPAR~y antagonist, 10uM of T0070907 (Tocris,

Minneapolis, MN) was added 1 h prior to EPA treatment.

RNA isolation and lipogenic gene expression

The expression of 4 PPAR~y lipogenic response genes were evaluated including Perilipin 2
(PLIN2, NM_001122), elongation of very long chain fatty acid 4 (ELOVL4, NM_022726),
peroxisome proliferator activated receptor gamma (PPAR~y, NM_138712), and Sterol O-

acyltransferase (SOAT1, NM_001252511). Expression was measured using the quantitative
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real-time PCR as previously reported.?%! Relative quantification was performed using the

Comparative Ct method using GAPDH as the normalizing housekeeper gene.

Assessment of cell cycling and lipid production

For immunostaining, hMGEC were cultured on glass coverslips pre-coated with 10% bovine
collagen I (Purecol, Advanced BioMatrix, Carlsbad, CA). After achieving 80% confluence,
cells were exposed to 50uM EPA for 4-6 days and then fixed in 2% paraformaldehyde. Cells
were then stained with antibodies to Ki67 (Abcam, Cambridge, MA) to determine the effect
of EPA on cell cycling, and LipidTox (Invitrogen, Carlsbad, CA) to assess lipid synthesis as

previously described.3%

Live imaging of ER, lysosome, autophagosome, and lipid droplets

To explore intracellular localization of lipid droplets with subcellular organelles, after differ-
entiation with rosiglitazone or EPA, lipid droplets were co-stained with BODIPY 493/503

and ER-Tracker or LysoTracker following the manufacture’s (Molecular Probes) instruction.

Stimulated Raman spectroscopic analysis of meibocyte lipids

Cells were seeded onto 35 mm glass bottom well plates and after reaching 80% confluence
were exposed to 50uM EPA or 30uM Rosi for 5 days. Cells were then washed and fixed
with 2% paraformaldehyde. After fixation, cell samples were imaged with a homebuilt SRS
microscope discussed in detail in previous chapters. Each sample was kept in saline buffer
prior to and during imaging. Images were acquired with 10us pixel dwell times and with 10
averages to improve signal-to-noise. Once a region of the samples with many cells was iden-

tified, hyperspectral data was acquired. Multiple image stacks were acquired from different
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areas of each culture sample. Image analysis was carried out in Fiji and spectral data was

analyzed using Origin and Matlab. 387

Statistical analysis

All numeric results are reported as mean + standard error. Differences between groups
were assessed by Kruskal-Wallis one-way analysis of variance on ranks and Tukey multiple
comparisons (Sigma Stat version 4.0, Systat Software Inc, Point Richmond, CA). All exper-
iments were repeated at least 3 times and a P value of < 0.05 was considered statistically

significant.

6.2.7 Conclusions

The work above demonstrate that PPAR~y activation, induced by both rosiglitazone and
EPA, leads to cell cycle exit, lipid production and accumulation, and autophagy during
differentiation. While in this work, we did not discuss the experiments addressing autophagy,
a full writeup may be found in the published work.?°! Given that PPAR~ signaling has a
significant effect on lipid production, transport, and storage in meibocytes and that the
literature is unclear as to a preference between serum lipid uptake vs. de novo lipgenesis,

further research into this area should be conducted.
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6.3 De Novo Lipogenesis and Lipid Uptake in Meibo-

genesis

6.3.1 Introduction

Following on the work in Section 6.2, we wanted to further examine the origin of lipids
produced by meibocyte cells in culture. In section 6.2.5, it was mentioned that the literature
is conflicting as to whether meibomian glands predominantly use de mowvo lipogenesis or
circulating lipids for lipid synthesis. De novo lipogenesis has been established in both bovine
and rabbit meibomian glands.?**3% However, Esler et. al. claim that meibum is primarily
formed from transport of serum lipids.3*¢ Numerous methods including various forms of mass
spectroscopy have been employed to address this question. We hypothesized that stimulated
Raman scattering microscopy coupled with deuterium tags would provide direct evidence of

one or both processes.

As discussed in Chapters 4 and 5, spectral tracing of deuterium labeled carbon with stimu-
lated Raman scattering microscopy is a powerful tool for following metabolic pathways, 34:40:41:388
Using this technique various labs have demonstrated metabolic tracing of amino acids into
protein, cholesterol storage, and conversion of glucose to many different other molecules.
Figure 6.8 from Zhang et. al. demonstrates how deuterium from small precursor molecules
can be incorporated through a number of different biochemical pathways. % Given the success
we experienced with this technique while working with lipochondrocytes, it was a natural

step to take in our studies on meibum. The first step of which was to assess a number of

deuterated precursors for absorption into cell culture.
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Figure 6.8: Deuterium Transfer Along Major Biosynthetic Pathways
Labeling of small precursor molecules such as glucose with deuterium allows for transfer
along several biosynthetic pathways. Used with permission from Zhang et. al.

6.3.2 Assessment of Uptake of Deuterated Precursors

With numerous sources disagreeing about the source of lipid in meibum glands and meibo-
cyte models, we decided to test a number of different deuterated compounds for for metabolic
tracing. Based on knowledge of the metabolic pathways for glucose in general but partic-
ularly for fatty acids, four deuterated compounds were chosen: Dz-glucose, D3—acetate,
Ds-eicosapentaenoic acid, Dsj-palmitic acid. The structure of each molecule is shown in

Figure 6.9.

In this study, glucose was chosen as it acts as a precursor for de movo lipogenesis through
the glycolytic metabolic pathway. However, it does present some challenges as it is used a
precursor for biosynthesis of many classes of molecules, not just lipids. In our imaging studies,
therefore, we would expect to see some deuterium labeling across the cells in protein, nucleic

acids, and amino acids, among others. The full spontaneous Raman spectra for D;-glucose is
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Figure 6.9: Structure Diagrams of Deuterated Molecules
(a) Dr-glucose, (b) Ds;-palmitic acid, D3—acetate, Ds-eicosapentaenoic acid
shown as the black line in Figure 6.10(a) and a zoom-in on just the carbon-deuterium modes
are shown in (b) with the Raman shift of the most intense peak annotated. It is important
to note that in the general case, fully deuterated molecules will not be synthesized as many
non-deuterated carbons will be available from various sources in the cell and media. This

greatly decreases the number of oscillators present in each Raman measurement.

