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Analytical nonlinear microscopy (ANM) is an indispensable tool for quantitative imaging.
Specifically, ANM has found significant utility for characterization of dynamic biomedical
systems due to its high spatial and temporal resolution and intrinsic optical sectioning. Broadly
defined as the interaction of more than one photon with a system of interest (e.g., molecular
vibration), ANM describes numerous photophysical processes including, but not limited to,
stimulated Raman scattering (SRS), transient absorption (TA), and two-photon excited
fluorescence (TPEF). This dissertation describes the novel development and implementation of
various ANM techniques to study both fundamental and clinical biomedical systems including
red blood cell oxygen saturation and hemoglobin concentration, label-free pathology, and in vivo

cerebral hemodynamics and cell architecture.
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Chapter 1. INTRODUCTION

In the mid-1800s, Robert Bunsen and Gustav Kirchhoff reported the discovery of rubidium and
cesium using flame emission spectroscopy, the earliest demonstration of spectroscopy in the field
of analytical chemistry. Their simple instrument consisted of a Bunsen burner, a prism, and a pair
of telescope lenses. Today, over 150 years after Bunsen and Kirchhoff’s experiments, analytical
spectroscopy has become an invaluable method for biology, chemistry, and medical science
researchers. And while advancements in laser design have entirely revolutionized analytical
spectroscopy since its inception, the same core questions still guide researchers today. What are
the atomic or molecular constituents of a sample? How much of each constituent is present?
Providing more precise answers to these questions is the impetus for designing increasingly
sophisticated instrumentation. Analytical spectroscopy is refined and reshaped on a nearly daily
basis as reflected in the vast number of annual publications. One avenue of intense research
development is the translation of analytical spectroscopy to microscopy. In addition to identifying
or quantifying the constituents of a sample, microscopy provides mapping of spatial distribution
of those constituents. This capability has allowed researchers to investigate localized processes
within heterogenous samples, such as electron transport in photovoltaic cells'? or metabolism in
cancer cells.®® The latter example represents the application of analytical microscopy to the
interdisciplinary field of biomedical microscopy.

The core goal of biomedical research is to understand disease states and pathologies in
humans. As such, biomedical research can be broadly divided into two subfields: fundamental and
clinical. The former seeks to understand the causes and mechanisms of disease states and
pathology, while the latter primarily focuses on improving diagnosis and improving patient

outcome. While fundamental biomedical research and clinical biomedical research have different



objectives, both find tremendous utility in microscopy. Fundamental biomedical research looks to
understand more about life processes in both healthy and disease states. In fundamental biomedical
research, many researchers employ model systems, such as cells grown in a Petri dish® or a tumor
grown in a mouse,”® to investigate specific aspects of a disease or pathology. These models serve
a crucial role in helping researchers to control the vast variable space that would otherwise
significantly convolute data interpretation and analysis. Here, microscopy provides a means to
study the fine spatial dynamics of how a disease or pathology progresses and what intervention is
necessary to fight it. Clinical biomedical research seeks to employ analytical spectroscopy and
microscopy to improve diagnosis and help guide medical intervention. Here, researchers typically
work with human tissues and must overcome the associated heterogeneity of such tissues. Clinical
biomedical research is invaluable in developing cutting edge technologies for guiding medical
intervention and ultimately improving prognosis and outcome.

This chapter will discuss 1. the principles of analytical spectroscopy and microscopy, 2.
the applications, limitations, and challenges of biomedical microscopy, and 3. the future of

biomedical microscopy.

1.1 PRINCIPLES OF ANALYTICAL SPECTROSCOPY AND MICROSCOPY

Analytical spectroscopy, the quantitative interaction of light and matter, is a vastly diverse field
that is typically defined by the region of the electromagnetic (EM) region employed. The imaging
techniques described in Chapters 2-6 all employ near-IR wavelengths due to reasons discussed in
Sections 1.1.2 and 1.2. Thus, only the visible and near-IR regions of the EM spectrum (~400-1200
nm) will be discussed in this dissertation. In this region, the interaction of light and matter largely
falls into one of three categories: absorption, inelastic scattering (i.e., Raman scattering), or elastic

scattering. The energy diagrams of these processes are provided in Figure 1.1. Both absorption
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Figure 1.1 Energy level diagram for four
analytical spectroscopy techniques: absorption,
fluorescence, Raman scattering (Stokes and anti-

Stokes), and elastic scattering.

spectroscopy and Raman  scattering
spectroscopy involve an energy transfer
from a photon to a molecule.’® During an
absorption event a photon is completely
absorbed by a molecule relating to the
excitation of either an electronic excitation
or vibrational excitation. In the case of an
electronic excitation, the electron can
proceed through various pathways to
energetically relax back to ground states.
The two processes shown in Figure 1.1 are
nonradiative decay through vibration and
radiative decay through fluorescence. In
contrast, a Raman scattering event involves
the partial transfer of energy between

photon and molecule. Largely, the

interaction involves a photon transferring a portion of its energy to vibrationally exciting a

molecular bond. This interaction results in the emission of a lower energy photon relative to the

incident photon. Both processes — absorption and Raman scattering — provide rich information

regarding the energy levels of the molecule. Elastic scattering does not probe a molecule’s energy

levels. Rather, elastic scattering is sensitive to particle size, shape, and refractive index.

The absorption based and inelastic scattering based spectroscopy techniques mentioned

above can be conducted as either linear or nonlinear spectroscopy. The difference between the



categories is the number of photons that interact with the molecule. In linear spectroscopy a single
photon interacts with the sample. In nonlinear spectroscopy, multiple (2+) photons interact with
the sample which presents numerous photophysical processes not achievable with linear
spectroscopy. Nonlinear spectroscopy is also referred to as multiphoton spectroscopy. These

concepts are discussed in the following sections.

1.1.1  Linear Analytical Spectroscopy and Microscopy

Three common linear spectroscopy techniques are UV/Vis spectroscopy, IR spectroscopy, and
spontaneous Raman spectroscopy. Both UV/Vis spectroscopy and IR spectroscopy interrogate a
molecule’s energy levels with a broadband light source (e.g., a tungsten lamp or halogen lamp)
and directly measure wavelength specific attenuation. The key difference between UV/Vis
spectroscopy and IR spectroscopy is the energy transition being excited. Between 400-750 nm (the
visible region), the absorption event is an electronic transition, whereas the near-IR region
primarily excites vibrational transitions. In UV/Vis spectroscopy, the absorbance at each
wavelength, A, is related to concentration through Beer’s Law:
A =bce

where b is path length, c is concentration, and ¢ is the molar extinction coefficient, a constant
representing the absorption cross section of a molecule at a particular wavelength. For a typical
UV/Vis experiment, the path length is fixed, and the molar extinction coefficient is determined via
calibration allowing for straightforward quantification of concentration. Based on the simplicity
of UV/Vis spectroscopy, it is a widely employed quantitative technique. In contrast, IR
spectroscopy is primarily used for molecular identification. The intrinsic, unique vibrational modes

of amolecule act as a fingerprint which provides high precision molecular analysis. The sensitivity



of IR spectroscopy to detecting various functional groups has made it a widely employed
spectroscopy technique as well.

Unfortunately, both techniques suffer from issues when extended to microscopy. UV/Vis
spectroscopy begins to break down when a sample is turbid and light is attenuated by competing
sources (e.g., elastic scattering). When applied to microscopy, scattering affects path length and
hinders quantification. In addition to these issues, IR spectroscopy also suffers from strong water
absorbance. Recent efforts have worked to mitigate the contribution of the water background and
regain the analytical capability of IR spectroscopy.!!

Fluorescence microscopy also relies on the absorption of light. Here, instead of measuring
the attenuation of light transmitting through a sample, spontaneously emitted photons are collected
from fluorescent molecules, known as fluorophores. Importantly, the emitted photons are lower
energy, or red-shifted, from the absorbed photon which allows for simple chromatic separation of
elastically scattered photons and fluorescence photons. For this reason, fluorescence microscopy
is one of the most widely used analytical spectroscopy techniques. A typical linear fluorescence
microscope employs a narrowband light source (e.g., laser or LED) chosen to excite a particular
electronic transition within the sample (e.g., a known fluorescent stain) and an aperture, or pinhole,
for optical sectioning. The pinhole is crucial as it rejects out of focus light which would otherwise
convolute data interpretation and analysis. Other techniques for achieving optical sectioning have
been demonstrated, notably the off-axis configuration common in light sheet fluorescence
microscopy (LSFM).*2 The collected light is then filtered to remove the elastically scattered
photons and the remaining photons are detected using a high-gain detector or camera, such as a

PMT or CCD.



Fluorescence microscopy can be extended to quantify excited state dynamics of
fluorophores. This technique is referred to as fluorescence lifetime microscopy (FLIM).23 In
FLIM, a fluorophore is excited and the number of fluorescent photons emitted as a function of
time is measured. The resulting decay curve describes the stability of the electron in the excited
state, known as the fluorescence lifetime. More stable excited electronic states will have longer
lifetimes. Among other demonstrations, FLIM has been used to characterize metabolism within
cells based on the intrinsic lifetime changes of NAD/NADH and FAD/FADH. >

Separate from the absorption based analytical spectroscopy techniques are the scattering-
based techniques. Linear inelastic scattering, or spontaneous Raman scattering, is a widely used
analytical spectroscopy technique used to identify molecular constituents of a sample.
Spontaneous Raman scattering spectroscopy achieves molecular identification based on intrinsic,
unique vibrational modes. In spontaneous Raman scattering, a monochromatic light source,
typically a laser, is used to excite a molecule to a virtual state where the photon will be scattered
elastically (no energy transfer) or inelastically (energy transfer). Energy flow from inelastic
scattering can proceed in either direction: photon to molecule (Stokes) or molecule to photon (anti-
Stokes). Stokes photons result from promoting a ground state molecule to vibrationally excited
state, whereas anti-Stokes photons result from a vibrationally excited state molecule transferring
its energy to the photon and relaxing back to ground state. Thus, Stokes photons are lower energy
than elastically scattered photons and anti-Stokes photons are higher energy than elastically
scattered photons. Under standard laboratory conditions, the majority of inelastically scattered
photons are Stokes photons. In either case, the scattered photons are collected, and the elastically
scattered photons are filtered out using a notch filter. The collected photons are then chromatically

dispersed, collected using an array of detectors, and a Raman spectrum is achieved. Similar to



linear fluorescence microscopy, spontaneous Raman scattering microscopy requires the use of a
pinhole to achieve optical sectioning. While spontaneous Raman scattering spectroscopy and
microscopy are powerful techniques, spontaneous Raman scattering is inherently limited by weak
signal and plagued by autofluorescence. To improve performance of Raman scattering
spectroscopy, researchers have developed more sophisticated methods, including, but not limited
to, resonance Raman spectroscopy and surface-enhanced Raman scattering (SERS) to dramatically
increase signal sizes.

In resonance Raman spectroscopy, the excitation wavelength is tuned to approach the
electronic transition of the molecule. As the virtual state approaches, or equals, the electronic
transition, the Raman process is greatly enhanced.'® In SERS, Raman signals are enhanced when
the molecule of interest interacts with metal surfaces or nanostructures.’® While the exact
mechanism of enhancement is still under debate, SERS has demonstrated large enhancements up
to 10 enabling single molecule detection.?’ However, SERS enhancement can be unpredictable
and challenging to reproduce.

Lastly, while elastic scattering is parasitic to the previously discussed analytical
spectroscopy techniques, it forms the basis for other methods. For instance, Mie scattering is a
theory used to calculate particle size and density in a turbid sample based on elastic scattering.?
Mie scattering has been used for numerous applications including measuring red blood cell (RBC)
size and the detection of malaria parasites.?>?®> Another important implementation of elastic
scattering is optical coherence tomography (OCT). OCT is an interferometric imaging method that
relies on the elastic scattering of photons from high refractive index structures to gain contrast.
OCT has found tremendous utility in clinical biomedical imaging, most notably

ophthalmology.?*?



In general, linear spectroscopy dominates analytical spectroscopy and microscopy due to

advantages in instrument cost and access.

1.1.2  Nonlinear Analytical Spectroscopy and Microscopy

Two-photon excitation was first described theoretically by Maria Goeppert-Mayer in 1931 in her
doctoral dissertation. Dr. Goeppert-Mayer predicted that given a high enough flux of photons, a
molecule could simultaneously absorb two photons to reach an electronic excited state unreachable
under linear absorption of one photon. This phenomenon, known as two-photon absorption (TPA),
was demonstrated thirty years later in 1961. Importantly, the invention of the laser a year prior in
1960 enabled the first experimental observation of TPA.2® Since then many other two-photon
excited photophysical processes have been discovered. One subset of these processes is known as
transient absorption spectroscopy (TAS) which is a nonlinear analytical spectroscopy used to
characterize the excited state lifetime and dynamics of a molecule. In addition to TPA, three other
main photophysical processes constitute TAS: ground-state bleaching (GSB), stimulated emission
(SE), and excited state absorption (ESA).2"? Each process contributes to the overall TAS signal
based on the electronic and vibrational structure of the molecule. All four processes are illustrated
in Figure 1.2.

In a typical TAS experiment, two laser pulses — termed ‘pump’ pulse and ‘probe’ pulse —
are employed. First an ensemble of molecules is excited, or pumped, to an intermediate state. Then
the ensemble of molecules is probed at some time delay, t, later. In TPA, the intermediate state is
virtual (i.e., the molecule is not pumped to an electronic excited state) which means that TPA only
occurs when the two pulses are temporally overlapped. In contrast, GSB, SE, and ESA proceed
through a real intermediate state (i.e., the molecule is pumped to an allowed electronic state). Thus,

the molecule remains in the excited state as dictated by the stability of that excited state. This is
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Figure 1.2. Energy level diagrams for four excited state electrons to an even higher

transient absorption spectroscopy process: two-

photon absorption (TPA), ground-state bleaching energy state. All four processes — TPA,

(GSB), stimulated emission (SE), and excited state GSB, SE, and ESA - provide rich
absorption (ESA). information about the electronic structure of
a molecule. TAS has found immense popularity as an analytical microscopy technique. Transient
absorption microscopy (TAM) has been employed to study both inorganic?®*° and biomedical®!3?
samples.
In addition to TAM, two-photon excited fluorescence (2PEF) also makes use of nonlinear
absorption to populate electronic excited states. In 2PEF the emitted photon is red-shifted relative
to the sum of the excitation photons. In other words, if an electron absorbs photons of energy, E1

and E», and emits a photon of energy, Eem, then Eem< E1 + E2. 2PEF can be performed with one

laser pulse where two photons of the same energy are absorbed (degenerate 2PEF) or with two
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laser pulses where two photons of different energy are absorbed (nondegenerate). In order to

multiplex (i.e., collect multiple fluorescent contrasts simultaneously), many researchers turn to

nondegenerate 2PEF.3*3* Here, fluorophores can be excited simultaneously from three unique

photon combinations: the degenerate 2PEF of each laser pulse and nondegenerate 2PEF from the

combination. 2PEF is the most used nonlinear microscopy technique largely due to strong signal

sizes, straightforward detection, and ease of instrumentation. As a result, a diverse and wide

reaching palatte of fluorescent dye molecules have been synthesized to allow 2PEF microscopy of

non-fluorescent structures.
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CARS SRS
Figure 1.3. Energy level diagrams for

two coherent Raman scattering (CRS)
processes: coherent anti-Stokes Raman
scattering (CARS) and stimulated Raman
scattering (SRS).

Another nonlinear analytical spectroscopy
that has gained popularity over the past few
decades is coherent Raman scattering (CRS)
spectroscopy.®® CRS is the nonlinear analog to
spontaneous Raman scattering, and thus, probes
vibrational modes of a molecule. CRS was
development to improve low signal size which
severely limits the translation of spontaneous
Raman scattering to microscopy. The improvement
is achieved by stimulating the release of an
inelastically scattered photon. CRS is a third order
process that employs two laser pulses — termed
‘pump’ pulse and ‘Stokes’ pulse — with frequencies
of wpump and stokes, respectively. One photon of

each energy is combined to generate a beat
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frequency (®yv = ®pump — Ostokes). When the beat frequency matches a vibrational frequency (Q)
within the molecule it induces a vibrational coherence that modulates the refractive index of the
material. Due to this requirement, CRS is typically performed with a priori knowledge of the
system being interrogated so that appropriate laser pulses can be employed. However, CRS is also
routinely performed by scanning different vibrational frequencies to determine the vibrational
modes of molecule.*®3” When the vibrational coherence is probed with a third photon (ws; either
®pump OT Mstokes), 1t 1S modulated by the beat frequency resulting in scattered frequencies of w3 + wy
and o3 - ®y. These scattered frequencies give rise to the two main CRS techniques: coherent anti-
Stokes scattering (CARS) and stimulated Raman scattering (SRS). Both are illustrated in Figure
1.3. In the case of CARS, a new higher frequency photon is generated at ®cars = 2®@pump — stokes-
Thus, CARS photons can be separated chromatically and detected using a PMT or avalanche
photodiode (APD). CARS microscopy has been employed in many fields such as
pharmacokinetics®3, cancer biology*°, and label-free pathology*.

While CARS is a powerful technique, two factors limit its capabilities. CARS
signal is quadratic with concentration and it suffers from a non-resonant background.*?43
Combined, these issues complicate quantification. As a result, many researchers have switched to
using SRS, which does not suffer from these same limitations.***" In the case of SRS, the signal
photons have the same frequency as wpump and mstokes. More specifically, a wpump photon is
annihilated and a mstokes 1S generated during an SRS event. As a result, the two types of SRS are
known as stimulated Raman loss (SRL) and stimulated Raman gain (SRG). Both SRL and SRG
are detected using a photodiode. SRS microscopy has been used to study neurotransmitter
release*®, drug uptake*®, and metabolism®>°! with high spatial and temporal resolution. To push

the capabilities of SRS further, many research groups seek to improve the detection limit of SRS.
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Recently, electronic pre-resonance SRS (epr-SRS) was developed as a nonlinear analog to linear
resonance Raman spectroscopy. Under a similar working principle, as the pumped virtual state of
a molecule approaches an electronic transition, epr-SRS has demonstrated enhancement factors of
up to 10° allow for highly sensitive quantitative imaging of low abundance biomolecules.®>

All nonlinear events require a high flux of photons given the low probability of such events.
To meet this requirement ultrafast lasers (1012 — 102 )
with high peak power are employed. Here, peak power

refers to the amount of energy (or number of photons) in

-
an interval of time. Thus, for the same number of photons,
a temporally long pulse (1072 s) will have a lower peak
power than a temporally short pulse (10™°s). For TAS and Linear Nonlinear
Excitation Excitation

. -15 H
2PEF, femtosecond (fs; 10 s) pulses are typically Figure 1.4. Excitation volumes

employed to provide the highest temporal resolution for a linear process and a nonlinear
measurements and strongest nonlinear signals. For CRS, process.
pulse duration and peak power present a unique trade off. Femtosecond pulses provide the highest
signal, but the poorest spectral resolution. This relationship is discussed in detail in Chapter 4.

In contrast to linear microscopy, nonlinear microscopy benefits from intrinsic optical
sectioning.>** Due to the requirement of high photon density, nonlinear processes only occur at
the focus of the laser beams. Thus, no pinhole or off axis detection scheme is required since out of

focus excitation is negligible. This principle is illustrated in Figure 1.4 where the excitation volume

is depicted in the shaded region.
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1.1.3 Pulse Modulation and Lock-in Detection

Experimentally, nonlinear analytical spectroscopy and microscopy require intense ultrafast lasers
to provide the required high flux of photons at the focus. Even still, many of the processes
described in the previous section are weak. Moreover, in the case of TAS and SRS, the signal is
carried by one of the excitation pulses. Extracting weak signals from an intense laser pulse is nearly
impossible and thus prevents direct measurement of these processes. Rather, both processes
require the use of pulse train modulation and de-modulation with a lock-in amplifier. This
technique, illustrated in Figure 1.5, involves imparting a known modulation frequency onto the

pump pulse train and detecting the transfer of the modulation frequency to the probe pulse train.

Pump Mod. freq. Mod. Pump This modulation is performed using an
1) X /\/\/\= acousto-optic modulator (AOM) or
K K
EOM/AOM ~ and electro-optic modulator (EOM).
Mod. Pump Probe Mod. Probe An  AOM achieves intensity
2) X = - -
modulation by propagating a sound
{ t {
Mod. Probe Mod. freq. Demod. Signal wave at the desired modulation
r'[ A
3) T x /V\/\ = frequency through a crystalline
K B _
Lock-in Detection material, such as glass or quartz.

Figure 1.5. Pump train modulation and lock-in When a pulse train traverses the

detection. 1) Pump pulse is intensity modulated a set
modulation frequency using an electro-optic modulator crystal, - the pulse’s frequency s
(EOM) or acoustic-optic modulator (AOM). 2) shifted by the frequency of the sound

Modulated pump and unmodulated probe interact at the wave, based on the Doppler effect. In
sample to transfer the modulation frequency to the probe

. _ contrast, an EOM achieves intensit
train. 3) Modulated probe train is demodulated at the y

modulation frequency by the lock-in amplifier. modulation by first modulating the
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pulse train’s phase or polarization using an electro-optic material, such as lithium niobite
(LiNbOgz). Here a DC current is applied to one axis of the crystal at the desired modulation
frequency inducing a change in refractive index. When a pulse train traverses the crystal, its phase
and polarization are modulated at the desired modulation frequency. The modulated pulse train is
then separated into two amplitude modulated pulse trains using a polarizer or polarizing beam
splitter.

As an example, assume a TAS experiment employs two ultrafast lasers — pump and probe
— that have an 80 MHz (fo) repetition rate. Every 12.5 ns (1/80 MHz) the laser will emit a laser
pulse generating a constant train of pulses equally spaced in time. The pump pulse train will be
modulated at a known frequency, for instance at 20 MHz (fo/4) using an EOM, and incident upon
the sample creating excited state populations at a frequency of 20 MHz. The probe beam will then
interact with the modulated excited states, and in the event of a nonlinear process, the modulation
frequency will be transferred to the probe beam. To extract the nonlinear signal, the probe beam
will be detected, band pass filtered at the modulation frequency, and demodulated using the lock-
in amplifier. Lock-in amplification multiplies the known modulation frequency (or reference
reference) and the signal to extract the in-phase (X) and quadrature (Y) signals based on the phase

difference between the reference frequency and the signal frequency.®®

1.2 ANALYTICAL BIOMEDICAL SPECTROSCOPY AND MICROSCOPY

Clinical and fundamental biomedical microscopy is performed on a wide range of systems
including, but not limited to, in vivo and ex vivo tissue analysis and in vitro cell and tissue culture.
One powerful qualitative clinical biomedical microscopy is histopathological staining of excised
human tissues (ex vivo). Pathologists rely on a variety of stains and simple brightfield microscopy

to enable precise pathological analysis and diagnosis. For instance, H&E staining is commonly
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used to visualize tissue architecture and nuclear feature to provide intraoperative consultation.>”
%9 H&E staining and its limitations are discussed in detail in Chapters 4 and 5.

Several techniques dominate in vivo clinical biomedical imaging, such as MRI, CT, and
ultrasonography. While these techniques are not likely to be replaced soon, there is an unmet need
for analytical microscopy techniques that can provide higher spatial and temporal resolution than
clinically available. For instance, MRI is a powerful tool for studying the brain structure and
function in patients based on blood oxygenation; however, the limited spatial resolution (~1 mm)
is insufficient to resolve the interplay between blood and tissue at the capillary level. Recent reports
suggest that red blood cell (RBC) oxygen saturation (sO2) can vary dramatically between
neighboring capillaries®® demonstrating the need for higher spatial resolution imaging. Improving
in vivo imaging capabilities for both clinical and fundamental biomedical imaging has become the
focus of many research groups both in the clinic and in the laboratory.

When applying analytical spectroscopy and microscopy techniques to in vivo biomedical
research, there are several important considerations. One key factor is imaging depth which is
strongly affected by light absorption and scattering in tissue. Both absorption and scattering are
wavelength dependent and can be mitigated with appropriate wavelength selection. As such, it is
informative to study the absorption coefficients of intrinsic chemicals as a function of wavelength.
Figure 1.6 provides the absorption coefficients (i.e., length a photon can travel through tissue
before being absorbed) of water®!, hemoglobin, melanin®, and fat®®. Protein absorption was
neglected as it predominately absorbs in the UV region. From Figure 1.6, the region from 650 nm
to 1300 nm has the lowest absorption from intrinsic biomolecules and is referred to as the
therapeutic window.54% The benefit of using a longer wavelength can be understood through

comparison of linear and nonlinear fluorescence. Consider the excitation of rhodamine B, a
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Figure 1.6. Absorption coefficients (ua) of
various tissue constituents: oxyhemoglobin (HbO,),
deoxyhemoglobin (Hb), fat, melanin, and water.
The shaded region illustrates the “therapeutic

window” where light is less absorbed.

excitation source, optical sectioning, and detection.
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commonly used fluorescent dye. In linear
fluorescence rhodamine B has peak
absorption at 480 nm, while in degenerate
2PEF it has peak absorption around 850
nm.®® In a direct comparison of peak
excitation wavelength, rhodamine B likely
has greater penetration depth at equal
powers when excited with 2PEF than linear
fluorescence due to less absorption and
wavelength-dependent  scattering  from
intrinsic biomolecules and structures. In
practice, this direct comparison is
insufficient and subject to other key

differences in experimental setup such as

The consideration of imaging depth leads to the issue of phototoxicity. That is, increasing

excitation power to compensate for tissue absorption and scattering can affect and even damage

the tissue. In the example above, the optical power for linear fluorescence could be increased to

compensate for the difference in power at the focus compared to 2PEF. However, increasing the

optical power will increase the unwanted absorption by the tissue and can lead to severe tissue

damage. Another key consideration when designing an analytical biomedical microscopy

experiment is choosing to use a technique that typically requires labels, such as fluorescence, or a

technique that is label-free, such as TAM and SRS. While fluorescence labels have completely
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revolutionized biomedical imaging, they can perturb the natural physiology of the system. This
concept will be discussed in Section 1.2.2 and in Chapter 6.
In the following sections, various applications, and demonstrations of biomedical

microscopy to study hemodynamics and neurophotonics are discussed.

1.2.1  Hemodynamics

Hemodynamics, the dynamics of blood, play a crucial role in maintaining homeostasis throughout
the body. Among other purposes, blood serves to ferry gases (e.g., oxygen (O2) and carbon dioxide
(CO2)) and nutrients (e.g., glucose) throughout the body. As such, blood oxygen saturation (sO2)
is an important clinical metric for patient well-being. Typical sO2 values in a healthy adult range
from 95-100%, meaning that the majority of hemoglobin, the protein responsible for oxygen
transport, is oxygenated. In the clinic, sO2 is measured using a pulse oximeter which performs
linear absorption of the hemoglobin in the arterial blood in the finger capillaries using two
LEDs.%7%8 Here, the intrinsic absorption differences between oxyhemoglobin (HbO;) and
deoxyhemoglobin (Hb) are leveraged to ratiometrically quantify sO». By repeatedly collecting the
absorption at each wavelength, pulse oximetry suppresses the background scattering from the
tissue and quantifies the average sO2 of pulsing arterial blood. As such, pulse oximetry is a
powerful spectroscopy technique, however it cannot provide spatial information.

One key clinical biomedical microscopy technique for visualizing hemodynamics is optical
coherence tomography angiography (OCTA) which is commonly used to image capillary networks
in human retinas and skin. As mentioned in Section 1.1.1, OCT is an interferometric technique
that measures elastically scattered photons at depths up to 3 mm.%® OCTA leverages this technique
to visualize flowing RBCs within capillaries. By collecting sequential images, the static tissue and

moving tissue can be separated.
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The primary targets of analytical biomedical spectroscopy for hemodynamics are
typically blood flow and oxygen saturation (SO2) or oxygen partial pressure (pO2). Several linear
and nonlinear absorption techniques have been developed to make use of the intrinsic absorption
of hemoglobin and its variants. Photoacoustic microscopy (PAM) is one linear analytical
microscopy technique that leverages the strong linear absorption of hemoglobin in the visible
region. In PAM, a molecule absorbs light and dissipates energy non-radiatively. The energy
absorbed by the molecule is released via vibrations and rotations causing a localized temperature
spike. This temperature gradient induces a pressure wave that propagates through the tissue and
can be measured using an ultrasound transducer. PAM has found great utility for in vitro and in
vivo studies.’®* Notably, PAM has been used to monitor sOz in vivo by sequentially exciting RBCs
with two LEDs and measuring the ratio of photoacoustic signal. Like pulse oximetry, a ratiometric
approach leverages the intrinsic differences between HbO: and Hb to quantify sO.”? Extending
this principle further, PAM has been used to monitor metabolism in cancer cells in vitro by
quantifying oxygen concentrations in the surrounding media.® While PAM is powerful, it is limited
by the requirement of sequential excitation. Light scattering in tissue is wavelength dependent
which must be considered when calculating sO2, from a PAM measurement.” Additionally,
acoustic waves heavily attenuate at changes in refractive index. Thus, water or other index matched
media is required to detect acoustic signals which can significantly complicate experimental setup.

Nonlinear absorption spectroscopy has also explored the intrinsic absorption of
hemoglobin. Fu et al. demonstrated that the intrinsic linear absorption differences between HbO>
and Hb translates into different transient lifetimes with TAS.132 Importantly, the TAS spectra of
HbO> and Hb are wavelength dependent which provides tuneability in transient lifetime. TAM

was further extended to measure blood flow in live zebrafish.”* By collecting two parallel line
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scans perpendicular to a capillary, the flow rate and flux of RBCs was quantified in vivo. Recently,
TAM was employed to quantify the concentration of glycated hemoglobin (HbAlc) in human
blood samples ex vivo.” Once again, researchers leveraged the differences in transient lifetime
between HbO> and HbAlc to extract the concentration of HbAlc. In Chapters 2 and 3, TAM is
employed to quantify hemoglobin concentration and oxygen saturation’®, respectively.

Another nonlinear analytical technique that has gained popularity for oxygen imaging in
recent years is two-photon phosphorescence lifetime microscopy (2PLIM). Here, an exogenous
probe is used to measure the partial pressure of oxygen, pO2, based on the quenching of
phosphorescence lifetime.””8% 2PLIM has been used to map out pO; in blood and tissue in the
brain. However, phosphorescence lifetime is long lived (0.01 — 0.1 s) which limits the use 2PLIM

in dynamic experiments where oxygenation can change rapidly.

1.2.2  Neurophotonics

Neurophotonics is another active field of biomedical research, both clinically and fundamentally.
On the clinical side, the translation of SRS microscopy from bench to bedside is underway. SRS
microscopy has been used to map the spatial distribution of proteins and lipids in variety of human
and animal tissues, most notably human brain tumors.8% In 2017, the Orringer group
demonstrated rapid label-free histology of unprocessed surgical specimens. Importantly, the SRS
microscopy was performed in the operating room with a 92% accuracy in predictive diagnosis as
compared to traditional histopathological staining.®* This work marks a crucial step in translating
SRS microscopy into a clinical standard for intraoperative consultation. Further advancements to
SRS microscopy for tissue imaging are demonstrated in Chapters 4 and 5.

Fundamental neurophotonics is also experiencing tremendous growth as a field. The brain

consumes nearly 20% of bodily energy at rest.2® To meet this large metabolic demand, the brain
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relies on a dense network of blood vessels and capillaries.®” One topic that has gained a lot of
interest is neurovascular coupling (NVC), the interaction between hemodynamics and neuronal
activity.®20 It is believed that NVC constitutes the basis of blood oxygen level dependence, or
BOLD, functional magnetic resonance imaging (fMRI) where brain activity is measured by local
changes in hemoglobin oxygenation.®**2 However, as mentioned previously, MRI has poor spatial
resolution so the mechanism behind NVC remains elusive. To provide the necessary spatial
resolution for studying localized hemodynamics, many of the analytical microscopy techniques
discussed in Section 1.2.1 are employed in neurophotonics to study oxygenation and the dense
capillary network that supports the brain. Beyond those techniques discussed in Section 1.2.1,
2PEF is also used to visualize the vasculature of live mouse brains. Here, a dye molecule (e.g.,
fluorescein or Texas red) is conjugated with a high molecular weight dextran and intravenously
injected into the mouse’s blood compartment. Typically, a cranial window model is used to image
the brain vasculature. In this model, a small craniotomy is performed (~ 3 mm in diameter) and a
glass coverslip is installed. This model allows for both acute and longitudinal studies as the
window can remain viable for over six months.®® When efficiently excited, 2PEF has reach
vasculature imaging depths of up to 2 mm.%

In addition to vasculature imaging, 2PEF is the leading technique for studying neuronal
activity and intercellular interactions. Many techniques involve the application of a fluorescent
dye either topically to the exposed cortex or intravenously. Unfortunately, application of dye
through either route of administration can lead to animal complications. For example,
sulforhodamine 101 (SR101) is a commonly used topical dye that stains astroctyes in the cortex.
Recent reports have concluded that overexposure of SR101 to the exposed cortex can induce

seizures.®® As a result, there are countless transgenic mouse models that express fluorescent
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proteins and alleviate the need for invasive dye application. For instance, genetically encoded
calcium indicators, or GECIs, have allow researchers to study neuronal calcium dynamics without

the need to invasive dye injections.*

1.3  OBIJECTIVE: DEVELOPING NEW BIOMEDICAL SPECTROSCOPY AND

MICROSCOPY TECHNIQUES

Nonlinear fluorescence has dominated in vivo nonlinear spectroscopy and microscopy in
neurophotonics to date. Yet, the recent demonstrations of TAM for quantifying various
hemodynamic properties suggest that TAM could provide crucial unmet insight. However, the lack
of rigorous technical development and validation has thus far prevented TAM from being widely
adopted into neurophotonic research. In Chapters 2 and 3, |1 demonstrate pivotal advancements in
developing a TAM technique for quantifying hemoglobin concentration ex vivo and another
technique for quantifying sO2 in vitro®, respectively. In Chapter 4, | optimize SRS microscopy for
use in label-free pathology®’, and in Chapter 5, | apply the optimized system to identify and
distinguish between various skull-based human tumors.*® Lastly, in Chapter 6, | combine nonlinear

absorption, Raman, and fluorescence to image cortical structures of mouse brains in vivo.
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Chapter 2. DIRECT QUANTIFICATION OF SINGLE RED BLOOD
CELL HEMOGLOBIN CONCENTRATION WITH
MULTIPHOTON MICROSCOPY

2.1  INTRODUCTION

Blood disorders and diseases, such as sickle cell anemia and thalassemia, and blood-borne
infections, such as malaria, affect millions of people annually. These pathologies often affect the
shape, number, and contents of red blood cells (RBCs) dramatically. For instance, the
concentration of hemoglobin in a RBC is drastically reduced in both thalassemia and malaria
which can impact the amount of oxygen a RBC can ferry throughout the body. This and other
impacts on the blood compartment, in turn, can result in organ damage and death.>? Thus, metrics
like hematocrit (the volume fraction of RBCs in whole blood), mean corpuscular hemoglobin
concentration (MCHC), red blood cell distribution width (RDW), and mean cell volume (MCV)
are useful pathological metrics for identification and monitoring of blood disorders, diseases, and
infections. Typically, these measurements are performed using an automated cell counter of
freshly collected blood, which requires ~20-30 uL of whole blood. While this process is suitable
for larger animals (e.g., humans), serial blood collection can be prohibitory for rodent disease
model and drug discovery experiments. Most institutional limits for blood collection from a mouse
are ~1% of total body weight, equivalent to 250 uL of blood from a 25 g mouse every two weeks.?
Dilution can be used to mitigate sample size restraints, but the accuracy and precision of diluted
blood measurements vary.* Moreover, MCHC measurements via cell counting are an ensemble

measurement which may fail to fully characterize the pathology. Single RBC analysis could
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provide necessary insight into the heterogeneity of MCHC and enable comprehensive monitoring
of disease process and therapeutic response.