Rabbit derived meibocytes were cultured to near passage before the addition of the deuter-
ated glucose. Cells were treated for seven days with either 0.2% (w/v) or 0.3% (w/v)
deuterated glucose. The media changed every two to three days. We are grateful to the
laboratory of Dr. James Jester for access to this novel cell line. The full protocol is found
later in this chapter. An important consideration that likely impacted this experiment is
that Dr-glucose is supplemented into the media, but does not supplant the protonated glu-
cose. The specialized media needed to maintain these cells is not available in a glucose free
version. Thus, compared to literature and to our work on lipochondrocyes it is expected

that a lower CD signal will be detected in this cell culture.
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Figure 6.10: Spontaneous Raman Scattering Spectra of Deuterated Compounds

(a) overview spontaneous Raman spectra of deuterated glucose, acetate, and palmitic acid.

Nearly complete deuteratation leads to almost complete elimination of the vibrational

modes usually found around 2900 cm™'. (b) Cell-silent region of the Raman spectrum.

Deuteration creates signal in an otherwise silent region centered around 2100 cm™?.

Figure 6.11 shows representative results of our imaging attempts with meibocytes cultured
in deuterated glucose. In an attempt to maximize the signal acquired, a rather long pixel
dwell time was used, 110 us for the carbon-deuterium contrast image. Additionally, the
lock-in amplifer was set to a high gain. Images (a) and (c) are the usual SRS image taken
at 2840 cm™! where contrast can be assigned to mostly lipids. The upper row images (a)
and (b) are from the 0.2% D7-glucose treated cells, while the lower row (c) and (d) are from
the 0.3% Ds-glucose stock. For the carbon-deuterium images, an on-resonance image was
acquired at 2140 cm™!, chosen by varying the acquisition wavelength to find a peak, and

an off-resonance image was acquired at 2435 cm~!. The off-resonance signal was subtracted

from the on-resonance signal in order to remove the background from the image.

As is somewhat evident from the first two images, the treatment with deuterated glucose

yielded very weak albeit positive signal. Prior to processing and optimization in ImagelJ, the

1

0.2% sample has a signal to noise ratio (SNR) of only 2:1 at 2140 cm™" whereas in the lipid
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Figure 6.11: Deuterium Incorporated from Deuterated Glucose
(a) RB-14 meibcytes culuted with 0.2% D — glucose imaged at 2840 cm™! where lipids
provide a strong contrast. (b) The same area imaged at 2140 cm™! where signal
corresponds to carbon-deuterium oscillators. (¢) RB-14 cultured in 0.3% glucose imaged at
2840 cm™!. (d) Carbon deuterium signal at the same area as (c). (e) Analysis of 2140 cm™
signal in 5 lipid droplets in each image shows greatly enhanced signal from a small increase
in deuterated glucose concentration indicating a threshold effect.
image at 2840 cm~! the SNR is closer to 10. In order to improve the quality of the image, the
smooth function, a rolling average algorithm, in ImageJ was used.?¥” The processed image
is shown in Fig. 6.11(b). Increasing the applied concentration of deuterated glucose did
show improved, but still weak signal as shown in Fig. 6.11(d). To quantify the difference,
the mean grey value of five of the brightest droplets was calculated for each image. The
mean is shown in the bar graph, Fig. 6.11 (d). The standard deviation is given as the error
bars in the plot. This result points to the likely-hood that at 0.2% the concentration of C-D

oscillators is in many points very close to or below the detection limit for our microscope.

In SRS spectroscopy and microscopy, the signal is linearly dependent on the concentration
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of oscillators in the focal volume. In this case, however, we see a much larger increase in
signal compared to the increase in glucose concentration. It is plausible that this increase

was enough to boost signal into the detectable regime.

As a second check for de novo lipogenesis, D3—Na-acetate was chosen. A number of studies
over several decades have shown that Na-acetate is used as a substrate for lipogenesis. 339392
The protocol for exposure to acetate was the same as for glucose above. Cultures were
initially exposed to three separate concentrations of deuterated acetate: 1 uM, 10 uM, and

100 uM. We hypothesized that if the meibocytes utilize de novo lipogenesis then deuterated

carbon from acetate will be incorporated into the lipids.

As with Ds-glucose cells, carbon deuterium images were taken at 2840 cm ™! for on-resonance
and an off-resonance image was taken at 2435 cm™!. In this case images were taken with
a b0 us pixel dwell time and 10 acquisitions were used in a Kalman filter. No signal was
detected with sSRS microscopy at 1 uM Ds—acetate. However, at 10 uM, and 100 pMM
appreciable signal was detected as shown in Figure 6.12. For the 10 uM sample, signal was
present, but it was very faint (Fig. 6.12(a, b). It was necessary to use smoothing filter with
adjustments to contrast in order to easily recognize signal that corresponded to the droplets

in the C-H image.

At a 100 uM concentration of D3—acetate the SRS signal became significant. C-H images
are shown in Figure 6.12 (¢, e). C-D images are given by Fig. 6.12(d, f). It was no
longer necessary to apply a smoothing filter to images to identify droplets incorporating C-
D oscillators. Additionally, the droplets much more clearly co-localize to the lipid droplets
of the C-H images. We were concerned about this level of acetate effecting cell viability,

however, LipidTox staining revealed no obvious markers of cytotoxicity.