Microscopy-based methods offer an attractive route for single RBC quantification of these
metrics and they require smaller sample volumes than cell counting techniques. One such
technique is spectroscopic phase microscopy (SPM) which can quantify cell dry mass, MCV,
RDW, and MCHC.>® In SPM experiments, the intrinsic absorption characteristics of hemoglobin
are exploited to determine the hemoglobin mass and concentration. While SPM is robust, it is
intrinsically limited to ex vivo quantification and offers only phase contrast. In vivo quantification
is appealing as it requires no blood collection and could thus offer more dynamic monitoring.
Nonlinear microscopy, such as stimulated Raman scattering (SRS) microscopy and transient
absorption microscopy (TAM), provides an attractive route to achieving in vivo quantification. In
SRS microscopy, the energy difference between two collinear laser pulses coherently excites an
intrinsic vibrational mode of the molecule of interest in the sample. This capability has allowed
researchers to study a host of biological processes in vivo including axon development’® and lipid
dynamics®®, among others. TAM is a multiphoton microscopy technique that is sensitive to
numerous photophysical processes involving electronic excited states including, but not limited to
two-photon absorption (TPA), excited state absorption (ESA), and ground state bleaching (GSB)."
Similar to SPM, TAM makes use of the absorption characteristics of hemoglobin to gain intrinsic
contrast, but with a significant advantage in that TAM is a three-dimensional imaging technique
that allows imaging through scattering medium such as tissue.’*™ Recently, we utilized the
intrinsic differences between oxyhemoglobin and deoxyhemoglobin to achieve real-time

quantification of oxygen saturation in RBCs.*®
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In this study, we quantify hemoglobin concentration at single RBC resolution by
employing a multimodal multiphoton imaging approach and leveraging water as an internal
standard. For most confocal and nonlinear optical microscopy techniques, quantification can be a
challenge because of light scattering or aberration. Currently ratiometric fluorescence/Raman and
fluorescence lifetime imaging are the only methods that can provide absolute quantification. Here
we demonstrate a novel method of achieving hemoglobin quantification by using water as an
internal standard to compensate for scattering and aberration induced intensity loss. Our method
uses a novel orthogonal modulation scheme to simultaneously measure the vibrational signature
of water with SRS microscopy and the transient absorption of hemoglobin with TAM. We posit
that excitation volume and laser intensity is identical for water and hemoglobin in a RBC, which
enables quantitative ratiometric imaging of hemoglobin. We test this hypothesis by calibrating our
system to known concentrations of hemoglobin, quantifying RDW, MCV, and MCHC in freshly
harvested mouse blood, and validating our measurements with traditional MCV and MCHC
measurements. We further apply our calibrated microscope to observe the digestion of hemoglobin
by Plasmodium yoelii (P. yoelii), a commonly used rodent malaria parasite, with single RBC
resolution. We clearly see the dramatic decrease in hemoglobin concentration between infected
RBCs and healthy RBCs. This work represents a major advancement for in vitro single RBC

MCHC quantification and demonstrates a necessary step towards in vivo measurements.

2.2 METHODOLOGY

2.2.1  Multimodal Multiphoton Microscope for Simultaneous SRS and TAM Imaging

TAM and SRS experiments are both conducted using a pump-probe excitation scheme. Detection
is based on the intensity change of the unmodulated beam using lock-in amplification and

detection. It is important to note the difference in terminology between SRS and TAM. In SRS,



the pulses are termed: pump and Stokes;
whereas TAM uses the terms: pump and probe.
In this report, we use TAM terminology for
simplicity. For SRS, the labelled “pump” and
“probe” pulses are the Stokes and pump pulses,
respectively. In SRS, a molecule is first pumped
to an excited virtual state using a pump beam.
Then the emission of a Stokes-shifted photon is
stimulated using a Stokes beam of the same
energy. For the wavelength pair used in these
experiments, the predominate TAM processes
were two-photon absorption (TPA) and excited
state absorption (ESA). In these TAM
processes, an electron is promoted to an excited
state using a pump beam and excited to a higher
excited state some delay later using a probe

beam. The key difference between the two

processes is that TPA proceeds through a virtual
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Figure 2.1. Experimental setup and

principle. A) Diagram of the multiphoton
microscope. DL: delay line. EOM: electro-
optical modulator. PBS: polarizing beam
splitter. BRC: birefringent crystal. HWP: half-
wave plate. GC: grating based pulse
stretcher/compressor. DCM: dichroic mirror.
GM: scanning galvanomirrors. SPF: short-pass
filter. PD: photodiode. B) Excitation scheme
showing two orthogonal phase pump pulses and
the probe pulse. C) SRS spectra of phosphate
buffered saline showing temporal delay

between orthogonal phase pump pulses. asdf

state, whereas ESA proceeds through a real electronic state. These concepts are illustrated in

Figures 1.2 and 1.3 in Section 1.1.2 where the energy diagrams of SRS, TPA, and ESA are

provided.

We take advantage of the difference in temporal profile between SRS, TPA, and ESA to

measure both with a single detector. ESA involves electronic excited state with a long intermediate
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lifetime (ps) which results in a long-lived temporal profile. In contrast, SRS and TPA are
instantaneous with pulse overlap. Thus, we can selectively excite these processes simultaneously
by acquiring two signals at two different interpulse delays (i.e., time delay between pump and
probe) with a single detector and a lock-in amplifier. This is possible with an orthogonal
modulation scheme that uses the X and Y output of the lock-in amplifier to detect two signals
simultaneously.?® We have previously demonstrated a similar approach for quantification of RBC
oxygen saturation by using two temporally delayed pump pulse trains.'® Here we developed a new
modulation scheme that removes the needs for spatial separation and recombination of the two
pump pulse trains (Figure 2.1A).

The experimental multimodal multiphoton microcopy system, shown in Figure 2.1A, is
based upon a previously built transient absorption microscope.'® Briefly, the laser system starts
with a broadband femtosecond dual beam laser (Insight DeepSee+, Spectra-Physics) outputting
two beams at 80 MHz (fo) repetition rate. The pump beam (fixed at 1040 nm) was amplitude
modulated at 20 MHz (fo/4) by an electro-optical modulator (EOML1, 6:1) and a polarizing beam
splitter (PBS). In our new modulation scheme, the amplitude modulated pulse train was followed
by another polarization modulation at 20 MHz with a second EOM (EOM2, 6,). The second EOM
is operated 90 degrees phase shifted from the first EOM (i.e., 82 - 61 = 90°), resulting in two
orthogonal phase pulse trains (s and p polarization). The resulting pulse trains are illustrated in
Figures 2.1A and 2.1B. From here, the beam was passed through a 12 mm of birefringent quartz
crystal (BRC) (Union Optic, BIF-Quartz). The difference in refractive index between the fast and
slow axes of the crystal induced a temporal delay between the two polarizations. This temporal
delay allows for simultaneous interrogation of two different pump-pulse delays. Next, the beam

was sent through a half waveplate and polarizing beam splitter to combine both beams into a single
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polarization. This collinear geometry not only simplifies the setup significantly, but also provides
critical improvement in stability and quantification accuracy. The previously reported
geometry!®20 _ the split path geometry — required very precise matching of size, divergence,
dispersion, and spatial alignment between the two pump beams. This resulted in tedious alignment
and a potential mismatch of beam foci. The collinear geometry does not suffer from these same
optical hurtles.

To compensate for the dispersion caused by the EOMs, the pulses were compressed using
a grating-based pulse compressor (GC).? The tunable probe beam, set to 765 nm for most of these
experiments, was sent through a delay arm (DL) to temporally overlap with the orthogonal phase
pump beams before all beams were spatially overlapped using a dichroic mirror (DCM) and
directed through a scanning microscope and 40X objective (N40OXLWD-NIR). The pump-probe
excitation scheme is shown in Figure 2.1B. The two signals were detected by a dual-phase lock-in
amplifier (Zurich Instrument) with orthogonal outputs after filtering out the two pump beams using
a short pass filter (SPF). Two images were acquired simultaneously at a frame rate of 1 frame/sec
for an image size of 512x512 pixels. We calculate the lateral PSF of our system to be ~300 nm
and the axial PSF to be ~850 nm based on mathematical modeling of a high NA objective.?? We
measured the temporal delay between the two pump pulse trains to be 400 fs using the difference

in peak SRS signal of phosphate buffered saline (Figure 2.1C).

2.2.2  Whole Blood Collection and Hemoglobin Extraction

Mouse blood was collected via cardiac puncture and treated with sodium heparin in compliance
with University of Washington Institutional Animal Care and Use Committee (IACUC) standards.
Complete blood count measurements of whole blood were conducted using a Hemavet 950 FS

(Drew Scientific Group). For hemoglobin extraction, the blood was centrifuged at 1,000-g for 30
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minutes. The supernatant and buffy coat were removed. The RBC pellet was rinsed with PBS,
centrifuged at 1,000-g for 10 min, and the supernatant was removed. The rinsing process was
repeated three times. Rinsed RBCs were mixed with methylene chloride at a ratio of 5:1
RBCs:CH.Cl; to isolate high concentration hemoglobin.? The solution was centrifuged at 1,000-
g for 10 minutes. The hemoglobin-rich supernatant was removed and filtered through 0.45 pm
centrifuge filter to remove any residual cell debris. Hemoglobin concentration was measured using
the cyanomethemoglobin method and an Agilent 8453A spectrophotometer. #2° For TAM/SRS

imaging of RBCs, whole blood samples are used directly without any processing.

2.2.3  Rodent Malaria Model Experiments

All animal procedures were approved by the University of Washington IACUC. Briefly, BALB/cj
mice were infected wild-type P. yoelii 17XNL parasites by intravenous retro-orbital injection of
sporozoites. Blood stage parasitemia was monitored from three days post-infection by daily
Giemsa-stained thin blood smears. Mice were euthanized using the CO, method, and P. yoelii-
infected blood was collected via cardiac puncture. To prevent blood clotting, blood was treated
with sodium heparin. Samples were diluted in complete medium comprised of RPMI HEPES
(Gibco #22400) with 10% heat-inactivated fetal calf serum (Sigma #4135), supplemented with
penicillin / streptomycin / L-glutamine (Gibco #10378-016). To preserve parasite viability,

samples were maintained in a warm environment near 37°C until analysis.
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2.3 RESULTS AND DISCUSSION

The two main constituents of a RBC are water and hemoglobin.? By carefully tuning our laser
system, we can simultaneously excite water with SRS and hemoglobin with TAM. This requires
appropriate selection of the wavelength pair and optimization of the pulse duration for efficient
excitation of both species. To start, we optimized the wavelength pair for SRS excitation of the
OH stretching band. Several wavelengths were tested, and the spectra are shown in Figure 2.2. For
reference, the spontaneous Raman spectrum is shown in Figure 2.3A. After examining multiple
wavelengths, we targeted the center of the O-H stretching band (~3455 cm™) by using a

pump/Stokes pair of 765 nm/1040 nm. Here, we employ transform limited femtosecond pulses to
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Figure 2.2. Wavelength survey for simultaneous excitation of hemoglobin (HbO;) with TAM

and water (H20) with SRS. Pump wavelength was 1040 nm for all traces shown.
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increase the SRS signal size as previously

demonstrated.””?®  Additionally, utilizing
femtosecond pulses provides us with high
TAM. After

temporal  resolution  for

confirming  successful  extraction  of
hemoglobin from blood (UV/Vis spectrum
shown in Figure 2.3B), we measure the
femtosecond SRS spectrum of water and the
TAM spectrum hemoglobin (Figure 2.3C). It
is important to note that we only consider the
fully oxygenated form of hemoglobin, HbO-.
Hemoglobin is known to fully oxygenate
under ambient lab conditions.?® It is well

documented that SRS signal scales linearly

with excitation power, but TAM is more

susceptible to higher order processes. To determine the excitation power dependence of

hemoglobin, we measured the peak intensity of hemoglobin as a function of pump power (Figure

2.3D) and probe power (Figure 2.3E) at constant probe power of 20 mW and pump power of 5

mW, respectively. Here we see that hemoglobin scales linearly with pump and probe powers up to

20 mW pump power and 5 mW probe power. These powers were used for all measurements.

Next, we quantified the red blood cell distribution width (RDW) and mean cell volume

(MCV) of mouse RBCs in whole blood. About 3 pL of freshly harvested mouse whole blood was

placed on a glass microscope slide. A glass coverslip was gently laid on top of the blood droplet
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to disperse the RBCs into a monolayer. Figure
2.4A shows the resulting field of view (~100
x 100 pm) of RBCs. Mouse RBCs are
anucleate discs with an average diameter of 4
to 7 um.* Here the characteristic shape of the
RBCs can be observed by the dimple in the
center of the disc. The image is then
segmented to locate individual RBCs.
Segmenting involves removing low intensity
pixels via intensity threshold and applying a
watershed transform to separate closely
spaced RBCs. The area of each was

quantified, and the diameter was calculated by

approximating each RBC as a circle (area ==«

(d/2)?). The resulting histogram is shown in Figure 2.4B. We measured the RDW to be 5.6 + 1.1

um (n = 126 RBCs) which agrees well with literature.*®* Next, we quantified RBC MCV on a

similar field of view. Figure 2.4C provides a volume rendering of the imaged RBCs. To quantify

MCV, we apply a pixel intensity threshold to each RBC image stack between maximum intensity

and half maximum intensity. The lower limit was set to capture pixels that lay on the outer surface

of the RBC where the middle of the focal volume is centered on the RBC outer membrane. At this

focal point the intensity will be roughly half of the maximum. With these threshold limits, we

measured the MCV to be 52 + 7 fL (n = 117 RBCs, reported in Figure 2.4D). To validate our
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measurements, we performed a complete blood count of the same blood sample and measured the

MCYV to be 56.8 fL, which agrees well with our single cell measurements.
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Figure 2.5. SRS spectra of water, 10% BSA

and oleic acid excited at 765 nm/ 1040 nm.

Next, we measured the relationship between
hemoglobin concentration and SRS/TAM
signal. First, we confirm that the observed SRS
signal is only dependent on water and not other
cellular constituents. Figure 2.5 provides the
SRS spectra of water, 10% BSA, and oleic acid.
From these spectra, we see that the 10% BSA
does not change the spectra. Oleic acid — a
model lipid representing cell membrane — has
no SRS signal at the employed wavelengths.
Because typical

non-hemoglobin protein

concentration in RBC is less than 5% w/v and the concentration of other species such as

saccharides are even lower (<1% wi/v), we conclude that their contributions to SRS signal.?63! A

series of hemoglobin solutions were made at varying concentrations and quantified using the

cyanomethemoglobin method.?*?* The same samples were then interrogated at two probe delays,

1 =0 fs and T = 400 fs. These delays were chosen as they provide the highest intensity without

causing interference between the two pump beams. Figure 2.6A shows the relationship between

hemoglobin concentration and signal intensity at each pump-probe delay. As expected, signal

intensity scales linearly with hemoglobin (Hb) concentration according to Equations 1 and 2:

S; = [H;0] X oy,0 + [Hb] X 04 p,

S, = [Hb] x O2,Hb
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where S;1 and S; are the intensities at each probe delay, T= 0 fs and t = 400 fs, respectively, [H20]
is the concentration of water, 6H20 is the SRS signal from water, and 61,Hb and o2 b are the TAM
signals of hemoglobin from each pump-probe delay. The ratio of the intensities is dependent on
hemoglobin concentration, as expressed by Equation 3:

S, 1
S, B x [Hb] + C

Here, A, B, and C are fitting parameters determined based on least squares fitting shown in
Figure 2.6B. With our system calibrated, we investigated MCHC in healthy RBCs. Figures 2.6C
and 2.6D show a representative field of view of RBCs (~100 x 100 um) at the two pump-probe

delays, T= 0 fs and t = 400 fs, respectively. Figure 2.6E provides the MCHC map after applying
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Figure 2.6. Quantification of hemoglobin concentration in healthy RBCs. A) Signal intensity
increases with hemoglobin concentration. B) Ratiometric calibration of hemoglobin
concentration. C, D) Intensity images of freshly collected mouse blood at two pump-probe

delays. E) Hb concentration map of RBCs. F) Histogram of MCHC across 27 fields of view.
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Eqg. 3 to the ratio of Figures 2.6C and 2.6D. The MCHC, shown in Figure 2.6F, is 4.18 + 0.48 mM
(n = 2227) which agrees well with the MCHC quantified using CBC of the same blood sample
(MCHC = 4.25 mM). These results substantiate our hypothesis that water can be used as an internal
standard for hemoglobin concentration measurements. Additionally, with almost 100 RBCs in a
field of view our method can image over 2000 RBCs in less than 30 seconds.

Finally, we applied our calibrated microscope to observe the digestion of hemoglobin by
the rodent malaria parasite P. yoelii. We confirmed parasitemia via Giemsa-stained thin blood
smears, see Figure 2.7. Figure 2.8A provides a representative field of view (~65 x 65 um) of blood
collected from an infected mouse. In this rodent malaria model, parasite infections are
nonsynchronous; thus, there is a mixture of blood (intraerythrocytic) life stages present. The
intraerythrocytic life stages can be broadly described as follows: first, a parasite in the merozoite
stage invades a RBC and begins intraerythrocytic asexual reproduction, forming a so-called ring
stage. Next, the parasite develops into the
trophozoite stage, which is marked by the
consumption of hemoglobin (Hb) by the
parasite and subsequent deposition of
hemozoin (Hzn), a residual crystalline heme
byproduct.®** Due to its crystalline structure,
hemozoin has strong Raman intensity.3¢37
Finally, the parasite becomes a schizont,

dividing to form merozoites that subsequently

Figure 2.7. Giemsa-stained thin blood burst from the RBC to initiate the next round of

Smears. infection. Because Hzn is such a prominent
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feature of intraerythrocytic stages, it has
become a simple metric for identifying
parasite stage and maturation. Recently, it has
been shown that transient absorption can
distinguish between Hb and Hzn based on
subtle differences in transient absorption
lifetime.®® We confirmed that the same
differences between Hb and Hzn are present
for the much longer wavelength pair used in
our study. Figure 2.8B reports the SRS
spectrum of blood plasma (white box) and the
transient absorption lifetime of a healthy RBC
(red box) and an infected RBC (blue box).
While monitoring the presence and
production of Hzn can help identify parasite
maturation, direct quantification of Hb
concentration may offer a more meaningful
measurement of intraerythrocytic parasite
development. To determine MCHC, we first

separated Hb and Hzn signals. As observed in

Figure 2.8B, the signal of Hzn at t = 0 fs is about 30% higher than RBC signal which allows for

intensity thresholding. After removing Hzn, the Hb concentration of the remaining cell was

quantified. Figure 8C provides the Hb concentration map of Figure 2.8A. It is important to note
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that Hzn signal was not removed in Figure 2.8C. Here, nine infected RBCs within the field of view
are identified and denoted with an arrowhead. Differentiation between healthy and infected RBCs
was achieved based on previously reported changes in morphology (i.e., ring shape, hemozoin
production, etc.) in malaria parasite models.*?**3 The MCHC of healthy and infected RBCs (n =
2919) were quantified to be 4.42 + 0.38 mM (n = 2591) and 3.66 + 0.44 mM (n = 328), respectively
(see Figure 2.8D). We believe that the increased standard deviation in infected RBCs is due to
asynchronous parasite maturation in this model. This claim is substantiated by the clear difference
in MCHC and morphology between healthy and infected RBCs shown in Figure 2.8E. Since many
antimalarial agents target the hemoglobin digestion pathway of parasite maturation,*** our
technique offers a previously unmet need of dynamic MCHC quantification at single RBC

resolution.