Given our previous result that EPA appeared to be sequestered within lipid droplets, it is

perhaps not surprising that we chose to examine it here as well. Culture conditions were the
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Figure 6.12: SRS Imaging of Deuterium Incorporated from Deuterated Acetate
10 uM of D5 acetate produced limited signal in lipid droplets as shown in (b). Images (a, c,
e) show the C-H lipid signal in SRS microscopy for the corresponding area below. (d, f) at
100 M concentration the deuterium signal greatly increases and spatially overlaps with
the lipid signal.
same as above with the addition of 50 uM Ds5-EPA as per specifications in 6.2. In using EPA,
our major goal was to form another check on our previous results. As EPA is incorporated
into lipid droplets, a carbon-deuterium signal should become apparent. Assuming that the
cells in culture are not starved, the detection of the deuterium signal in the lipid droplets
would suggest full incorporation of the EPA. The EPA molecule itself has very few deuterons
for its molecular weight. The images in Figure 6.13 show an example of this work. I would

like to thank Yong Li for aiding in the imaging process for these cells as part of his graduate

training.

As can be seen in both cases, there is a fairly strong carbon-deuterium signal that overlaps

with many of the lipid droplets shown in the methylene images in the top row. Notably,
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Figure 6.13: SRS Imaging of Deuterium Incorporated from Deuterated EPA
SRS images of RB-14 cells imaged with CH contrast ( 2840 cm™! (a, b) and with CD
contrast 2140 cm™! (c, d). Images (a, c¢) and (b, d) are from the same spatial areas but
different replicates of D-EPA exposed culture.
the treatment with EPA showed the expected results from our previous work. There is a
significant presence of lipid droplets accumulating in the cells. The detection of the carbon-
deuterium bond in the lipid droplets suggests that EPA is trafficked into the lipid droplets.
While the inclusion of EPA alone, is not enough to rule out de novo lipogenesis, it does seem

to indicate lipid uptake is happening in the cells and that EPA is being stored as any other

neutral lipid.

The preceding results show that RB-14 meibocytes are capable of uptake of glucose and
acetate as precursor molecules and catabolizing them for energy storage. The inclusion of

EPA suggests that the cells are capable of storing it as well, however, as demonstrated in
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the previous work EPA works to upregulate PPAR~y signaling and stimulate the production
of lipids. If the cells uptake circulating lipids as well, the upregulation caused by EPA could

stimulate the cells into increased uptake.

To test the uptake of less complex fully saturated fatty acids, we exposed the cells to palmitic
acid (Fig. 6.9(b)). Palmitic acid is the most common fatty acid and appears in the human
body through both diet and lipogenesis. 3?3 Additionally, it may be important in meibogenesis
as it has been shown that levels of palmitic acid are lower in patients with MGD. 39439 Thus,
if palmitic acid is shown to be taken up by the meibocyte model, it may indicate that fatty

acid metabolism is an important component of the MGD disease model.

As before, rabbit derived meibocytes were cultured to near passage and treated with 50 M
palmitic acid for seven days. At 100 uM concentration, palmitic acid proved cytotoxic and
cells could not grow. Neutral lipids are known to be toxic at high enough concentration, and
LipidTox staining was performed to check against neutral lipid accumulation. Because of
the threat of lipid toxicity, neutral lipids must be mixed with a carrier and in all the cases
above Albumax (Gibco) was used. Albumax is a proprietary blend of lipid rich bovine serum

albumin.

Figure 6.14 shows representative results from SRS imaging of cells treated with Ds;-palmitic
acid. The boxed area in (a) is shown in a second image taken with a higher magnification
in (b), and the same area as (a) is shown with the methylene stretch contrast in (c). It is
interesting to note that in these samples there was very low signal produced by the C-H
signal generally attributed to lipids. However, it is not possible to say conclusively that this
is due to primary uptake of deuterated palmitic acid. It is possible that palmitic acid may

have changed the lipid expression in these cells.
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Figure 6.14: SRS Imaging of Deuterium Incorporated from Palmitic Acid
(a,c) Wide area image of RB-14 meibocytes cultured in deuterated palmitic acid. Image
(b) is an image taken at greater magnification from the yellow square in image (a). (d)
LipidTox staining and fluorescent imaging from RB-14 cells from this replicate. Lipid
droplets are present, but not toxic at these concentrations.

6.3.3 Acetate or Lipid

At this point, I should note that this portion of our study is still ongoing as of writing.
Imaging of one replicate has been completed, but encountered difficulties in instrumentation
and culture. I present preliminary data here, but will generally be unable to draw statistically
significant conclusions from it. I would also like to thank graduate student Yong Li who has

been my partner in carrying out this work.

The results in the previous section, suggest that it is possible for meibocytes to use both
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lipid uptake and de novo lipogenesis for production of lipid droplets. This is perhaps not
a surprising result as literature has suggested both individually.3843% After this result, we

sought to simplify our experiment in order better assess meibogenesis.

As was discussed in Section 6.2, the culture conditions are highly influential on the produc-
tion of lipids in meibocytes. In all culture conditions, it was necessary to remove serum
(commonly bovine serum albumin), as the fatty acids and other lipids can act on PPARy
and influence the lipodome of the cells.?®? Additionally, work has shown that serum can
influence keratinazation of the cells.??® Conversely, serum can have a detrimental affect on
differentiation among other effects. %1382 Qriginally, serum was replaced with lipid free albu-
min. However, in latter experiments, including the ones just discussed, Albumax was used,
which as noted is a lipid rich albumin. We conjectured that this might be having an influence
on the RB-14 cells. In the second round of experiments we chose to use only Ds-acetate and
D3;-palmitic acid as our metabolic probes. We decided to compare culture with and with-
out Albumax given the potential of unwanted signaling from the unknown lipids in it. The
additional culture conditions are summarized in Table 6.1. In order to promote formation
of lipid droplets rosiglitazone was added as a second experimental factor as it is the most

studied PPARy signaling molecule to date.

100 uM Acetate (D3) 50 puM Palmitic Acid (D31)

(1) fatty acid free BSA (5)fatty acid free BSA

(2) fatty acid free BSA + rosiglitazone (6) fatty acid free BSA + rosiglitazone
(3) Albumax (7) Albumax

(4) Albumax + rosiglitazone (8) Albumax + rosiglitazone

Table 6.1: Culture Additions for RB-14 Meibocytes

As mentioned above, in conducting these experiments we encountered equipment difficulties.
As such we decided to image a number of the samples using the CARS modality of the
Leica SP8 Falcon (Leica Microsystems) at the Beckman Laser Institute at UCI. This system

uses ultrashort (~ 100 fS) laser pulses. This limits its spectral resolution, but is capable of
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differentiating carbon-deuterium modes vs. carbon hydrogen. Samples 2-4 were interrogated
using the Potma Labs SRS setup, while samples 4-8 were imaged using the CARS modality
of the Leica system. We were unable to obtain images from samples one and six. These
samples were damaged in processing and showed only cellular debris under the microscope.
This adds to the need for further replicates of this work. It may be that those with negligible
contrast were problematic culture, or this may indicate that those conditions do not allow
for meibogenesis. The latter case if shown to be statistically significant would interesting for

this work.

Sample 2 Sample 8

~2840 cm-!

~2140 cm-

20 pm

Figure 6.15: CRS Images of Meibocytes with Acetate and Palmitic Acid
RB-14 meibocytes were cultured with deuterate acetate, fatty acid free BSA, and
rosiglitazone and imaged with SRS for CH (a) and CD signals (b). Cells cultured with

deuterated palmitic acid, albumax, and rosiglitazone imaged for CH (c) and CD (b) signal
with CARS.

The results of this most recent study are shown in Figure 6.15, and the total results of the

study are summarized in Table 6.2. As seen from the table, this iteration of the experiment
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is rather inconclusive. Only two of the iterations showed a positive deuterium signal, and
two of the samples were unable to be analyzed. That said one each of acetate and palmitic
acid were positive for a deuterium signal. Sample two was imaged with SRS and showed a
weak, but visible deuterium signal. Sample 8 was imaged with CARS. It was necessary in
this case to check subtract a fluorescent background that can occur with ultrashort pulses.
After correction, this sample showed the characteristic nonresonant background of CARS,
but also shows areas of more intense signal that overlaps with lipid in the CH region. While
it is not possible to draw conclusions from this, both samples that showed positive signal

were stimulated with rosiglitazone.

Sample Lipid Positive Deuterium Positive
(1) acetate + fatty acid free BSA Sample Damaged  Sample Damaged
(2) acetate + fatty acid free BSA + rosi + + (Weak)

(3) acetate + Albumax + -

(4) acetate + Albumax + rosi + Inconclusive
(5) PA + fatty acid free BSA - -

(6) PA + fatty acid free BSA + rosi Sample Damaged -

(7) PA + Albumax + 0-

(8) PA + Albumax + rosi + +

Table 6.2: Summarized Results of Acetate and Lipid Experiments

In the case of these experiments, SRS would be the preferred method for imaging due to the
lack of a nonresonant background. We were unable to produce reliable images consistently
during the time period we were running these experiments. This was caused by system prob-
lems with the laser system running the microscope that introduced significant fluctuations
in laser power as well as angle shifts in the beam path. Once those issues are resolved these

experiments should be much more consistently performed.
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6.3.4 Discussion

The experiments described in this section, unfortunately, do not lead to any concrete con-
clusions. We are unable to definitively say that meibocytes prefer lipid synthesis over lipid
transport or vice versa. That being said we do provide reasonable evidence that the cells
are capable of utilizing both pathways as demonstrated through the detection of carbon-
deuterium signal in both the cases of glucose and palmitic acid treatment. These results, if
confirmed through further experiments, may provide for a middle ground between the two
extremes that currently exist in literature. This result is notable as the meibomium gland
is often compared to the sebaceous gland which is thought to use de novo lipogenesis for
forming its lipid products. If meibocytes are shown to reliably use lipid transport, these
results could provide further impetus for studying the effects of dietary lipids on meibo-
mian secretions and meibomian gland dysfunction. To this end, we have proposed further

experiments involving dietary supplement with deuterated glucose in mouse models.

6.3.5 Study specific methodologies

Culture of RB-14 Meibocytes

The meibocytes used in the studies in this section are a rabbit derived culture currently
being prepared by the laboratory of Dr. James Jester at UCI. A full workup that protocol

is currently being prepared for publication. Here we summarize that protocol.

Rb-14 cells were grown in Cnt.BM-1 basal media with Accutase +Y in a T75 flask to near
confluence. The media is a serum free formulation used to establish the meibomian gland
progenitor cells extracted from rabbit meibomian glands. It uses low calcium supplemented
with EGF and FGF10. Y-inhibitor was used to block actin filament receptor signaling as

it enhances cell proliferation and maintains differentiated state. Cells were passed with
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Accutase +Y and more than half were resuspended in BM+Y, and 1 mL was added to
coverslips previously coated with 10% collagen. Cells were then allowed to grow for two days
under incubation with five percent carbon dioxide at 37°C. After two days, cells were treated
with basal media with 1 mM calcium chloride plus the reagents in Table 6.1. Cells grown
with acetate were grown with 100 uM D3 - Na acetate. Fatty acid free bovine serum albumin
or Albumax were added at a concentration of 30 mg/mL. Rosi in all samples was added at
a concentration of 30 uM. Dsj-palmitic acid was added at a concentration of 50 M. All
media was filtered for sterility, and during the seven day growth period media was refreshed

every two to three days. After seven days, cells were fixed with 2% paraformaldehyde.

Spontaneous Raman spectra acquisition

Spontaneous Raman spectra were acquired on the system described in Chapter 4. The
illumination source was the 532nm laser. The grating was set to 2400 1/mm. [llumination
time was ten seconds with ten accumulations using the Renishaw syncroscan settings that

allows for an extended scanning range.

Coherent anti-Stokes Raman scattering imaging

CARS images were acquired on the Leica SP8 Falcon (Leica Microsystems) system at the
Beckman Laser Institue (BLI) at UCI. Our thanks to Dr. Mihaela Balu and Amanda Dirkin

for the use and training on that system.