2.4 CONCLUSION

Current methods for quantifying MCHC rely on bulk analysis which may not fully characterize a
blood sample. Instead, single RBC analysis would provide the necessary insight into cell-to-cell
heterogeneity that exists in blood disorder and disease pathologies and allow for screening of
minor population cells. Moreover, understanding oxygen transport as affected by MCHC would
provide crucial insight into whole body homeostasis during pathologies that impact the blood
compartment. We have demonstrated the development of a novel multimodal multiphoton imaging
platform that leverages water as an internal standard for quantification of hemoglobin
concentration at single RBC resolution. By collecting two images simultaneously, we were able to
vibrationally excite water with SRS and electronically excite hemoglobin with TAM. A simple
ratiometric analysis with two different molecular contrasts enables direct quantification of

hemoglobin concentration inside RBC. We note that this internal calibration approach is not only
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applicable to hemoglobin measurements, but also can be generalized to other nonlinear optical
signals including SRS and two-photon fluorescence. It addresses a major unmet need in absolute
concentration quantification due to scattering and aberration induced intensity loss.

Our multimodal imaging approach provides a range of measurements that allow
comprehensive characterization of RBC related parameters at single RBC resolution. We used this
approach to quantify RDW, MCV, and MCHC in healthy RBCs. We further demonstrated the
utility and sensitivity of our technique by quantifying the difference in MCHC between healthy
RBCs and P. yoelii infected RBCs. Moreover, we present infected RBCs at a variety of states
throughout the parasite’s asexual reproduction. This work is well suited for in vitro monitoring of
hemoglobin digestion which will allow for dynamic monitoring of parasite maturation. Only
minute amount of blood (<1 pL) is needed for characterization due to the sensitivity of single RBC
analysis. To this end, we believe that this technique will offer great utility to antimalarial drug
discovery and development. Additionally, this advancement is crucial towards developing an in
vivo methodology of monitoring MCHC. A major hurdle for in vivo translation will be the dynamic
oxygen saturation of hemoglobin which is known to alter the transient absorption kinetics. Thus,
a more elaborate calibration that accounts for the oxygen saturation level of hemoglobin is needed.
To apply such a calibration to in vivo measurements, it is also necessary to measure the
oxygenation state of the blood vessel with another techniques, such as ratiometric TAM or intrinsic
optical imaging.*? Until then, this work demonstrates the ability to quantify important pathological
metrics (i.e., RDW, MCV, and MCHC) with 10-100-fold less volume than traditional cell counting
methods. This benefit will allow for more dynamic monitoring of animal wellbeing and health

during disease model studies.
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Chapter 3. IN VITRO QUANTIFICATION OF SINGLE RED BLOOD
CELL OXYGEN SATURATION BY
FEMTOSECOND TRANSIENT ABSORPTION
MICROSCOPY

3.1 INTRODUCTION

Hemodynamics (the dynamics of blood flow) play a vital role in maintaining energy homeostasis
throughout the body. Among many functions, circulating blood provides the basic building blocks
— such as glucose and oxygen — needed for cells to survive. Hemoglobin, a major cytoplasmic
constituent of red blood cells (RBCs), is responsible for nearly all oxygen transport in the body
via reversible oxygen binding. The protein structure is made up of four subunits, each containing
a heme group and a globular protein. This structure enables each hemoglobin molecule to bind up
to four oxygen molecules. Oxygen saturation (sOz), the ratio of oxygenated hemoglobin (HbO>)
to total hemoglobin (comprised of HbO> and deoxygenated hemoglobin, Hb), is tightly regulated
by the body and often changes quickly in response to bodily events. Monitoring changes in sO: is
critically important in understanding such regulation and consequences in dysregulation in
diseases such as anemia or sepsis. 2 One such tool is functional magnetic resonance imaging
(FMRI), wherein changes in blood flow and oxygenation are determined based on the unique
paramagnetic property of deoxyhemoglobin. fMRI is widely used for functional imaging of the
brain.®>* While monitoring millimeter scale changes in sO is insightful and allows for global
imaging of brain activity, understanding hemodynamics at high spatial resolution (single-RBC

level) is crucial for studying local oxygen transport and consumption in heterogeneous tissue.
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Intense research efforts have focused on imaging blood and tissue oxygenation at finer
spatial resolution.>® Largely, these efforts have been directed towards tumor and neuroscience
studies where high resolution sO. measurements provide invaluable information on tissue
function, growth, and metabolism.”® However, most current technologies rely on wavelength-
dependent linear absorption of hemoglobin, which has inherent limitations in tissue imaging due
to scattering. Tissue scattering not only decreases spatial resolution but also complicates sO-
quantification because scattering is also wavelength dependent.”1**  Two-photon
phosphorescence lifetime microscopy (2PLM) is an imaging technique that circumvents these
limitations by quantifying partial pressure of O, or pO2, via the quenching of phosphorescence of
an exogenous agent in the presence of molecular oxygen in either RBCs or tissue.*>*8 Due to the
two-photon confinement effect, it offers submicron spatial resolution. While the performance of
2PLM probes has been optimized in recent years to allow for faster measurement and higher
signal-to-noise ratio (SNR), 2PLM remains intrinsically limited by long phosphorescence lifetimes
to discrete point measurements (typical pixel dwell time > 10 ms) instead of full field high
resolution imaging. Additionally, it has the disadvantage of requiring repeated invasive injections
of expensive reagents due to fast circulation clearance time.*®
Transient absorption microscopy (TAM) is a promising label-free alternative to 2PLM for
hemoglobin imaging.2>?® TAM is a multiphoton imaging technique that is sensitive to numerous
photophysical processes; these processes constitute the transient lifetime kinetics of a molecule or
system. Recent demonstrations have identified that the transient lifetime kinetics of hemoglobin
at near-IR wavelengths are largely based on three main processes: two-photon absorption (TPA),
excited state absorption (ESA), and ground state bleaching (GSB).2%?2* In one such

demonstration, Fu et al. distinguished between HbO, and Hb by identifying key differences
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between the their transient absorption spectral differences.?2! However, real-time quantification
of sO2 was not possible due to the need to perform sequential measurements. In this work, we
present the first demonstration of real-time in vitro TAM for quantification of sO in whole blood.
We achieve this via simultaneous collection of two points along the transient decay curve that
exploit differences in the transient lifetime kinetics between HbO> and Hb. In doing so, we avoid
the wavelength dependent light scattering problem of other absorption based sO> measurement
techniques. This advancement is pivotal in developing a label-free, real-time sO2 imaging modality

suitable for in vitro and in vivo applications.
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3.2 METHODOLOGY

3.21  Experimental Set Up

The experimental pump-probe TAM system used for ratiometric imaging is shown in Figure 3.1A.
Briefly, the pump beam (fixed at 1040 nm) was modulated at 20 MHz by an electro-optical
modulator and separated into two amplitude modulated pulse trains (P1 and P2) that are 180° out
of phase using a polarizing beam splitter. P2 is delayed by one pulse, or 12.5 ns (1/80 MHz), to
shift the two pulse trains to 90° out of phase before being recombined using a 50:50 beam splitter.
The pulses are temporally compressed using a grating-based pulse compressor.?6 Rhodamine 6G
was used to optimize each wavelength for shortest pulse duration (Figure 3.2). This resulting pulse
trains are illustrated in Figure 3.1B. To avoid interference between the two pump arms, precise

temporal control over P2 is achieved using a delay line. Empirically, a separation between the two
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Figure 3.1. Experimental design for dual channel TAM. A) Diagram of TAM microscope.
EOM: electro-optical modulator, P1 and P2: pump pulse train 1 and 2, PBS: polarizing beam
splitter, BS: beam splitter, DL: delay line, GS: grating based pulse stretcher, DCM: dichroic

mirror, GV: scanning galvanomirrors, SPF: short-pass filter, PD: photodiode. B) Pulse trains at
the sample. P1 and P2 are 90° out of phase with each other; precise control of pump/probe delay,
1, is achieved with delay lines (DL1 and DL2).
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pump beams of ~700 fs showed no interference. The probe beam (tunable from 680 nm — 1300

nm) was sent through a delay arm to

R6G |
— 700mm temporally overlap with the two pump beams
— 750 nm
sl —— o1 before all beams are spatially overlapped
— 900 nm
= using a dichroic mirror and directed through a
=5
‘j“. Ir scanning microscope. The two TAM signals
=
were detected by a dual-phase lock-in
0.5F
amplifier (Zurich Instrument) with orthogonal
0 L ; 3 outputs after filtering out the two pump beams
-1 —0.5 0 0.5 1
Delay (ps) using a short pass filter. Two images at two

Figure 3.2. Rhodamine 6G spectraatthe  gifferent pump-probe delays are acquired
various probe wavelengths. _

simultaneously at a frame rate of 1 frame/sec

for an image size of 512x512 pixels. A related two-channel detection scheme has been used for

stimulated Raman scattering (SRS) imaging of tissue.?"?

3.2.2  Hemoglobin Extraction

Hemoglobin was extracted from freshly harvested bovine blood (purchased from Lampire). Whole
blood aliquots were centrifuged at 1000-g for 10 min at 22 °C. The supernatant and buffy coat
were removed, leaving only red blood cells (RBCs).?° The RBCs were then suspended in DI water
and frozen for storage at -20 °C. After freezing, the solution was thawed and diluted by a factor of
2 with DI water. The resulting solution was then vortexed and centrifuged at 1,200-g for 20 min
at 22 °C to lyse the remaining RBCs and remove cellular debris, respectively. The hemoglobin

solution was then filtered using a 0.45 um syringe filter to remove any remaining cellular debris.
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3.2.3  Oxygen Saturation Calibration

The extracted hemoglobin was fully deoxygenated through exposure to 1.7 mL/min N2 for ~2 hour.
The solution was slowly oxygenated from exposure to ambient air under constant stirring for 10
minutes. Samples were taken periodically and sealed in custom made airtight cuvettes to prevent
further oxygenation. The cuvettes were made by sandwiching solution between a glass slide and
cover glass with double sided tape as a spacer. Commercial nail polish was used to seal the cuvette.
The exact hemoglobin oxygenation of each sample was determined by non-negative least squared

fitting of collected UV/Vis spectra with standard UV/Vis spectra of HbO, and Hb.

3.3 RESULTS AND DISCUSSION

The three main processes present in hemoglobin TAM are two-photon absorption (TPA), excited
state absorption (ESA), and ground state bleaching (GSB).2%?1:2* The contributions of each to the
overall transient state kinetics are largely dependent on the pump and probe wavelengths. Accurate
differentiation of HbO and Hb requires both high signal intensity as well as appreciable difference
between the transient dynamics of HbO, and Hb at the chosen pump-probe wavelengths.
Hemoglobin was extracted from fresh bovine blood; Hb was prepared through exposure of
extracted hemoglobin to a pure N2 environment for ~1 hour under constant stirring. The UV/Vis
spectra of HbO, and Hb, as shown in Figure 3.3A, agree well with literature spectra.®®3! We
compared the transient decay curves of HbO; and Hb using a single pump beam (P1) at 1040 nm
and five different probe wavelengths: 700 nm, 750 nm, 800 nm, 850 nm, and 900 nm. Hemoglobin
first undergoes one-photon absorption with the pump beam as indicated by the linearity between
signal intensity and pump power in Figure 3.4. Next, the excited state hemoglobin is excited by

the probe beam. Figures 3.3B-3.3F show the spectra of HbO, and Hb probed at each of the tested
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wavelengths. All scans were collected with 30
mW of pump power and 8 mW of probe
power at the focus and normalized to the
intensity of HbO, probed at 700 nm allowing
for side-by-side comparison of signal
intensities. Upon inspection, 700 nm probe
offers a large difference between the two
species and the highest signal of all probe
wavelengths tested (Figure 3.3B). Here, the
two most prevalent processes are TPA and
ESA. TPA is the simultaneous absorption of
two photons, resulting in a strong, narrow
peak centered near t = 0 fs. ESA reflects the
absorption of probe photons by photoexcited
molecules and is likely the chief contributor
to the transient decay from 0 ps to 3 ps.2%%
The transient decay kinetics of HbO, and Hb

are very similar when probed with 750 nm

(Figure 3.3C) and 800 nm (Figure 3.3D)

suggesting that both wavelengths are poor choices to differentiate the two species. The similar

decay observed at these probe wavelengths is likely due to strong contribution from stimulated

Raman scattering (SRS) of water at 750 nm3 and the CH bonds present in the hemoglobin

molecule at 800 nm.?33 Probe wavelengths of 850 nm and 900 nm show negative signal at delays
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longer than 500 fs. We believe that this is due to GSB which results in long-lived negative signal
as previously reported for hemoglobin TAM.2* Importantly, GSB is only present in the HbO, decay
curve. Thus, it could serve well to distinguish between the two species. However, the signal
intensity of hemoglobin is substantially lower at a probe wavelength of 900 nm (~5 fold lower
compared to 700 nm) making it a less ideal wavelength for our experiments. We chose to use a
probe wavelength of 700 nm as it offers the strongest signal of the tested wavelengths as well as
relatively large differences between the transient decay kinetics of two species.

Additionally, we observed a subtle power dependence in the transient lifetime kinetics.
While the overall shape of the curve (i.e., presence of TPA, ESA, or GSB) did not change
substantially at various excitation powers, the quantitative capabilities of the technique would be
lessened from power dependent kinetics. To ensure accurate quantification at a probe wavelength
of 700 nm, we compared the transient lifetime kinetics of HbO, at varying pump/probe powers

and determined the powers below which kinetics are power independent (Figure 3.4). The kinetics

are largely pump power (A = 1040 nm) independent. The probe 35 C e
30+ yd
power (A = 700 nm) had a stronger effect on the kinetics. We 3 25
(5] r /
: 20i //‘/
observed that probe powers above 3 mW caused a subtle change § 15| A 099
g o /‘/ =0.
in transient absorption kinetics that would hinder quantitative ~ 5 .~
07 o
measurements. All pump/probe power experiments were ¢ 5101205 30 %5
Pump power (mW)
performed in triplicate to ensure reproducibility. For all sO2 Figure 3.4. Pump power

quantification, excitation powers were kept at 20 m\W pump power dependence of HbO.

and 3 mW probe power.
Next, we measured the relationship between hemoglobin sO, and transient absorption

signal at chosen pump probe wavelengths. UV/Vis spectroscopy was used as the gold standard for
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Equations 1 and 2:
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determining  s0..%%  First, extracted

hemoglobin was deoxygenated through
exposure to 1.7 mL/min N2 for ~2 hour. The
solution was then slowly re-oxygenated
through exposure to ambient air under
constant stirring for 10 minutes. Samples
were collected every 20 seconds®* through the
oxygenation process and sealed in custom
made airtight cuvettes to prevent further
oxygenation. Figure 3.5A shows the UV/Vis
spectra of hemoglobin at sO> levels ranging
from 0 - 100% at ~10% increments. As the
hemoglobin becomes more oxygenated, the

single peak of Hb at 550 nm disappears giving

way to two peaks near 540 and 580 nm. After

sO. quantification via UV/Vis, the transient decay kinetics of the same samples were interrogated
at two probe delays, T =200 fs and T = 900 fs, simultaneously. These delays were chosen to mitigate
the presence of parasitic signals, such as cross phase modulation and the photothermal effect, that
are present near t = 0 fs.*°. Figure 3.5B shows the relationship between sO, and TAM intensity at

each probe delay. As expected, both TAM signals increase linearly (R?=0.999) with sO; according

S; = [HbT] X sO, X 64 ypo, + [HbT] X (1-s0;) X 04 yp

S; = [HbT] X sO; X 6,10, + [HbT] X (1-50;) X 05y,
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where S; and S; are the TAM intensities at each probe delay, T =200 fs and t =900 fs, respectively,
[HbT] is the total hemoglobin concentration, and o1 and o2 are the signal response of each
hemoglobin species at each probe delay. From the ratio of these two equations, sO. can be
determined. This approach is necessary as it removes the effects of light scattering and variations
in hemoglobin concentration from sO, quantification. The ratio of the intensities, dependent upon

only sO2, can be expressed as

SZ_A+ 1
S, B x sO, + C

Here A, B, and C are values determined via least-square fitting. Figure 3.5C plots the ratio of the
two intensities and the fit with Equation 3. From this ratio, sO> measured with TAM can be
calculated and compared against the true sO> determined by UV/Vis measurements. Figure 3.5D
shows the accuracy (R?=0.999) of TAM measured sO; against the true sO, and the quality of the
fit.

We demonstrate in vitro sO> hemoglobin quantification of whole bovine blood samples.
Whole blood was fully deoxygenated via stirring under 100% N> atmosphere for 2 hours as
previously reported.® Eight samples were collected as the blood was exposed to ambient air and
allowed to reoxygenate. One representative field of view (~150 x 150 um) is shown in Figure 3.6.
Two images, Figures 3.6A and 3.6B, were collected simultaneously at probe delays of t = 200 fs
and © = 900 fs, respectively. Here we observed the characteristic disc shape of the RBCs in both
images, along with a ~3-fold difference in intensity between the two probe delays. We threshold
the images to remove low intensity pixels that hinder accurate quantification. Images are then
segmented to locate individual RBCs (n ~ 750). The intensity ratio (S2/S1) of each pixel contained
within a RBC is averaged to return a single sO, for each RBC, as shown in Figure 3.6C.