6.3.6 Conclusion

Stimulated Raman scattering microscopy combined with isotopic labels creates several path-

ways for studying metabolism within cells. Herein, we have demonstrated that deuterium
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labeling of both simple precursor molecules and saturated and unsaturated fatty can be used
to interrogate metabolic processes in cell cultures. Our results suggest that meibocytes are
capable of utilizing multiple pathways for the accumulation of lipids, though at this time we
are unable to conclusively identify a preferred pathway. Further investigations with these

techniques promise to provide further results with better significance and specificity.
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Chapter 7

The Search for Raman Probes:
Isocyanides and Elusive Natural

Products
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7.1 Introduction
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Figure 7.1: Normalized Raman Spectra in the Cell-Silent Region
The normalized spontaneous Raman spectra are shown for deuterated glucose (blue) and
the alkyne bond of a functionalized thioglycoside.

Given the utility shown by deuterium tagging in the previous chapters, it is not surprising
that many labs are working on expanding their potential into tangible results. While pow-
erful, there are some downsides to using deuterium labeling. The carbon-deuterium bond
produces a Raman spectrum that is quite wide compared to other bioorthogonal tags that

are currently used in literature such as the alkyne or nitrile functional groups.267*

Figure
7.1 shows the CD spectrum of Dz-glucose (blue) compared to the alkyne peak of a function-
alized thioglycoside (red). The full-width at half maximum (FWHM) of the alkyne bond

spans only 4 cm~! whereas the width of the CD modes spans more than 100 cm™!. The wide
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spectral range of the CD modes limits the versatility of deuteration as a labeling strategy as
nearly any organic functional groups that are deuterated will have broad spectra that may

overlap with the spectra of other chemical species.

In addition to the limited spectral sensitivity of isotopic labeling, there is another disadvan-
tage that is worth discussing. In practice, deuterium labeling is widely used through the
deuteration of small molecules such as glucose. Deuterated glucose is relatively affordable
and abundant as isotopic labels go, and so is accessible for experiments. However, glucose
metabolism is fundamental to many metabolic processes of nearly any animal cell. Thus,
as deuterated glucose is used for various purposes inside cells and tissues the deuterons are
shuffled off nonspecifically to many different classes of molecules further obscuring the spec-
tral meaning of any Raman measurement. Other forms of tagging involving deuterium have
also been shown in literature. Deuterium dioxide (heavy water) has been used successfully
in several experiments, and it has been shown that molecular classes can be distinguished
from the various spectra.! The pallet created by D,O labeling is shown in Figure 7.2 (a)

1. 41

reproduced from Shi et al.** with permission. This method has been tested successfully from

cells to live animals. An example of my own work with D,O labeling is shown in Fig. 7.2

(b).

Although the D50 labeling offers a general view of metabolic activity, it does not provide
specific information about a given metabolite or metabolic pathway. To follow specific path-
ways, more specific vibrational tags are needed. As a solution to these problems and as
a way to further enhance the imaging capabilities of the novel third-order sum frequency

d3973%  we undertook a line of

generation microscopy (TSFG) that we previously develope
study to develop infrared sensitive small-molecule bioorthogonal probes. To further that
effort, a process of computational studies was carried out to better understand and predict

the Raman and IR signal of these molecules.
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Figure 7.2: Deuterium Oxide Labeling and SRS Imaging
(a) Culturing cells or tissues in deuterium oxide leads to isotopic labeling of a range of
molecules, reproduced with permission from Shi et al.*!. (b) Excised mouse pinna tissue
cultured in heaby water shows incorporation of deuterium. Imaged at 2140 cm™! with SRS
microscopy.

7.2 Predicting & Characterizing Isocyanides

Our work in this area developed from work with the laboratories of Dr. Jennifer Prescher
and Dr. Christopher Vanderwal. While working with them, it was realized that several phar-
maceutical and natural compounds possess the (ICN), or isonitrile, functional group.3%-401
The ICN functional group possesses a Raman active mode in the cell silent region much like
other nitrile and alkyne molecules. #4:49:50:53;191:249:402 The first compound I analyzed was the
antiplasmodial isocyanoterpene, 7,20-diisocyanoadociane (DICA), on which the Vanderwal
group had recently developed a novel synthesis.?3 DICA is an antimalarial first isolated
from sea sponge in 1976.4044% Results of our intial studies are shown in Figure 7.3 The
Raman spectra was measured on the Renishaw InVia system with 785 nm laser excitation
(a). The ICN peak around 2120 cm~! was surprisingly strong, surpassing the strength of

the CH modes. From this, the SRS signal of DICA was measured through hyperspectral

imaging (c, d).

Next, we attempted imaging of the malaria parasite inside of red blood cells. Samples were

acquired from the laboratory of Dr. Karine Le Roch at UC Riverside. Imaging was conducted
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Figure 7.3: Spontaneous and Stimulated Raman Scattering Spectra of DICA
(a) Spontaneous Raman spectra of 7,20-diisocyanodociane (DICA) (b) Molecular structure
of DICA (c) SRS spectra acquired from the sample of DICA shown in (d).
with SRS micrsocopy. Unfortunately, we were unable to identify DICA specifically in the
samples. Signal in the silent range was dominated by a non-resonant pump-probe signal.
This signal likely originated from hemozoin, often called malaria pigment, which is a waste

product composed of heme molecules.4°”

7.2.1 A Brief Review of DFT

Following our study of DICA, we realized that the isocyanide moiety had potential for use
as a Raman tag especially given that it is found in a number of non-mammalian natural

products. #9849 To better understand the vibrational properties of the ICN tag, we selected
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twelve small molecule tags to model using density functional theory (DFT). Along with these
twelve, three other simple cell-silent region molecules were chosen to compare against. Table

7.1 lists the molecules studied.

1-pentyl isocyanide cyclohexyl isocyanide
toluenesulfonylmethyl isocyanide (TosMIC)  trimethylsilymethyl isocyanide
5-ethynyl-2’-deoxyuridine (EdU) Dg-dimethyl sulfoxide
2,6-dimethylphenyl isocyanide diethyl isocyanomethylphosphonate
4-chlorophenyl isocyanide isopropyl isocyanide
4-methoxyphenyl isocyanide methylbenzyl isocyanide

benzyl isocyanide methyl isocyanoacetate

Dg-glycerol

Table 7.1: List of Molecules for DFT Calculations
Twelve isocyanide molecules were chosen for examination with density functional theory
(DFT), and three other compounds with vibrational signals in the cell silent region.