Interestingly, the transient lifetime kinetics vary between hemoglobin solution and whole blood.
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As a result, a hemoglobin solution calibration

curve does not accurately quantify the sO» of

Vi -
I35

whole blood. We believe that this is due to

r\)‘-
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B s

either the partial denaturation of the protein

D 50, = 90.8 +/- 7.6% 1
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during extraction or the presence of a cell-

specific background signal.*® Instead, TAM
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Figure 3.6. In vitro ratiometric TAM of whole o ] )
for calibration. Using this method, we

blood. A,B) Bovine blood images at probe delays
of 1=200 fs and t=900 fs. C) Ratiometric sO,  determined the average sOz of all RBCs in

mapping. D) sO histogram of C. E) Results of  Figyre 3.6C to be 90.8 + 7.6%. Figure 3.6D

ratiometric SO2 mapping for all eight samples. ] ]
shows the corresponding histogram of the

Data points shown in red, fit shown in black.
field of view. The calculated sO; of all eight
blood samples collected are plotted in Figure 3.6E. The average standard deviation of sOzis ~7%
across all eight samples. This could be due to either cell to cell variation or measurement
uncertainty. To determine cell to cell variation, we compared the sO> histogram of three RBCs
(Figure 3.7). The measured sO> of the three RBCs was 78.0 + 5.5%, 89.9 £ 5.2%, and 1.00 + 4.3%.

The smaller intracellular sO> standard deviation observed compared to intercellular sO. suggest

that the larger variations observed in whole blood are due to intrinsic cell-to-cell variation. This is
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K B =rsci=rBC>=RBC3  fyrther verified by comparing the statistical
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The origin of this intrinsic difference warrants
further studies. Nonetheless, recent research
demonstrated a change in sO2 of ~10% in response to visual stimuli in murine brains, suggesting
our TAM-based method is sensitive enough to detect physiologically relevant changes in blood
oxygenation, even at the single RBC level.” Lastly, we observed slight changes in transient
absorption kinetics after repeat imaging of a field of view (data not shown). This may be due to
sample heating or photodamage. To avoid this perturbation, we refrain from imaging a field of

view multiple times.

3.4 CONCLUSION

In conclusion, we have demonstrated the first real-time quantification of hemoglobin sO2 with
TAM. This was accomplished through simultaneous detection of two TAM signals at two pump-
probe delays. To the best of our knowledge, this is the first demonstration of real-time imaging of
sO2 using the intrinsic nonlinear absorption of hemoglobin. Additionally, we surveyed several
probe wavelengths at a constant pump wavelength, 1040 nm, and determined that a probe
wavelength of 700 nm provided the strongest signal and extensive differences in transient lifetime
kinetics between HbO> and Hb. We believe that TAM will benefit from additional optimization of
excitation wavelengths. More specifically, we have shown that probe wavelengths closer to the

pump wavelength have increased contribution of GSB which greatly increases the dynamic
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range/sensitivity of ratiometric hemoglobin TAM. Currently the wavelength tuning is limited by
the fixed pump laser. With additional optimization of the pump wavelength by using tunable lasers
sources such as optical parametric oscillator or supercontinuum generation, the contributions of
each TAM process (i.e., TPA, ESA, GSB) can be more precisely tuned to improve sensitivity.
Nevertheless, the demonstrated method already offers more than a thousand-fold improvement in
measurement speed compared to the current state-of-the-art 2PLM, while providing the same
spatial resolution without the use of any exogenous agents. With further improvement in
sensitivity, our technique offers a powerful tool for label-free imaging of sO2 with both in vitro
(e.g., investigating sO: levels in sickle cell disease or malaria models) and in vivo (e.g., quantifying
sO. throughout angiogenesis in tumor models or monitoring sO, involvement in neuronal activity)

applications.
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Chapter 4. LABEL-FREE PATHOLOGY BY SPECTRALLY SLICED
FEMTOSECOND STIMULATED RAMAN

SCATTERING (SRS) MICROSCOPY

4.1 INTRODUCTION

Since its discovery over a hundred years ago, hematoxylin and eosin staining (H&E staining) has
long served as the ‘gold standard’ of histopathology for achieving strong visual contrast between
various cellular features.! This contrast is achieved via chemical labelling of specific functional
groups present throughout the tissue giving rise to spatial-chemical distribution maps of the tissue.
Exploiting key chemical differences between healthy and diseased cells, pathologists can use
cellular morphology to not only diagnose the disease but the severity of the condition as well from
such staining.? While H&E staining is not likely to be replaced by any current technologies, the
requirement of tissue excision, sectioning, and staining severely limits its use in an intraoperative
setting. Quick and accurate diagnosis is crucial for effective surgical treatment of a variety of
cancers including brain, breast, prostate, etc., in which any residual tumor will increase the risk of
cancer relapse. Therefore, a real-time assessment of histopathological features of either excised
tumor tissue or the surgical cavity may significantly improve the outcome of the patient.?

Several competing optical techniques have been developed to address the challenge of
intraoperative tissue assessment. One powerful tool is optical coherence tomography (OCT), a
low-coherence interferometric technigue that images tissue structure at high resolution based on

variations in refractive index.*® In vivo OCT was initially developed for ophthalmology, but has
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been rapidly extended to epidermal, cervical, esophageal, and gastrointestinal tissues.” Most
recently, it has been used for detection of brain tumor infiltration.® OCT has a relatively large
penetration depth of 1-3 mm, compared to other optical microscopy techniques. However, it
suffers from a lack of chemical specificity and thus is unable to provide detailed cellular
morphology.

In order to gain chemical contrast, many groups have worked to use autofluorescence and
fluorescent staining coupled with confocal or multiphoton microscopy to visualize cellular
structures. Although more chemically specific than OCT, both confocal and multiphoton
fluorescence are still limited in contrasts: only a few native in vivo species are known to
autofluoresce, most notably collagen. For tissues that lack strong autofluorescence, an exogenous
agent is added to promote strong fluorescent contrast. The two main staining methods are 5-
aminolevulinic acid (5-ALA)-induced protoporphyrin I1X and nuclear staining, commonly
achieved using acridine orange. With nuclear staining, both confocal and multiphoton
microscopies have been demonstrated to provide cellular contrasts similar to H&E that enables
rapid ex vivo assessment of tumor margins.>® The use of fluorescent dyes does not preclude
fluorescence microscopy from in vivo imaging, as demonstrated by 5-ALA stained, fluorescence-
guided resection surgeries'* 4, but does present additional avenues of intrasample and intersample
discrepancies. Dye-based methods suffer from drawbacks including heterogeneous delivery,
nonspecific staining, and FDA approval limitations.*

Stimulated Raman scattering (SRS) microscopy is an emerging analytical, label-free
technique that has demonstrated exceptional ex vivo®~® and in vivo!®? tissue imaging capabilities.
Compared with fluorescence, it provides specific chemical contrasts without the need for staining.

Raman scattering is the inelastic collision between an incident photon and a molecule. The transfer
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of energy excites a vibrational mode unique to that molecule, making Raman scattering highly
qualified to study inhomogeneous systems such as biological tissues. The advent of coherent
Raman scattering microscopy addressed the major limitation of applying Raman scattering to
tissue imaging — the data acquisition speed. Coherent Raman scattering, including both coherent
anti-Stokes Raman scattering (CARS) and SRS, improves the feeble spontaneous Raman
scattering effect by a few orders of magnitude, allowing rapid image acquisition at a speed up to
video-rate.?! Traditionally, SRS is achieved using narrowband, picosecond pulses tuned to a
particular Raman transition that has a resonance frequency Q equal to the frequency difference
between the pump and the Stokes laser wp - ®s.?> The most commonly used laser system is
neodymium based oscillator and a synchronously pumped optical parametric oscillator. The
spectral resolution of SRS imaging is determined by the bandwidths of the picosecond lasers,
which are typically less than 10 cm™. In order to open SRS up to multi-band excitation, many
groups began experimenting with broadband, femtosecond pulses. Multi-band excitation has been
reported via frequency tuning?®, multiplexing®>%*, and spectral focusing.?® These studies paved the
way for broadband, femtosecond SRS as an alternative to the traditional narrowband, picosecond
SRS.

Recently, the viability of narrowband, picosecond SRS imaging of brain tumor margins
with both frozen and fresh tissue as an alternative to H&E staining has been demonstrated.!’1826
In the work reported by Ji et al.1"*8, two-color SRS was adopted to acquire additional spectroscopic
information, allowing for differentiation of various biochemical and morphological features. For
biological samples, the two Raman transitions used are typically near 2845 and 2930 cm* for lipids
and proteins, respectively. In the study conducted by Lu et al.?®, three-color SRS was employed,

where the third channel probed corresponds to hemoglobin. While the work reported by Ji et al.
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and Lu et al. demonstrates the powerful capabilities of their respective systems, the lasers they
used have 7 ps long pulses, which suffer from low peak intensity and require high laser power for
imaging. Since SRS signal scales with peak intensity, theory posits that spectrally broader,
temporally shorter pulses provide higher signal-to-noise ratio (SNR) at the same optical power
than narrowband, picosecond pulses. One notable study, conducted by Freudiger et al., detailed
the improvement in SNR using spectrally broader, temporally shorter 2 ps pulses through a fiber-
based SRS set up.?” However, fiber-based set ups are limited by their own shortcomings, including
high frequency laser noise and difficulties generating sufficiently high power compared to free-
space lasers. Regardless, the work done by Freudiger et al. demonstrated that temporally shortened
pulses produce higher SNR. Such a system has been recently used by Orringer for intraoperative
histology of unprocessed surgical specimen.?®

One important question that remains unsolved in two-color SRS based histopathology is
what the optimal laser pulses for imaging are. In one study, a near 12-fold increase in SNR of
lipids SRS was observed when the traditional narrowband, picosecond pulses were replaced with
broadband, femtosecond SRS.?® However, there is no systematic study of the influence of pulse
duration on SNR. More importantly, spectral broadening associated with shorter pulses results in
loss of spectral resolution. It is questionable that in two-color SRS imaging whether the same cell
morphological contrasts can be obtained with broadened pulses. In this manuscript, we present
two-color SRS tissue imaging using spectrally sliced broadband, femtosecond pulses to
systematically investigate the influence of excitation laser bandwidth on SNR and image contrast.
After spectral unmixing, our SRS images can provide visual protein/lipid contrast comparable to
narrowband, picosecond SRS, and thus, analogous to H&E staining. Importantly, we find that a

linear increase in SNR is achieved with pulse bandwidth increase up to 40 cm™, while almost
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identical two-color contrasts are retained compared to narrowband pulses. The results agree with
our numerical simulations. This finding has wide implications for future development of SRS

imaging systems for intraoperative tumor margin assessment and early tumor diagnosis.

4.2 METHODOLOGY

4.2.1  Experimental SRS Setup

Our experimental set up used is shown in Figure 4.1. The spectral slicing process begins with a
broadband femtosecond dual beam system (Insight DS+ from Spectra Physics) with an 80 MHz
repetition rate. The two outputs are: a fixed output of 1040 nm with an average power of 800 mW
and bandwidth of 60 cm™ and a variable output from 680-1300 nm with an average power of 1.2
W and bandwidth of 150 cm™. Immediately following emission from the laser, the Stokes beam is
modulated at 10 MHz using an electro-optical modulator (EOM). Next, both pulses, pump and
Stokes, are spectrally dispersed by a transmission grating, physically sliced with a slit, and returned
through the grating at a lower height than incidence to recollimate. The sliced pulses are then
combined at a dichroic mirror and overlapped temporally using a delay line in the pump arm. The
resulting beam is sent into a home-built laser scanning microscope. A 40X Nikon water immersion
objective (Nikon 40X, NA = 1.25) is used to focus the beams onto to the tissue sample. At the
focus, the Stokes beam has an average power of 35 mW and the pump has an average power of 40
mW. With a combined power of ~75 mW at the focus, we are imaging with similar optical power
as recently reported for in vivo imaging of mouse brain vasculature®°, and 2-3-fold less optical
power than other ultrafast ex vivo multiphoton imaging studies.!’'83! Moreover, Galli et al
observed little to no photodamage of ex vivo mouse brain tissue under similar excitation

parameters.3? After passing through the condenser, the Stokes beam is filtered out and the pump
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Figure 4.7. Experimental spectral slicing

setup. The Stokes laser is modulated by an

electro-optical modulator (EOM) at 10 MHz.
Pulses are sliced via spectral dispersion through a
transmission grating (TG) and a controllable slit
placed near the focal point. After slicing, pulses
are spatially and temporally synchronized at a
dichroic mirror (DC) and directed onto a pair of

galvanomirrors (GM). The beams are then sent

through the 40x objective, sample, and

condenser. Finally, the Stokes beam is filtered out
using a low pass filter (LPF) before the beams
terminate at the photodiode (PD). Dotted red and
blue lines represent an offset in the beam height
and the dashed grey lines detail the electrical

connections between computer, PD, and lock-in

amplifier.
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reaches a silicon photodiode. Stimulated
Raman loss (SRL) signal is detected with a
home-built lock-in amplifier.2! The layout
was inspired by work reported by Zhang et al.
using a 4-f system to achieve angle-to-
wavelength pulse shaping.®® Ours differs by
adopting a “folded” 4-f system that uses the
grating to recollimate the sliced pulses. Both
the pump and Stokes pulses are narrowed
using moveable slits that allow for control of
bandwidth and central wavelength. The center
wavelength and bandwidth of each pulse after
slicing were verified using a home-built
interferometer-based

Michelson

spectrometer.

4.2.2 Mouse Tissue Preparation

Brain, liver, kidney, and skin tissues were
harvested from recently sacrificed mouse
carcasses, which were provided by UW
Animal Use Training Services (AUTYS)
according to IACUC protocol 3388-03. The
mice (laboratory mice, mus musculus) were

euthanized by isoflurane or CO, overdose and
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cervical dislocation. The brain was exposed and extracted by removing the scalp and top of the
skull. The kidney and liver were collected by making a Y-incision to expose the intestines then
clipping the connective tissues. Skin tissues were excised using scissors after hair was removed
with Nair. After excision, bulk tissues were placed in phosphate-buffered saline (PBS). Thin
sections of tissue were prepared by razor blade sectioning and then placed on a glass slide with
additional PBS. To prepare the sample for imaging, a glass coverslip was placed on top to sandwich
the tissue specimen between the glass slide and the glass coverslip using double-sided tape as a

spacer.

4.3 RESULTS AND DISCUSSION

We first examined the results of spectral slicing using the aforementioned spectrometer. Figure 4.2

illustrates the effects of slicing on the Stokes pulse and provides the linear calibration of the slit
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Figure 4.8. Effects of spectral slicing on the Stokes pulse. (a) Unsliced interferogram of

Stokes pulse using a Michelson interferometer-based spectrometer. (b) Unsliced Stokes
frequency profile via Fourier transform (FT) of unsliced interferogram. (c) Sliced interferogram
of Stokes pulse. (d) Sliced Stokes frequency profile via FT of sliced interferogram. (e) Linearity

of bandwidth as a function of slit width.
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width. The collected interferograms of the unsliced Stokes pulses are collected and the calculated
spectra via Fourier transform (FT) are displayed in Figures 4.2A and 4.2B, respectively. As evident
by these two figures, the pulses produced by the laser are Gaussian-like in distribution. Spectral
slicing induces a convolution of the laser pulse (Gaussian) and the slit (rectangle), shown in Figures
4.2C and 4.2D. After slicing, the interferogram more closely represents a sinc function (sin(x)/x),
rather than Gaussian. We define the spectral bandwidth as the full width at half maximum
(FWHM) in the frequency domain relative to the central wavelength. Figure 4.2E demonstrates
the linearity of sliced spectral bandwidth as a function of slit width.

The Fourier transform relationship between frequency and time dictates that as a pulse
narrows spectrally, it broadens temporally. Therefore, the pulse duration of an unsliced pulse is
narrower than that of a sliced pulse. However, the cost of stronger peak intensity is reduced SRS
spectral resolution of the selected Raman transition. The difference between using excitation
bandwidths of 10 cm™ and 60 cm™ is shown in Figure 4.3. Using 10 cm™ pulses, the 2855 cm™
channel is predominately lipid signal and the 2935 cm channel is more protein than lipid. When
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Figure. 4.9. Dependence of signal amplitude and contrast on bandwidth. Normalized
spontaneous Raman spectra of bovine serum albumin (BSA) and oleic acid are shown as
representative of proteins and lipids, respectively. Shown is the difference in excitation of the
protein channel (2935 cm™) and the lipid channel (2855 cm™) with (a) 10 cm™ pulses and (b) 60

cm? pulses.
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the bandwidth is increased to 60 cm™ each channel becomes less specific due to higher
contributions from the competing chemical (e.g. lipid signal in the 2935 cm channel).

To study this phenomenon, we imaged cross-sections of freshly harvested mouse brain at

multiple bandwidths. Figure 4.4 demonstrates the increase in SNR associated with broadening the
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Figure 4.4. SRS imaging of mouse brain tissue. Imaging at (a) 2935 cm™ (proteins) with
bandwidths of 10 cm?, 20 cm™, 30 cm, and 40 cm® from left to right and (b) 2855 cm™ (lipids)
with bandwidths of 10 cm™, 20 cm™, 30 cm, and 40 cm* from left to right. Composite tissue
images (c) show only slight differences between 10, 20, 30, and 40 cm™* from left to right. Scale
bar: 100 pm.
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pulses from 10 to 40 cm™ at constant excitation power. The images shown have been field
normalized to mitigate the field effects caused by the imaging and stitching process. All of the
images shown are on the same brightness and contrast scale allowing for a noticeable increase in
signal intensity to be clearly observed. Next, the contribution of protein and lipids are unmixed
using the same procedures as published by Ji et al.*® This process is achieved by removing the lipid
contribution from the protein channel via subtraction. To quantify the contribution of lipids in each
channel, we measure the response of oleic acid (representative of cellular lipids) at each bandwidth
for both channels. Knowing the contribution at a particular bandwidth for each channel allows us
to appropriately scale the protein channel (2935 cm™) and subtract out the lipid channel (2855 cm”
1). Figure 4.4 provides the unmixed protein (A) and lipid (B) images and the overlay images (C)
of mouse brain tissue; the protein channel is shown in blue and the lipid channel, green. The images
have been shown at similar brightness and contrast scales to more easily compare the images
between bandwidths. Features rich in protein, such as nuclei, appear blue, while features rich in
lipids, such as myelin sheaths, appear green. From Figure 4.4, no apparent changes in contrast are
easily observable. To quantify the variation between the images, the contrast between the two
channels for several features was calculated and averaged. We define protein/lipid contrast as the
ratio between protein rich nuclei and lipid rich cytoplasm. The results of this analysis and features
used are shown in Figure 4.5.