A full review of DFT is beyond the scope of this work. Here, I will summarize the essentials
for understanding this work. At its most basic, DFT is an approximate method to solving the
Schrodinger Equation for complicated and interacting particles.*1° It is most commonly ap-
plied to the ground-state electronic structure problem. ! In all but the most simple of cases,
the Schrodinger Equation becomes impossible to solve analytically, and many approxima-
tions have been made since the advent of quantum mechanics.*2 In DFT the exact position
of electrons are not solved for, instead a density functional is defined giving the probability
of an electron at a given point in space. One of the fundamental theorems of DFT is the
first Hohenberg-Kohn theorem “The ground-state energy from the Schrodinger equation is
a unique functional of the electron density.” The second is that “The electron density that
minimizes the energy of the overall functional is the true electron density corresponding to
the full solution of the Schrodinger equation.” In practice, we do not know the true func-
tional of a given system, and a variational approach is taken to minimize the functional. It is
an entire field of research to develop functionals and basis sets that accurately approximate

the “true” functional for a given system.*!31414
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Much work has gone into identifying and optimizing various methods and basis sets for
vibrational spectroscopy.*'"#7 Unfortunately, there is no standard method and basis set
that makes accurate predictions for all molecules across the whole of the Raman and IR
spectra. Different methods tend to overestimate polarizability and underestimate dipole
moments or vice versa.*'® Keeping this in mind we decided to compare several different
modalities and basis sets to determine one that fits well for the estimation of the isocyanide

Raman shift. When we refer to a calculation we will use the format: method/basis_set.

7.2.2 Predicting Peak Position

PBE/tzvp B3LYP /tzvp
PBE/Sadlej-pVTZ

Table 7.2: Functionals and Basis Sets Used in Calculations

Our chosen methods are shown in table 7.2. We chose to compare two of the most widely
used functionals. The PBE functional (short for Perdew, Burke, and Ernzerhof) is a pure
DFT functional meaning it does not incorporate any of the Hartree-Fock exchange energy. 9.
The B3LYP functional, however, is a hybrid functional.*?° It is widely used as it generally
gives good results on average. The downside of using a hybrid functional is that it is compu-
tationally more intense. For a given basis set, a hybrid functional will generally take more
time to converge.*'® Of the two basis sets examined, TZVP was chosen at the recommenda-
tion of Dr. Patrick El Khoury, as a smaller basis set that is generally good for estimating
Raman and IR peaks.*?! By comparison, the Sadlej-pV'TZ basis set is larger, and generally
gives better results for Raman peak intensity. ?? Basis sets were acquired from the Basis Set

Exchange. 4237425 All measurements were done using Gaussian 16 software. 426

The results of the computations are given in table 7.3 for PBE/tzvp, and in table 7.4 for
B3LYP/tzvp. For each combination, the energy at convergence, the predicted primary cell

silent region mode, and the predicted scattering activity is given.
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Energy  Vibrational Mode Scattering Activity

Molecule (Hartree) cm™! AYJAMU
1-Pentyl Isocyanide-ICN -289.67 2152.92 140.75
2,6-dimethylphenyl-ICN -402.698 2108.97 443.1713
4-chlorophenyl-ICN -783.575 2117.61 790.8
4-methoxyphenyl-ICN -438.578 2119 748.55
Benzy-ICN -363.41 2148.04 118.4
cyclohexyl-ICN -327.75 2141.53 161.86
Diethyl Isocyanomethylphosphonate -857.06 2151.74 137.06
DMSO-d6 -552.896 2133.27 143.85
Edu -911.249 2154.61 902.3676
Glycerol-d8 -344.521 2130.82 134.01
Isopropyl-ICN -211.135 2142.59 109.29
Methyl benzyl-ICN -402.685 2144.42 124.36
Methyl Isocyanoacetate -360.295 2164.09 114.6847
TosMIC -951.012 2137.71 339.29
trimethylsilymethyl-ICN -540.982 2142.29 152.37

Table 7.3: PBE/tzvp results of DFT Calculations

Energy  Vibrational Mode Scattering Activity
Molecule (Hartree) cm ™! AYJAMU
1-Pentyl Isocyanide-ICN -290.078 2236.62 117.25
2,6-dimethylphenyl-ICN -403.229 2197.74 400.884
4-chlorophenyl-ICN -784.18 2205.64 662.71
4-methoxyphenyl-ICN -439.125 2206.15 646.08
Benzyl-ICN -363.889 2231.96 104.65
cyclohexyl-ICN -328.2 2226.88 135.04
Diethyl Isocyanomethylphosphonate -857.961 2235.54 113.19
DMSO-d6 -553.274 2179.6 130.95
Edu -912.287 2221.79 823.57
Glycerol-d8 -344.914 2126.43 103.04
Isopropyl-ICN -211.43 2227.27 95.76
Methyl benzyl-ICN -403.219 2227.83 107.64
Methyl Isocyanoacetate -360.72 2246.14 94.27
TosMIC -951.854 2222.7 253.88
trimethylsilymethyl-ICN -541.508 2226.94 131
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Measured Shift Predicted Predicted Predicted

Molecule cm! PBE/tzvp PBE/Sadlej-pVT B3LYP/tzvp
1-Pentyl Isocyanide-ICN 2148 2152.92 2137.32 2236.62
2,6-dimethylphenyl-ICN 2123 2108.97 2095.31 2197.74
4-chlorophenyl-ICN 2299 2117.61 2101.27 2205.64
4-methoxyphenyl-ICN 2122 2119 2103.01 2206.15
Benzyl-ICN 2151 2148.04 2132.74 2231.96
Diethyl Isocyanomethylphosphonate 2157 2151.74 2137.02 2235.54
Edu 2123 2154.61 2221.79
Glycerol-d8 2112 2130.82 2134.94 2126.43
Isopropyl-ICN 2147 2142.59 2126.84 2227.27
TosMIC 2154 2137.71 2123.15 2222.7
trimethylsilymethyl-ICN 2142 2142.29 2126.69 2226.94