In Figure 4.5 three curves are shown demonstrating (B) lipid and protein signal intensity
and (C) protein/lipid contrast as a function of bandwidth. Figure 4.5B shows the agreement of
experimental findings with our numerical simulation (Matlab 2016, Mathworks) detailing the
relationship between SRS signal intensity and bandwidth/pulse duration using a previously derived

formula.®* Our simulation demonstrates that this relationship is dependent upon the bandwidth of
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Figure 4.5. Signal and contrast dependence on bandwidth. A) SRS imaging of mouse brain
tissue 30 cm™® pulses. Total signal for the B) lipid and protein channels as a function of
bandwidth are also shown to illustrate the increase in signal as bandwidth increases. The dashed
and dotted gray lines are theoretical curves at 75 and 50 cm™, respectively. C) Contrast at four
areas was averaged and plotted as a function of bandwidth. The image shown represents the four
areas used and is the overlay at 30 cm™ from Fig. 3 for reference. Scale bar: 200 um.

the excitation pulses and the bandwidth of the Raman transition, I'. More specifically, when
excitation pulses are narrower than the Raman transition, the curve is linear; in the opposite case,
the curve flattens out and plateaus. For cellular lipids and proteins, I' is large, which we believe is
responsible for the linearity of Figure 4.5B. By approximating the Raman transition of proteins
and lipids to be 75 cm™ and 50 cm™, respectively, we see that the experimental findings correlate
well with the theoretical model. The linear regime of both curves is important because it suggests
that optimized excitation conditions exist: inside the linear regime, SNR increases linearly with
laser bandwidth; outside the linear regime, the risk of photodamage quickly increases with only
marginal increase of SRS signal. Figure 4.5C relates the contrast between the channels to the

excitation bandwidth. The trend shows a modest decrease in protein/lipid contrast with increasing
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Figure 4.6. Broadband, femtosecond SRS imaging of mouse tissue using 40 cm™

pulses. The tissues shown are (A, B) kidney, (C, D) liver, and (E, F) skin. For each
tissue, the above image is a larger field of view (FOV) and the below image is a
smaller FOV indicated by the red outline. After unmixing, the images are color coded
and merged; the proteins are colored blue and the lipids, green. Scale bars: 100 pm

bandwidths, with the most substantial being the increase from 20 to 30 cm™. We believe that this
is due to other chemical species present in the sample that are not taken into account in spectral
unmixing.*® In this study, we only consider the two most prevalent species, proteins and lipids,
and neglect contributions from others, most notably water and nucleic acids. Water has a very
broad band from 2900 to 3600 cm™ with maxima around 3200 and 3400 cm™, and nucleic acids
span 2850 to 3100 cm™ with a maximum near 2955 cm™. Therefore, these species will
predominantly contribute to the protein channel at 2935 cm™*, with increasing contribution at larger

bandwidth. These contributions confound spectral unmixing and diminish image contrast.
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To verify our system’s capabilities on a variety of biochemical compositions, we also
imaged three other mouse tissues: liver, kidney, and skin. Figure 4.6 provides the post-processing
overlay images of kidney (A, B), liver (C, D), and skin (E, F) using 40 cm™ excitation pulses.
Figures 4.6 (A, C, and E) all show a large field of view (FOV) and Figures 4.6 (B, D, and F) gives
a smaller FOV at the specified location. From these images, it is evident that broadband pulses are
equally effective at providing cellular morphological contrast across a wide range of chemical
compositions.

Spectral slicing is a robust method of shaping pulses to very controllable bandwidths/pulse
durations; however, a notable disadvantage is the loss of power associated with the physical slicing
of the laser beams. One alternative method to pulse shaping is spectral focusing, wherein the
excitation pulses are chirped through highly dispersive glass rods.?>3® In spectral focusing, the

Raman transition to be probed is chosen by the temporal delay between the pump and Stokes
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Figure 4.7. Simultaneous two-channel SRS imaging of mouse brain tissue using 30 cm™
pulses. The mouse brain image shown was collected using dual-phase lock-in detection. A)
Shows the proteins as blue and the lipids, green, while B) provides a pseudo-H&E color scheme.

Scale bars: 100 pm
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beams. We used dual-phase lock-in detection that has recently demonstrated by He to perform
simultaneous two-color SRS imaging.®® In our experiment, much shorter pulses were used for
imaging. In Fig 4.7, we provide the results of simultaneous two-channel SRS imaging of freshly
excised mouse brain tissue using 30 cm™ excitation pulses with a combined power of 80 mW at
the focus. The two transitions shown are 2850 cm for lipid and 2945 cm for protein excitation.
These transitions and bandwidth differ from those used above due to technical differences between
spectral slicing and two-channel SRS. Figure 4.7A provides the color scheme used above, while

Figure 4.7B remaps the color scheme to a pseudo-H&E color scale.3®

4.4  CONCLUSION

In summary, the use of spectrally sliced broadband, femtosecond SRS provides similar
protein/lipid contrast to narrowband, picosecond SRS after channel unmixing. The main benefit of
using broader pulses is increased SNR which is crucial for improving imaging speeds and the limit
of detection of SRS. To this extent, we have characterized the relationship between protein/lipid
contrast and spectral bandwidth and shown that contrast only decrease slightly by going from 10
cm* to 40 cm™. Moreover, we have demonstrated the optimization of excitation parameters for
proteins and lipids within the linear regime between signal intensity and excitation laser
bandwidth. We further demonstrated that simultaneous two-color SRS imaging can be achieved
with spectral focusing instead of spectral slicing, which more efficiently uses the laser power. The
optimal bandwidth for excitation depends on both contrast and photodamage. In previous
demonstration of two-color SRS based histopathology, 2 ps and 7 ps pulses were used for SRS
excitation.1"182628 |t was shown that 2 ps pulses provide better SNR than 7 ps pulses given the

same laser power. For transform-limited pulses, 2 ps pulses correspond to ~5-10 cm™ laser



78
bandwidth. Our experiment demonstrates that a further 4-fold increase in SNR can be gained by
using even shorter pulses without significant loss of morphological contrasts. Although
bandwidths larger than 40 cm™ may still provide contrasts without much degradation, the gain in
SNR rapidly decreases due to the limit in Raman transition width of proteins and lipids according
to our numerical simulation. Moreover, the photodamage due to high peak power may be of
concern at very large laser bandwidth. Our experimental results are promising as a benchmark in
two-color SRS based pathology applications. Yet, more work needs to be done regarding
broadband, femtosecond SRS. Although we have demonstrated the viability of our system on
imaging a wide variety of tissue with varying lipid content, for a more complex tissue environment
that contains substantially different biochemical composition or tissue inhomogeneity, our system
still needs to be tested. Future work will focus on comparing broadband two-color SRS imaging
of human tumor tissues to H&E staining to validate its diagnostic capability.

The benefits demonstrated in this manuscript are essential for the integration of SRS into
an intraoperative/guided surgery setting. First, as we, and other groups, have demonstrated, the
switch from traditional picosecond excitation lasers to femtosecond lasers is accompanied by
significant SNR increase. Theoretically, an order of magnitude increase in SNR is expected for 40
cm* broadband pulses compared to the most common 7 ps laser system given the same incidence
power. With higher SNR, less optical power can be used to achieve the same quality of images
and imaging speed which mitigates the risk of potential photodamage. Another benefit of
broadband, femtosecond SRS is the choice of laser source. In translating from bench to the bedside,
fiber laser is poised to play an essential role in clinical imaging. Due to high nonlinearity associated
with femtosecond pulses, it is often simpler to construct femtosecond lasers compared to

picosecond lasers. As a result, more femtosecond lasers are available on the market. Finally,
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broadband, femtosecond pulses allows simultaneous two-color SRS imaging due to the proximity
of the protein and lipid peaks, as demonstrated in this manuscript. Simultaneous two-color SRS
offers quicker data acquisition by removing the time required to switch wavelengths, which is
necessary for narrowband, picosecond SRS. Furthermore, as demonstrated herein by the results of
two-color unmixing, protein/lipid visual contrast is not significantly affected by the bandwidth of
the pulses used, within the range of widths detailed. Thus, a carefully optimized broadband,
femtosecond system could provide sufficient protein/lipid contrast at significantly higher imaging

speed than current narrowband, picosecond two-color SRS.
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Chapter 5. IMPROVED LABEL-FREE PATHOLOGY BY SRS
MICROSCOPY

5.1 INTRODUCTION

The overarching purpose of intraoperative consultations for tumor surgeries is to obtain crucial
information that informs surgical treatment. The tools currently employed include microscopic
assessment of a submitted specimen through cytological preparations or cryosectioning and
subsequent staining of the tissue by hematoxylin and eosin (H&E). The challenges of generating
a diagnostically adequate H&E slide of cryosectioned tissue are organ-specific. In central nervous
system specimens, the main challenge often results from limited sample size and general texture
heterogeneity of the submitted tissue. In such cases, texture heterogeneity manifests itself as a
freeze artefact - the diffuse or focal splitting of sections or cellular rarefaction resulting in loss of
diagnostic information.! The presence of these artefacts in microscopic sections can result in
misinterpretations and subsequent diagnostic pitfalls.?

In addition to the inherent challenges of cryosectioning, the location of the tumor can add
complexity to management. One group of tumors that poses many challenges is skull base tumors
which include meningiomas, pituitary adenomas, schwannomas, hemangiopericytomas,
chordomas, various types of sarcomas, carcinomas, and metastases among other entities.® Skull
base tumors face unique challenges due to their low occurrence, presence in deep locations,
proximity to critical neurovascular structures, and extension beyond anatomic boundaries.*
Accurate intraoperative tissue diagnosis is essential during skull base tumor surgery to maximize
tumor removal, as a non-resected tumor can lead to recurrence, treatment failure, and overall poor

outcome.® In particular, a rapid diagnosis during the removal of skull base tumors can help the
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surgeon to choose how aggressive the resection should be. In addition, in some patients, a rapid
diagnosis can help to delineate the margins of tumor resection. Additionally, there is an increasing
need to preserve tissue from small pathology specimens for downstream molecular ancillary
testing, and an intraoperative technique aimed at preserving tissue would be preferable in these
cases.

Many advanced optical imaging techniques have been developed to detect neoplastic cells
and to provide diagnostic information with varying degrees of success, including optical coherence
tomography®’, confocal microscopy®, two-photon fluorescence combined with second harmonic
generation®*t, Raman spectroscopy*?, and coherent Raman scattering (CRS) microscopy.** Among
the previous work, CRS stands out amongst other imaging techniques as it provides both
morphological and chemical information at a submicron resolution without any staining or
chemical labels.** Two CRS methods have been established: coherent anti-Stokes Raman
scattering (CARS) and stimulated Raman scattering (SRS). Both CARS and SRS use two pulse
lasers (pump and Stokes) to excite intrinsic vibrational motions of molecules coherently and have
been shown to be able to provide molecular contrasts that can aid cancer diagnosis.*®

In particular, it was recently demonstrated that SRS microscopy could provide H&E
equivalent information for pathologists to determine cancer subtypes, thereby offering the
potential for replacing frozen sectioning as an intraoperative diagnostic tool.*>® Specifically, it
has been shown that a two-color SRS imaging approach targeting the C—H transition of lipid and
protein (Raman transition at 2850 cm! and 2930 cm!, respectively) allow direct visualization of
cell nuclei. The resulting images can be recolored using linear dependence of the signal on lipid
and protein content, allowing for a simple and very close simulation of H&E, i.e., stimulated

Raman histology (SRH). Orringer et al. and Hollon et al. have tested the efficacy of SRS
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microscopy as a potential intraoperative H&E staining alternative for cases including glial and
metastatic neoplasms with 92% accuracy of tumor subtype determination as assessed by
neuropathologists.?>® Another recent study using the same SRH approach further validated the
visual comparison of SRH images to H&E as applied to gastrointestinal tract.}” Other studies used
two-color SRS images for cancer/non-cancer identification in laryngeal squamous cell
carcinoma® and glioblastoma infiltration in the brain.'® However, these studies did not provide
pathologist evaluation of SRH or SRS two-color images for cancer subtype determination and thus
are insufficient to validate SRS as an alternative to histology. Similar to SRS, CARS microscopy
has also been explored for cancer diagnosis?®?? based on chemical contrasts. Compared to SRH,
CARS is further complicated by the presence of a non-resonant background®-2, which prevents
direct conversion of CARS images to H&E images. Adding additional chemical contrasts from
second harmonic generation and two-photon fluorescence, it has been shown that multicolor
images can be generated and provides useful diagnostic information.?” However, whether
pathologists can use these images to provide meaningful cancer diagnosis requires further
investigation.

While a few studies have validated SRH in limited settings, it remains unclear whether
SRH is generally applicable to a diverse set of tumor types encountered in daily pathology practice.
Employing two Raman transitions targeting lipids and proteins to generate an H&E alternative
works well for entities with higher cytoplasmic lipid content as can be expected in glial neoplasms.
This is because the cytoplasmic lipid signals are a primary source of contrast to visualize cell
nuclei. However, skull base tumors are inherently more complex because high protein and low
lipid concentrations in the cytoplasm or the stromal matrix are common and can pose a challenge

in visualizing nuclei. To explore the utility and limitations of SRH in complex tumors, we have
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set out to conduct a more dedicated investigation of SRH application to skull base tumors.
Additionally, we take a different approach from previous studies by focusing on the user (i.e.,
pathologist) in addition to SRH validation. With only a few publications testing the accuracy of
diagnosing histological subtypes*>¢, we emphasize assessment of how SRH performs at every step
of the typical diagnostic workflow. Moreover, unlike previous studies, instead of training
pathologists with SRH images, diagnosis in this study is performed without prior training and thus
provides an unbiased assessment of the diagnostic accuracy achievable in an intraoperative setting.
We used a simultaneous two-channel SRS imaging method we and others have developed to
enable rapid SRH assessment.?®?° Specifically, we performed simultaneous two-channel
acquisition by using two 90° phase shifted Stokes pulses for orthogonal lock-in detection. This
approach allows us to acquire protein and lipid SRS images rapidly for large pieces of tissue by
eliminating wavelength switching and sequential acquisition. We image fresh resected tumor
tissue collected prospectively during intraoperative consultation and validate the diagnostic
capability of SRH through modularized review by board-certified neuropathologists. Our results
reveal that SRH is effective in most cases with 87% accuracy relative to H&E stained formalin-
fixed paraffin-embedded (FFPE) sections. Moreover, we find that in cases with limited lipid signal
to provide the necessary contrast for nuclei visualization, rendering diagnosis is challenging when

using strictly SRH, and it can be significantly improved with SRS chemical information.

5.2 METHODS

5.2.1  Tissue Collection and Preparation

Sixteen subjects undergoing operations for skull base tumors were recruited with the approval of

the University of Washington Institutional Review Board over the course of 12 months, and all
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research was performed in accordance with relevant guidelines and regulations. Subject eligibility
was determined during preoperative evaluation by the neurosurgeon (L.N.S.) participating in this
study, and written informed consent was obtained from each subject before surgery. At the time
of standard intraoperative frozen section consultation, a fresh tissue sample measuring
0.3 x0.2 x 0.1 cm on average was allocated for this study. Each piece of fresh and unlabeled tumor
sample was placed on a well depression glass slide, moistened with saline and covered with a
coverslip in preparation for SRS imaging. Following SRS imaging, each sample was placed in
neutrally buffered formalin, processed, and embedded in paraffin for permanent sections. Samples
were then sectioned and stained with H&E for standard histopathological analysis. All SRS images
with corresponding FFPE sections stained with H&E of skull base tumors were reviewed by a
board-certified neuropathologist (G.J-S.), who selected representative portions of SRS images for
histological analysis. Slides of frozen sections or cytological preparations performed at the time of
intraoperative consultation from all studied cases were also reviewed in this study in order to
compare the quality of SRS images with standard intraoperative techniques and to determine the

diagnostic utility of SRS microscopy.

5.2.2 SRS Microscopy

Figure 5.1A depicts simultaneous two-color SRS that was employed in our study.?®2° Briefly, the
Stokes and pump pulses provided by the fixed (1040 nm center wavelength, <200 fs, >1.5 W) and
tunable (798 nm center wavelength, <150 fs, 1.0 W) outputs, respectively, of a dual-output
oscillator (Insight DS+, SpectraPhysics) with a repetition rate of 80 MHz. The Stokes pulse was
modulated at 20 MHz using an electro-optic modulator (EOM) and split into two separate arms,
one of which was then delayed by 12.5 ns (1/80 MHz) relative to the other. The two arms were

recombined using a 50:50 beamsplitter and stretched to 2 ps using a grating-based pulse
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Figure 5.1. Experimental set up for SRS microscope and controls for lipid and protein
channels. (A) The Stokes laser is modulated by an electro-optical modulator (EOM) at 20MHz.
Tunable laser is spectrally dispersed through glass rods (tunable) and Stokes laser is dispersed
through a grating stretcher (GS). They are the spatially and temporally overlapped at a dichroic

mirror (DCM) and directed onto a pair of galvanomirrors (GM). The beams are then sent through
a laser scanning microscope with a 25x water immersion objective. The pump beam after the
condenser is detected by a photodiode (PD). The signal is processed through lock-in amplifier
(LIA). Te images are collected using Scanlmage on computer processing unit (CPU). (B) SRS
spectra for oleic acid and bovine serum albumin (BSA) as controls for lipids and proteins,
respectively.

stretcher.3! The tunable source was centered at 798 nm, and the pulses were dispersed using
60 cm of glass rods. The average spectral width is estimated to be 300 cm'.3! The pump and
Stokes beams were then combined with a dichroic mirror and overlapped temporally using a delay
line in the tunable arm. The resulting beam was sent into a home-built laser scanning microscope.
A 25X Olympus water immersion objective (NA = 1.05) was used to focus the beams onto the
tissue sample. At the focus, the Stokes beams had an average power of 30 mW each, and the pump
had an average power of 40 mW. After passing through the condenser, the Stokes beam was

filtered out, and the pump reached a silicon photodiode. SRS signal was detected with a lock-in
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amplifier. The two orthogonal output of the lock-in amplifier provided the simultaneous two-
channel SRS signals for pseudo H&E rendering.?® Figure 5.1B depicts examples of SRS spectra

for oleic acid and bovine serum albumin (BSA) as controls for lipids and proteins respectively.

5.2.3  Image Processing

Figure 5.2 details how SRS images were processed into the pseudo-H&E images to be given to

neuropathologists for analysis. The acquired lipid (Fig. 5.2A) and protein (Fig. 5.2B) images

Protein (2,930 cm-) Protein (lipid subtracted)

Figure 5.2. Image processing of stitched SRS imaging data (Meningioma, WHO grade I). (A)

Stitched field normalized data for lipid channel. (B) Stitched field-normalized data for protein
channel. (C) Lipid data subtracted from protein, utilizing lipid and protein images in (A,B). (D)
Recoloring result of lipid data. (E) Recoloring result of protein data. (F) Composite image of

(D,E). Whole tissue scale bar: Imm. Inset scale bar: 50 um.
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(285 um x 285 um per frame) were field-normalized and stitched to recover a complete tissue
image (2—6 mm in size). Subsequently, the lipid channel was subtracted from protein channel, as
previously demonstrated, to generate lipid corrected protein image (Fig. 5.2C).%2 Using a custom-
generated color scale in Image J, the lipid and lipid-corrected protein channels were recolored to
match the conventional H&E (Figs. 5.2D and 5.2E) and combined to form a single image for

histological analysis by pathologists (Fig. 5.2F).

5.2.4  Survey Methodology

A validation survey was conducted in order to establish the diagnostic utility of SRS simulated
H&E images (SRH) compared to standard intraoperative pathology, which typically includes the
frozen section and cytological preparation of the specimen routinely stained with H&E. The survey
was performed by three neuropathologists (P.J.C., C.S.L., and L.F.G.-C.) who were blind to the
diagnosis. They received a short clinical and radiographic summary of each case to mimic the
circumstance of an intraoperative consultation but had no knowledge of SRS imaging and no
training on SRH images. All sixteen studied cases were enrolled in the survey, which consisted of
three phases: 1. Review of SRS generated images (SRH); 2. Review of the H&E-stained FFPE
sections of the same specimen, and; 3. Review of the H&E-stained frozen sections or cytological
preparations performed at the time of the neoplasm extraction for intraoperative diagnosis. Each
phase included a series of multiple-choice questions focused on neoplastic appearance (epitheliod,
spindle cell, myxoid, chondroid, or other), architectural pattern (lobular, fascicular, glandular,
nested, papillary, sheeting, or other), and nuclear shape (rounded, elongated, and other). After the
initial assessment, the evaluators participated in the diagnostic interpretation of each case that
included differential diagnosis (a list of neoplasms that fit the neoplasm description, architectural

pattern, and nuclear shape they have assigned to the case in combination with a clinical and



91
radiographic summary provided) and final diagnosis. Finally, each participant was required to
quantify their level of confidence in their diagnosis. The results of the survey were compared to
the assessment by collaborating pathologist G.J.-S. (histopathological features and differential

diagnosis) and the neuropathology report (final diagnosis).

5.2.,5  Statistical Analysis of Survey Data

For each pathologist, percent agreement and Cohen’s kappa (xc) were calculated while comparing
each modality (SRH, H&E frozen, and H&E permanent) to the assessment by the collaborating
pathologist G. J.-S. (histopathological features and differential diagnosis) and the neuropathology
report (final diagnosis) for individual case using R software. Additionally, the relative accuracy as
a ratio of SRH and H&E FFPE percent agreement was calculated for comparison of SRH to the

golden standard of diagnosis. Fleiss’ kappa (xr) was calculated to assess interpathologist reliability.

5.3 RESULTS AND DISCUSSION

5.3.1  SRH Images Provide Cytoarchitectural Visualization Necessary for Diagnosis

For a pathologist, architectural and cytological features are necessary for the diagnostic process.
We use a studied meningioma case in Fig. 5.3 as an example of cytoarchitectural visualization
available with SRH images. The characteristic lobular architectural growth pattern of epithelioid
cells is as apparent in SRS images as it would be at a lower magnification of H&E stained frozen
or FFPE sections (Figs.5.3A-5.3C). At high resolution, the SRH image shows clear
cytomorphology such as round to oval nuclei with bland chromatin and inconspicuous nucleoli
(Figs. 5.3G-1). Moreover, scattered intranuclear pseudoinclusions, common histological features
identified in meningiomas, are also visualized on SRH (Fig. 5.3D). Identical histological features

are present in concurrent frozen and concomitant FFPE sections (Figs. 5.3H and 5.3I).



92

Furthermore, sufficient cytomorphological features can be identified to determine other

cell types. Figures 5.3D-5.3F show lipid-rich cells identified and marked by a red box as
macrophages (confirmed by immunohistochemistry). While in the case of meningioma, these cells
are not considered diagnostically essential, in the case of breast cancer, tumor-associated

macrophages have been explored as a prognostic marker.333%*
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Figure 5.3. Comparison of cellular features available with SRH versus conventional

H&E stained slides in representative case of Meningioma WHO grade I. (A-C)
Comparison of architecture features. (D—F) Increased magnification highlighting
macrophages (red box) verified by immunohistochemistry and intranuclear inclusions

(cyan box). (G-1) Nuclear features with easily identifiable nucleolus (blue box).
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5.3.2  SRH Images Reveal Diagnostic Features in a Broad Range of Skull Base Tumors

An accurate pathologist interpretation of unique histopathological features is essential during a
neurosurgical procedure. For SRH to be applicable in an intraoperative setting, SRH must deliver
clear and easy to interpret images with sufficient information. To examine the capability of SRH
at providing useful histopathological information, we image a broad range of skull base tumors
including nine meningiomas, three schwannomas, one chordoma, one chondrosarcoma, one
pituitary adenoma, and one papillary craniopharyngioma. Figure 5.4 highlights typical diagnostic
features of selected skull base tumors captured by SRH in comparison with H&E stained frozen
sections of the same case and H&E stained FFPE sections of the same tissue.

The advantage of SRH is the ability to image the sample without sectioning, which
eliminates challenges introduced by freeze artefact from cryosectioning. This issue is exacerbated
when tissue samples are challenging to cut due to the heterogeneity of texture. The three cases that
serve as an example (meningioma, chordoma, and chondrosarcoma) are shown Fig. 5.4. Figures
5.4A, 5.4G, and 5.4J demonstrate well-preserved diagnostic features in SRH images for
meningioma, chordoma, and chondrosarcoma, respectively. In contrast, Figs. 5.4B, 5.4H, and
5.4K show corresponding H&E stained frozen sections distorted by freeze artefact. FFPE sections
providing a reference for the typical appearance of histological features are shown in Fig. 5.4C,
5.41,and 5.4L.

In the case of meningioma, the texture heterogeneity is caused by psammoma bodies
(round collection of calcified material). This is a good example of the challenges faced when
calcified material is present during cryosectioning. Psammoma bodies are diagnostically helpful
when suspecting meningioma, which mitigates poor tissue preservation in this case specifically.

On the other hand, conserving features in case of chordoma and chondrosarcoma is important for
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accurate identification. Figures 5.4G and 5.41 show chordoma with vague small clusters and
individual epithelioid cells with pale vacuolated cytoplasm (physaliphorous cells) and prominent
dense extracellular protein-rich myxoid matrix that are missing in frozen section images. Similarly,
one studied chondrosarcoma (low-grade per neuropathology report) demonstrated scattered
mononucleated neoplastic cells in lacunae found in an abundant cartilaginous protein-rich
background (Figs. 5.4J and 5.4L). These three examples highlight SRH advantage over the
conventional frozen section in preventing loss of cytoarchitecture due to the extensive freeze
artefact and tissue texture heterogeneity. When freeze artefacts are not a significant issue, the
diagnosis on frozen section analysis can still be challenging due to ambiguous histomorphology in
spindle neoplasms including schwannoma (Figs. 5.4D—5.4F) and meningioma without psammoma
bodies (Fig. 5.3). With SRH, the different recoloring scheme can be used to highlight those
features as will be discussed later. Additionally, because SRH is non-destructive, any imaged
tissue can be saved for downstream histopathological analysis, and it is a significant advantage in
cases where there is limited tissue.

In other studied types of tumors, similar morphological features found typically in FFPE
sections are sufficiently replicated in SRH. For example, SRH of studied pituitary adenoma reveals
sheets of relatively monotonous neuroendocrine cells with a moderate amount of cytoplasm and
rounded nuclei with bland and occasionally stippled chromatin, depicted in Fig. 5.4M. These
histological features agree well with those observed in a concomitant H&E-stained FFPE section
(Fig. 5.40) as well as concurrent cytological preparation (Fig. 5.4N). Additionally, our study
includes a craniopharyngioma, a squamous epithelial neoplasm characterized by cauliflower-like
papillary structures and fibrovascular core, which are visible on SRH image (Fig. 5.4P), FFPE

(Fig. 5.4R), and corresponding frozen sections stained with H&E (Fig. 5.4Q).
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Figure 5.4. Comparison of SRH with conventional histological preparations of skull base
tumors. (A-C) Meningioma, WHO grade I. (D—F) Schwannoma, WHO grade I. (G-I)
Chordoma. (J-L) Chondrosarcoma, grade 2. (M,N*,0) Sparsely granulated somatotroph
adenoma. (P-R) Papillary craniopharyngioma (BRAF-mutant). Case warranted cytological

preparations only during intraoperative consultation.
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Finally, SRH provides information on chromatin appearance, which can be used as
evidence of preoperative treatment such as embolization. Preoperative endovascular embolization,
adjunctive treatment of meningioma, was performed in 5 out of 9 studied meningiomas, and in one
studied case resulted in noticeable cytomorphological changes captured on SRH (Figure 5.5),
including the vague architectural structure and neoplastic cells with pyknotic nuclei (Fig. 5.4A).
These histopathological features were also identified on both conventional H&E-stained FFPE
sections of the same specimen and corresponding frozen sections (Figs. 5.4B and 5.4C). To
contrast, a meningioma case without prior embolization discussed earlier can be referenced
(Figs. 5.3 and 5.5).

Qualitative comparison of SRH images to H&E stained frozen sections shows that SRH
offers an advantage over frozen section by avoiding diagnostic pitfalls due to freeze artefact. The
pseudo-H&E recolored SRS images offer comparable diagnostic features that are available in
H&E stained FFPE with the advantage of being non-destructive and preserving tissue for

downstream diagnostic tests.

5.3.3  Diagnostic Accuracy of SRH Images Compared to Conventional H&E Based

Techniques

In order to establish the diagnostic utility of SRH, we administer a survey which assesses the
interaction of a given neuropathologist with SRH, H&E stained frozen, and FFPE section slides.
Unlike previous studies'>'s, our survey included modularized assessment of the pathologist
experience with SRH testing beyond final diagnostic accuracy. Typically, a pathologist uses
histopathological features including neoplasm description, architectural pattern, and nuclear shape,
among others in combination with clinical history and neoplasm location to progress from

differential diagnosis to the final diagnosis. Because the generation of the final diagnosis is
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involved, we benefit from understanding what histopathological features were discrepant on SRH.
Moreover, we are comparing how H&E stained frozen, and FFPE sections perform in the same
situation as SRH to isolate quality drawbacks of SRH from possible pathologist variability inherent
to the diagnostic process. Table 1 shows a summary of our survey findings. The percent agreement
highlights the absolute proportion of cases that agree with the collaborating pathologist G. J.-S.
(histopathological features and differential diagnosis) and the neuropathology report (final
diagnosis). Concordance based on Cohen’s kappa (kc), is also reported. Interpathologist reliability
is assessed using Fleiss’s kappa (x¢). To limit the impact of interpathologist variation, we report a
relative accuracy defined as a ratio of SRH percent agreement and H&E FFPE to highlight the
performance of SRH relative to the gold standard.

Overall, the SRH percent agreement for histopathological features is approximately the
same as the percent agreement for FFPE and frozen sections between neuropathologists. However,
the interpathologist reliability for SRH is consistently lower within a given histopathological
feature. These findings could be explained by the fundamental difference of tissue handling in
SRH as measurements are conducted on fresh tissue and the final appearance of cellular features
as well as tissue architecture could be slightly different when compared to frozen and FFPE.
Additionally, the inherent differences in color scale between SRH and H&E stained sections could
affect the assessment of the architectural growth pattern. For example, the myxoid and chondroid
architectural growth patterns are not visualized sufficiently, as supported by our survey, on SRH
due to the proteinaceous background being recolored darker than what is found typically on H&E.
Despite the possible shortcomings of SRH when evaluating individual histopathological features,

the differential diagnosis was developed successfully (average of 94%, Table 5.1).



Figure 5.5. Comparison of meningioma with and without preoperative

endovascular embolization treatment. A) SRH of meningioma case without
preoperative embolization. B) SRH of meningioma case with preoperative
embolization. C) H&E stained frozen section of meningioma case without
preoperative embolization. D) H&E stained frozen section of meningioma case
with preoperative embolization. E) H&E stained FFPE section of meningioma
case without preoperative embolization. F) H&E stained FFPE section of

meningioma case with preoperative embolization.
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Using the histopathological features and clinical history, as mentioned above, the
neuropathologist narrowed down the differential diagnosis to the final diagnosis with an average
percent agreement of 81% (Table 5.1). Figure 5.6 shows a closer look at the cases used in the
assessment and specifically what cases received the discrepant diagnoses. Based on our evaluation,
we find two tumor types that are most prone to discrepancies in the final diagnosis when using
SRH images: schwannoma and chondrosarcoma (Fig. 5.6D). In the case of chondrosarcoma, only
one of the three neuropathologists include the entity on their differential diagnosis. One plausible
cause for this is the component composition of this tumor type. Chondroid neoplastic cells produce
Table 5.1. Survey results, comparing SRH versus conventional tissue processing and
staining. Relative accuracy is calculated as ratio of SRH percent agreement and H&E FFPE.

Confidence score is assigned as follows: 4 - highly confident, 3 - confident, 2 - somewhat

confident, 1 - not at all confident.

Interpathologist
Neuropathologist 1 Neuropathologist 2 Neuropathologist 3 reliability (xp)
H&E | H&E H&E |H&E H&E |H&E H&E | H&E

SRH |frozen |FFPE |SRH |frozen |FFPE |SRH |frozen |FFPE |SRH |frozen |FFPE
Neoplasm Description:
Percent Agreement 88% 88% 88% 75% 88% 81% 75% 75% 75%
Concordance (k) 0.78 0.80 0.80 0.52 0.78 0.66 0.61 0.56 0.59 0.48 |0.78 0.63
Relative Accuracy 100% | — - 92% — — 100% | — —
Architectural Pattern:
Percent Agreement 75% 75% 75% 69% 88% 81% 44% 56% 50%
Concordance (k) 0.64 0.65 0.65 0.58 0.83 0.74 0.34 0.48 0.43 028 |0.38 0.41
Relative Accuracy 100% | — - 85% — — 88% — —

Nuclear Shape:
Percent Agreement 94% 100% 94% 94% 94% 94% 88% 94% 94%
Concordance (k) 0.87 1.00 0.86 0.86 0.86 0.86 0.73 0.86 0.86 0.64 |091 0.82
Relative Accuracy 100% | — - 100% | — — 93% — —

Differential:
Percent Agreement 94% 100% 100% 94% 100% 100% 94% 100% 100%
Concordance (%) 0.90 1.00 1.00 0.90 1.00 1.00 0.90 1.00 1.00 —_ —_ —_
Relative Accuracy 94% o - 94% — — 94% — —

Final Diagnosis:
Percent Agreement 88% 94% 100% 75% 94% 81% 81% 100% 94%
Concordance (x,) 0.80 0.90 1.00 0.61 0.90 0.68 0.66 1.00 0.90 0.57 | 0.87 0.79
Relative Accuracy 88% o - 85% — — 87% — —

Confidence score 3.13 3.50 3.50 2.31 2.81 3.31 2,94 3.63 3.56
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a cartilaginous matrix low in lipid content with occasional intracytoplasmic hyaline globules in
lower grade tumors. Because both the cartilaginous matrix and hyaline globules will have SRS
signal in the protein channel with minimal lipid content for additional contrast, chondrosarcoma
cases can be challenging to diagnose using SRH (Fig. 5.4J). Such an issue is mainly due to the

requirement of having to match the H&E color scheme.
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Figure 5.6. Depiction of correctly diagnosed cases for each neuropathologist and modality.
(A—C) Neuropathologist 1, 2, and 3, respectively. (D) SRH only comparison for all

neuropathologists.
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For the case of schwannomas, we have found that neuropathologists frequently qualify their
decision when arriving at a final diagnosis for spindle cell tumors such as meningioma and
schwannoma. For all neuropathologists, the differential diagnosis for such cases is correct.
Pathologists may remain cautious with final diagnoses during intraoperative consultations,
explaining that spindle cell neoplasm can be either schwannoma or meningioma, with the
understanding that differentiation between those two entities will not have a significant impact on
the immediate surgical management. In such cases, the final classification can be deferred to FFPE
sections where additional histological examination and ancillary stains performed as needed can
provide the necessary information to arrive at a definitive diagnosis.

Finally, SRH provides enough information for a neuropathologist to render the final
diagnosis with an average percent agreement of 81% and relative accuracy of 87% (Table 5.1).
The neuropathologist rated confidence score correlates with percent agreement. This correlation is
expected as the more confident a neuropathologist feels using SRH images, the more accurate their
diagnosis is expected to be. Although the objective of our study was to see how SRH performs
without the use of training data sets, it is relevant to highlight that slight differences between SRH
and conventional H&E staining impacts confidence and, by extension, diagnostic accuracy. This
issue could be mitigated with SRH interpretation training that would be necessary for clinical

application of SRH.

5.3.4  Additional Chemical Information Improves Diagnosis of SRH

After evaluating the types of tumors that are discrepant on SRH images, we identified that low
stromal lipid concentration (as in the case of chondrosarcoma) could be challenging for pseudo-
H&E recoloring. In conventional H&E staining, hematoxylin preferentially stains nucleic acids

dark purple, highlighting nuclear features, whereas eosin stains protein content various shades of
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pink and red. Pseudo recoloring used in SRH relies on contrast from lipid and protein to recolor
protein signal purple, enabling clear visualization of the nucleus. However, the requirement to
pseudo-H&E recolor SRS images in SRH limits how chemical information from SRS is presented,
which underutilizes the differences in protein and lipid in stromal or cytoplasmic components. The
information on lipids is not available in conventional H&E.