Table 7.5: Comparison of Predicted Values vs. Measured Values

For comparison with experimental data, table 7.5 shows the measured value of the Raman
shift and the predicted value for each method. The percent error of the isonitrile peak for
each predicted measurement vs. the real measurement is shown in 7.6. It should be noted
that a few of the modeled compounds were not replicated in experimental conditions. This
was due to the volatility and hazardous nature of those specific compounds. Isocyanides are

famously noted for their pungent smell amongst their more serious hazards. 4

Because each peak value is in the range of 2000cm™!, the absolute percent error gives
a somewhat false view of the accuracy if the position of the isonitrile peak is of central
importance. In order to better analyze the accuracy of each DF'T method, the percent error
was recalculated using only the last three digits of the Raman shift. From this, the mean
error for each method and basis set was calculated along with the standard deviation of that

mean. This is shown in Figure 7.4(a).

In Figure 7.4 (b), the normalized spontaneous Raman spectra for four of the isocyanide
compounds plus EdU is shown. While most of the compounds have narrow bandwidth.
4-chlorophenyl isocyanide presents a spectrum unlike any of the others. Its spectrum also

does not correspond to any of the calculated spectra. It is possible that there is some
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PE PE PE

Molecule PBE/tzvp PBE/Sadlej-PVTZ B3LYP/tzvp
1-Pentyl Isocyanide-ICN 0.22905 0.23019 4.1257
2,6-dimethylphenyl-ICN 0.66086 0.66959 3.52049
4-chlorophenyl-ICN 7.88995 8.6324 4.0609
4-methoxyphenyl-ICN 0.14138 0.14265 3.9656
Benzyl-ICN 0.13761 0.13879 3.76383
Diethyl Isocyanomethylphosphonate — 0.24386 0.24614 3.64117
Edu 1.48893 - 4.65332
Glycerol-d8 0.8911 0.88152 0.68324
I[sopropyl-ICN 0.2054 0.20735 3.73871
TosMIC 0.75627 0.76726 3.18942
trimethylsilymethyl-ICN 0.01354 0.01364 3.96545

Table 7.6: Percent Error Between Predicted Values and Measured Values
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Figure 7.4: Mean Error Between Predicted and Measured Spectra
(a) The mean percent error for each calculation is displayed. Error bars display the
standard deviation from the mean. (b) Normalized spontaneous Raman scattering spectra
of four isocyanide compounds and EdU.
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contamination, though steps were taken to preserve the sample at purchase purity of 97%.
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Figure 7.5: Mean Error between cRIE and measured RIE
(a) The mean percent error for each cRIE calculation is displayed. Error bars display the
standard deviation from the mean. There is no statistical significance between the two
methods. (b) Stimulated Raman scattering spectra of four isocyanide compounds, EAU,
and deuterated glycerol.

7.2.3 EdU: A Molecular Standard for SRS

The inclusion of EAU in this study is for more than just a convenient alkyne bond. As
Raman tags have become more prevalent in literature, the need for a convenient comparison
has arose. While in traditional Raman spectroscopy, the Raman scattering cross section, o,
would normally be used, it is a somewhat difficult measurement to make, and literature values
offer differ significantly. Recent authors have settled on normalizing the response of their tags
to the response of EAU.%%23 This “Relative Intensity to EAU” (RIE) value is convenient for
quick comparison, and it extends into computational work as well. The computed relative
intensity to EAU (cRIE), can be quickly calculated for computed molecules. Table 7.7
displays the measured and computed RIE for 5 different compounds measured with SRS

spectroscopy.
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Molecule RIE  cRIE-PBE/tzvp cRIE - B3LYP/tzvp

1-Pentyl Isocyanide-ICN 0.20381 0.15598 0.14237
4-methoxyphenyl-ICN 0.74824 0.82954 0.78449
Diethyl Isocyanomethylphosphonate 0.41434 0.15189 0.13744
Edu 1 1 1

Glycerol-d8 0.5998 0.14851 0.12511
trimethylsilymethyl-ICN 0.58826 0.16886 0.15906

Table 7.7: Measured and Computed RIE

7.3 Discussion

In this project, we attempted to show the power of density functional theory calculations
to predict parameters of Raman scattering. The development of successful Raman tags of-
ten requires many iterations of small changes on molecules in order to develop a successful
palette. Above, we showed three DFT methods for predicting the position of the isocyanide
peak with differing levels of complexity. PBE/tzvp was the simplest method used and often
the quickest whereas both PBE/Sadlej-pVTZ and B3LYP/tzvp were much more computa-
tionally expensive. PBE/tzvp showed the smallest amount of error (12.68 4 17.7 %) between
measured and calculated values. This is in comparison to the other two methods both of
which had significantly larger errors. This seems to follow other literature that B3LYP

overestimates the polarizability of molecules.

In the second part of this project, we attempted to use the same DFT methods to predict
the relative intensities of Raman modes. This would be very useful in designing probes
as it would allow quick elimination of all but the strongest possibilities when generating
possible probes. However, we have shown in Figure 7.5 that there is no statistical difference
in either method, and that neither method predicts the Raman response in any meaningful
way. Future work should explore other basis sets that may have better predictive power in

this frequency regime.
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7.4 Specific Methods

Peak Fitting of Spectra

Peak fitting and calculation of full-width at half max was carried out using OriginPro 2021b
software (OriginLab Corporation, Northampton, MA, USA). The peaks are fitted with a
Lorentzian lineshape. All plots are given with B-spline smoothing. Background subtraction
was carried out in Renishaw Wire (Renishaw Inc., Wotton-under-Edge, UK) and/or with

ManiWin32 software.

Density Functional Theory Calculations

DFT calculations were carried out in Gaussian 16 software (Gaussian, Inc., Wallingford
CT). Calculations were performed on the Greenplanet high-performance computing cluster
at UCI. We would like to thank Dr. Nathan Crawford for much assistance. Greenlanet is

supported by NSF Grant CHE-0840513.

Stimulated Raman Scattering Spectroscopy

Stimulated Raman scattering spectroscopy was carried out in the picosecond laser lab of Dr.
Ara Apkarian at UCI. We thank him for his support during our equipment downtime. The
system is based on an APE picoEmerald combined pump and Stokes source (APE, Berlin,
Germany). SRL signal was detected on an APE photodiode and lockin detector. Combined
beams were focused onto the sample with an Olympus 100x 1.2NA oil immersion objected

and collected in the forward direction with an Olympus 1.4 NA condensing optic.
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Chapter 8

Conclusion & Future Directions
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8.1 Introduction

In this work, I have outlined the current state of coherent Raman scattering microscopy with
a special emphases on the sub-field of stimulated Raman scattering. The field is a growing
one and has seen tremendous growth in development and applicability over the last twenty
years. Much of the work has focused on demonstrating the utility of both CARS and SRS
to the field of lipid metabolism, and in that field it has seen great success. However, it has
not managed to get into the hands of as many users as might be desired. One reason for this
is the high cost of the lasers and other equipment needed and a lack of commercial turn-key
systems keeps the technique away from many users without a background in nonlinear optics.
However, another reason for the lack of adoption may be related to the lack of specificity in

the technique.

As described in Chapter 3, Raman scattering probes molecular polarizability and is partic-
ularly sensitive to vibrations on the level of molecular functional groups. While this has
been a boon through much of the technique’s history in spectroscopy, where the samples of
interest are often pure or nearly pure compounds, it is limiting to a degree in biological imag-
ing. All proteins, nucleic acids, lipids, and other biomolecules have very similar structure
with similar functional groups. Correspondingly, the Raman scattering spectrum of many
biomolecules is very similar between classes of compounds, e.g. it is generally not possible to
discriminate between two generic proteins when measuring in a cell. Because of this much of
the history of SRS imaging (Chapter 2) and CRS imaging more broadly, has been limited to
visualizing the spatial distribution of classes of molecules such as discriminating lipid from
protein. Because of this lack of specificity, CRS microscopy has been largely typecast as
only useful for imaging lipid droplets. To advance the field and increase the user base, it is
necessary to develop a more specific approach. In my doctoral work, I have demonstrated a
means by which to increase the specificity of Raman imaging through isotopic labeling and

bioorthogonal tags.
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8.2 Isotope Labeling in Lipochondrocytes

In Chapter 5, I demonstrated how deuterium labeling of glucose is highly useful in assessing
the metabolism of lipochondrocytes. As discussed, lipochondrocytes were a barely recognized
cell type that has very little description in literature. It is distinctly different, in both gene
expression and morphology, from adipocytes, but it is also distinct from the chondrocytes
among which they are found. The cells high expression of lipid made SRS imaging an idel
technique just to visualize the lipid distribution. We were able to take it a step further
however. By culturing lipochondrocytes in deuterated glucose, we demonstrated this this
lipid is formed through catabolism of glucose in de novo lipogenesis. Figure 5.7 shows this
graphically. The single lipid bearing vacuole of these cells is imaged with a signal that

matches in peak location the deuterated glucose standard.

While not tested in this particular work, lipochondrocyes and SRS microscopy may be an
excellent model system for studying lipogenesis in the future. Much like the carbon-hydrogen
vibrations measured around 2900 /rmcm™!, the carbon-deuterium band, is composed of
multiple overlapping vibrational modes. In future work, deuterated probes could be used
to study the affect of various genes on the production of unsaturated fatty acids as the
unsaturated bond has a unque peak in CD spectra. This could lead to study and imaging

of specific lipid production based on gene regulation

8.3 Imaging Lipid Distribution & Lipid Origins

The results in Chapter 5 produced very clean and relatively easy to interpret results. In the
work in Chapter 6, we sought to apply the lessons learned in bioorthogonal imaging to a
more complicated system. Research on the origins meibomian gland dysfunction is, at this

point, a staple of research and collaboration in our lab. My first project in Potma labs, was
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to image meibum secretions, and I have expanded on our work here. First SRS was used
in the more traditional ways to visualize lipid droplets in human derived meibocytes. Using
hyperspectral imaging, I was able to show that morphologically EPA exposure increases lipid
production, but that the aggregate spectrum does not match that of human meibum. Thus,

more research into the pathways of meibogenesis is needed.

In the second part of Chapter 5, I applied isotopic labeling to several molecules in an at-
tempt to address the origins of meibum lipids. Deuterium labeling combined with SRS
microscopy was able to show that rabbit derived meibocytes were able to uptake and utilize
both deuterated glucose and deuterated acetate; suggesting that lipid production is through
de novo lipogenesis. With the same technique, I was able to show that the same cell model
under similar conditions was also capable of storing both deuterated eicosapentaenoic acid
and deuterated palmitic acid. While further studies have been hampered by equipment fail-
ures, the work thus far suggests the utilization of both uptake and lipogenesis in meibocyte

lipid production.

8.4 Towards More Specific Probes

In the last part of this work, I explored the use of DFT simulations to predict Raman
scattering properties of isocyanides. While only half successful, I was able to show that the
fairly fast calculation scheme PBE/tzvp is able to accurately predict the Raman shift of most

1

isocyanides to within 10 /rmem ™. This may be useful for future work developing probes

for both nonlinear Raman imaging as well as IR modalities.
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8.5 Final Thoughts

The field of SRS imaging is a capable modality with many exciting applications in the pipeline
and even more waiting to be discovered. In the hands of its practitioners it has dramatically
grown, and it has made meaningful contributions to biomedical science. While often touted
as a “label-free” imaging modality, it may be the application of a new generation of labels,
where the contrast to intrinsic, but the functional groups are not, that opens the technique
to more users and more applications. Molecular probes combined with continually evolving
advances in machine learning, detection sensitivity, and more affordable lasers may advance

SRS and CARS into facility microscopes in the not too distant future.
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