Although this study is focused on evaluating the diagnostic utility of SRH, it is important
to emphasize that protein and lipid information from SRS is available to augment the use of SRH

in intraoperative consultation. This can be exemplified in two different cases. Firstly, the studied
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Figure 5.7. Chondrosarcoma versus meningioma. (A) Pseudo-H&E recolored SRH of
chondrosarcoma case. (B) Lipid (green) and protein (magenta) SRS of chondrosarcoma
case. (C) Pseudo-H&E recolored SRH of meningioma case. (D) Lipid (green) and protein

(magenta) SRS of meningioma case.
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chondrosarcoma case was misclassified as meningioma due to perceived similarities on SRH
(Figs. 5.7A and 5.7C). However, direct analysis of the protein and lipid SRS images of SRS
recolored in magenta and green (Fig. 5.7D versus 5.7B) shows a high lipid signal in the case of
meningioma, while in chondrosarcoma, the supporting cartilaginous matrix is protein-rich. The
SRS-based data matches the general knowledge that chondrosarcoma cells can be found in a matrix
that is predominantly cartilage, made almost exclusively of protein. Information provided by SRS
can thus facilitate a confident diagnosis of chondrosarcoma.

Secondly, the occasional challenge of differentiating meningioma and schwannoma cases
can be overcome with SRS lipid and protein information without having to resort to

immunohistochemistry staining. In schwannoma, the collagen fibers often are present between
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Figure 5.8. SRS images improve the identification of collagen. (A) Depiction of architectural
and morphological differences between meningioma and schwannoma with particular focus on
collagen fibers. (B) H&E of schwannoma. (C) H&E of meningioma. Protein signal is shown in
magenta while lipid signal is shown as green. (D) Sample of collagen type IV antibody stained

schwannoma case. (E) SRS based image of schwannoma. (F) SRS based image of meningioma.
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neoplastic cells in contrast to meningioma, where the collagen fibers usually surround the group
of neoplastic cells that can be found in a lobular pattern (Fig. 5.8A). These histological features
are subtle when using H&E-stained FFPE sections (Figs. 5.8B and 5.8C) but can be distinguished
with immunohistochemistry (Fig. 5.8D). To assist with the differentiation of meningioma from
schwannoma using SRS, we can highlight collagen fibers using magenta (protein) and green (lipid)
colors in combination with simple linear remapping that correlates the color intensity to the
concentration of the constituent of interest. In addition to simulated H&E, the protein and lipid
data contrasted in the new color scheme allows for more efficient highlighting of collagen fibers
and determining whether they are present in between neoplastic cells (Fig. 5.8E) or are present
around meningioma lobules (Fig. 5.8F), allowing us to separate schwannoma from meningioma.

In summary, we highlight in Figs. 5.7 and 5.8 that using the lipid and protein chemical
information, a pathologist could better visualize the collagen fibers in schwannoma cases and
discern collagenous matrix of chondrosarcoma from lipid-rich tumors such as meningioma
respectively. Furthermore, the SRS ability to detect collagen fibers can be used as a surrogate for
immunohistochemistry, which could improve the diagnostic process intraoperatively in addition

to saving money on expensive antibody reagents.

5.4 CONCLUSION AND FUTURE OUTLOOK

SRH has shown great promise in intraoperative diagnosis of a limited subset of neoplastic entities,
particularly glial tumors. However, the broad utility of SRH and challenges it may face in more
diverse tissue remain largely unknown. Furthermore, the evaluation of the diagnostic accuracy
conducted in previous studies has only focused on comparing SRH to H&E frozen sections and
clinical diagnosis rendered intraoperatively.'>'® However, the gold standard in surgical pathology

is the use of H&E stained FFPE sections in combination with ancillary studies, including
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immunohistochemistry, which requires time-consuming tissue processing as well as pathological
interpretation. We address the gaps in testing SRH diagnostic capability using the reported original
neuropathological diagnosis established for a given case and compare SRH to conventional
modalities while accounting for interpathologist variability. In order to thoroughly assess the
diagnostic utility of SRH, it is important to modularize the evaluation process to determine
precisely the areas where SRH based technology needs improvement. We achieve that by assessing
the efficacy at multiple steps on the way to final diagnosis as well as checking the neuropathologist
confidence when using the new modality.

Taking our unique evaluation approach, we find that neuropathologists were able to
establish a neoplasm description, architectural pattern, and nuclear shape with practically the same
percent agreement as conventional modalities. Following the diagnostic process, we find that
neuropathologists generate differential diagnosis successfully and final SRH diagnostic capability
is very close to conventional modalities. In addition to demonstrating the diagnostic capabilities
of SRH on this subset of tumors, we demonstrate supporting findings that SRS chemical
information with lipid and protein can further help diagnostic process and possibly reduce the need
of immunohistochemistry use in selected cases.

At the same time, one of the main challenges that the SRS technique is likely to face in
broader organ applications is the reliance on lipid and protein contrast to visualize nuclear features
which are important to render a pathological diagnosis. For many neoplastic entities, protein/lipid-
based simulation of H&E works well. However, for situations where lipid is limited in the
cytoplasm, or otherwise nearby stroma, a map of local protein concentration provided by SRS
might not be sufficient for successful visualization of a nucleus and general cellular morphology.

New recoloring schemes can be considered to mediate such a problem. Nuclear segmentation has
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been reported in H&E stained slides, fluorescence images, and SRS images.3>3" With nuclear
segmentation, a separate recoloring technique can be employed. However, incorporating separate
recoloring techniques must be generalized across different entities to reduce user variability and
avoid inconsistent simulation of H&E. Such inconsistencies can prompt the pathologist to
misclassify the type of neoplasm with a detrimental consequence to patients. Moreover, when
designing new recoloring schemes, it is essential to use a consistent method without a
priori knowledge of H&E as such knowledge would not be available in an intraoperative setting.

In conclusion, we have studied a diverse set of skull base tumors using fast simultaneous
2-channel SRS imaging and new pseudo-hematoxylin and eosin (H&E) recoloring methodology.
Due to label-free non-destructive features of SRS technique, we demonstrated that most challenges
with cryosectioning and limited amounts of fragile tissue during intraoperative consultation could
quickly be addressed using SRS based approach. Using a diverse set of tumors, we determined the
potential drawbacks of pseudo-H&E recoloring in selected cases involving insufficient nucleus
visualization. While agreeing with previous work on SRS accuracy in intraoperative setting, we
determined that SRS is capable of mostly matching the conventional H&E based technique and
more importantly, providing additional diagnostically useful information. By following the
diagnostic process that a pathologist uses, we discovered that pseudo-H&E recoloring,
lipid/protein chemical information, and additional pathologist training to interpret this new

information must be considered in tandem to bring SRS into clinical practice.
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Chapter 6. IN VIVO SIMULTANEOUS NONLINEAR ABSORPTION
RAMAN AND FLUORESCENCE (SNARF)
IMAGING OF MOUSE BRAIN CORTICAL
STRUCTURES

6.1 INTRODUCTION

Two-photon excited fluorescence (2PEF) has revolutionized neurophotonics through the
development of a palette of targeted dyes and transgenic models. Using highly specific stains,
current methods allow researchers to investigate a wide array of cells and structures including, but
not limited to, neurons®?, astrocytes®*, pericytes®, endothelial cells®, and vasculature”8. Compared
to single photon fluorescence, or linear fluorescence, 2PEF makes use of longer, less scattering
wavelengths which enables deep penetration into tissues. As with all multiphoton microscopy
(MPM) techniques, intrinsic optical sectioning affords 2PEF high spatial and axial resolution. All
combined, 2PEF provides researchers with a powerful and straightforward platform that has been
invaluable in elucidating cellular mechanisms®!, cortical circuitry*?, and numerous pathologies
in the brain®®. However, 2PEF emission spectra are typically broad and featureless which limits
the number of separable fluorescent contrasts. Label-free MPM techniques offer an attractive route
to increase the number of achievable contrasts in a single-shot experiment. Specifically, stimulated
Raman scattering (SRS) microscopy and transient absorption microscopy (TAM) are two label-
free MPM techniques that could provide more holistic characterization of cortical structures in the
brain.

As a multiphoton analog to spontaneous Raman scattering, SRS provides quantitative

differentiation between chemical species based on characteristic vibrational signatures. In SRS
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microscopy, the energy difference between two lasers is used to coherently excite a vibrational
transition of interest. Recently, we demonstrated optimization of SRS microscopy for achieving
label-free pathology of mouse and human brain tissues ex vivo with strong agreement to traditional
pathological preparation and staining.}** Recently, Ji et al demonstrated in vivo pathological
differentiation between tumor and nonneoplastic tissue in a xenografted mouse model. However,
due to poor penetration depth, SRS microscopy was limited to ~100 um imaging depth.'® To
address this issue, our group and others have worked to increase penetration depth via pulse
optimization'*, tissue clearing'”8, and deep learning®2°, among others.

Currently, the leading method of visualizing vasculature in the brain relies on intravenous
injection of a dye conjugated with a high molecular weight molecule, such as dextran. While this
method has enabled unparalleled imaging depth in the brain, it requires repeated injections for
longitudinal studies and offers no potential for quantification of the blood compartment (i.e.,
hematocrit, oxygen saturation, etc.). TAM offers a direct and label-free measurement of
hemoglobin and hemodynamics.?-2® TAM encompasses numerous photophysical processes that
constitute the transient lifetime of a molecule. Importantly, differences in transient lifetime can be
used to distinguish and quantify species of hemoglobin, such as oxyhemoglobin,
deoxyhemoglobin, and glycated hemoglobin. With careful selection of excitation wavelengths,
hemoglobin transient lifetime can extend up to a couple picoseconds due to a strong contribution
of excited state absorption (ESA). As such, TAM has found tremendous utility in vitro and in vivo.
However, the application of TAM for quantitative in vivo brain imaging has remained elusive.

We believe that coupling together MPM techniques will allow for more holistic optical
characterization of cortical structures in vivo. In this study, we construct a multimodal microscope

capable of simultaneously conducting 2PEF, SRS, and TAM measurements of the same optical
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volume in a live mouse brain. With this system, we compare the cortical structure differences
observed between three groups of mice: young (P30-P50), middle-aged (P200-P250), and old
(P630-P635). Notably, we demonstrate label-free in vivo quantification of axon myelination and
deformities with age, visualization of vasculature and cell density, and cell density and
identification up to 200 um into the cortex. We perform fluorescence labelling of astrocytes and
pericytes via topical application of sulforhodamine 101 and Neurotrace, respectively, to

distinguish cell nuclei visualized with SRS and classify cellular subtypes.

6.2 METHODS

6.2.1  Multiphoton Imaging System

The multiphoton system used for imaging, shown in Figure 6.1A, was adapted from the
system described in Section 2.2.1. The laser system starts with a broadband femtosecond dual
beam laser (Spectra-Physics, Insight DS+) outputting two beams with an 80 MHz (fo) repetition
rate. The two outputs are: a fixed beam at 1040 nm, used as the pump, and a tunable beam ranging
from 680 to 1300 nm, used as the probe. The pump beam (fixed at 1040 nm) was amplitude
modulated at 20 MHz (fo/4) by an electro-optical modulator (EOML1, 6:1) and a polarizing beam
splitter (PBS). The amplitude modulated pulse train was followed by another polarization

modulation at 20 MHz with a second EOM (EOM2, 6,). The second EOM is operated 90 degrees
phase shifted from the first EOM (i.e., 82 - 81 = 90°), resulting in two orthogonal phase pulse trains

(s and p polarization). The resulting pulse trains are illustrated in Figures 2.1A and 2.1B. From
here, the beam was passed through a 20 mm of birefringent quartz crystal (BRC) (Union Optic,
BIF-Quartz). Next, the beam was sent through a half waveplate (HWP) and PBS to combine both

beams into a single polarization.
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The precise pulse durations of the pump pulses were controlled using a grating-based pulse
compressor (GC).% The tunable probe beam (800 nm) was sent through 24 cm of highly dispersive
glass rod (HZF52A) and a delay arm (DL) to temporally overlap with the orthogonal phase pump
beams before all beams were spatially overlapped using a dichroic mirror (DCM) and directed
through a scanning microscope and 40X objective (N40OXLWD-NIR). Fluorescence signal was
collected using a DCM and photomultiplier tube (PMT). SRS signal was collected in epi-mode
using a PBS and photodiode (PD). The two signals were detected by a dual-phase lock-in amplifier
(Zurich Instrument) with orthogonal outputs after filtering out the two pump beams using a short
pass filter (SPF). Two images were acquired simultaneously at a frame rate of 1 frame/sec for an

image size of 512x512 pixels.

6.2.2 In Vivo Mouse Brain Imaging

All experimental animal procedures were approved by the Institute of Animal Care and Use
Committee (IACUC) of the University of Washington (protocol # 4395-01). Cranial window
surgery was performed on female C57BI6 mice ranging from P37 to P632 purchased from Jackson
Laboratory. Briefly, mice were anesthetized using 4% isoflurane (1 L/min O2) and a ~3 mm
craniotomy was performed using a high-speed surgical hand drill. Next, fluorescent dyes —
Neurotrace 500/525 and sulforhodamine 101 (SR101) — were topically applied to the exposed brain
and a 5 mm coverslip was placed over the craniotomy. Neurotrace 500/525 and SR101 were
applied for 5 and 10 min, respectively, as described previously.?2° Before sealing the window with
dental cement (Parkell), the window was filled with modified artificial cerebrospinal fluid to

mitigate tissue movement during imaging.?
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6.3 RESULTS

SRS microscopy has been widely used to image lipids and proteins in a variety of systems ranging
from cells to tissue. Spectral contrast between these species is achieved by probing two transitions,
2850 cmt (lipids) and 2930 cm (lipids and proteins), in the CH stretching region. Figures 6.1C
and 6.1D provide representative images (~140%140 pum) from a P246 mouse collected 20 pm
below the pial surface at these two transitions that demonstrate clear structural differences between
the two species. Notably, Figure 6.1C shows the absence of lipid-poor cell nuclei and the presence
of thin lipid-rich myelin sheath. SRS has been used previously to visualize and quantify

myelination in the sciatic nerve of rodents with ALS based on the high concentration of lipids.*

DL DCM

Probe %

Pump EOMI1 PBS EOM2 BRC

0
0 50 100 150 200 250 300 L
Depth (um)

Figure 6.1. Construction of a multimodal multiphoton microscope. A) Experimental set up.
DL.: delay line, DCM: dichroic mirror, GM: galvanomirrors, EOM: electro-optic modulator,
PBS: polarizing beam splitter, BRC: birefringent crystal, HWP: half-wave plate, GS: grating-
based pulse stretcher, PD: photodiode, PMT: photomultiplier tube. B) Energy level diagrams of
the multiphoton techniques employed. C) and D) SRS imaging at 2850 cm™ and 2930 cm™,
respectively. E) Extracted myelin signal. F) Extracted blood vessels. G) Composite image of
lipids (green), proteins (blue), myelin (cyan), and blood vessels (red) after signal extraction and
spectral unmixing. H) Signal-to-background ratio (SBR) of each wavenumber as a function of

depth. I) Simulated B-slice. Scale bars: 10 um.
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To quantify myelination in our measurements, we employed a simple tracing program to allow us
to separate and measure myelin segments directly.3 Figure 6.1E shows the resulting image of
traced myelin segments. In addition to SRS, the images provided in Figures 6.1C and 6.1D capture
TAM signals as well. These signals can be separated based on three characteristics: signal
intensity, wavenumber independence, and morphology. TAM signals are typically stronger than
SRS signal due to the strong absorption of near-IR wavelengths by hemoglobin. Additionally, in
contrast to SRS, TAM signals are relatively independent of targeted wavenumber. Thus, TAM
signals have similar intensities in both Figures 6.1C and 6.1D. Lastly, tissue structure is static
throughout imaging whereas blood vessels can be identified due to flowing blood cells. These
differences allow us to separate blood vessels in Figure 6.1F. Lastly, we perform denoising of
Figure 6.1C and 6.1D using a previously described technique!®? followed by spectral unmixing
to regain a pure protein image.* All combined in Figure 6.1G, these label-free contrasts provide
an instantaneous snapshot of three cortical structures: cell density, myelination, and vasculature.
Cortical structures are highly dependent on location and depth. As such, the utility of any
microscopy technique is related to its imaging depth. While Figures 6.1C-6.1G demonstrate the
high-quality imaging capabilities of SRS microscopy and TAM at superficial depths, in vivo SRS
microscopy studies have reported limited imaging depths of ~100 pum in highly scattering tissues.®
Given the powerful capabilities of SRS microscopy, significant effort has been put forth to improve
imaging depths. Recently, we characterized signal-to-background ratios (SBR) for SRS
microscopy, demonstrated a deep learning algorithm to increase SBR, and reported an improved
imaging depth of 210 pum in ex vivo mouse brain tissue.?’ In this study, we provide the first
quantification of SBR, as previously defined, for in vivo SRS microscopy at 2850 cm™ and 2930

cm shown in Figure 6.1H. Setting an SBR requirement of >2, we observed imaging depths of
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>300 um and ~250 pum for 2850 cm™ and 2930 cmt, respectively. With a depth limit of 250 um,
we provide an XZ max intensity projection in Figure 6.11 after separating both myelin signal and
hemoglobin TAM signal. From Figure 2G, the transition from layer 1 to layers 2/3 can be clearly
observed by the increase in cell nuclei density. Additionally, the transition from predominantly
horizontal axons near the pial surface to vertical axons deeper into the cortical tissue.

To further investigate myelination and myelin structure, we performed 3D imaging of three
groups of mice: young (P37, P38, P48), middle-aged (P202, P209, P244, P246), and old (P630,
P631, P631). Figure 6.2A provides the 3D rendering of myelin structure from a P246 mouse. The
model illustrates the ascension and arborization of axons from deeper layers of the cortex into the
surface layers. This structure is further demonstrated in the maximum intensity projections shown
in Figure 6.2B. The cortical surface is rich in myelin with a web-like structure of overlapping and
intersecting axons. Deeper into the cortex, the axons turn to penetrate deeper resulting in
predominantly cross-sectional views of myelin sheaths. As previously described with other
microscopy techniques, myelination is closely related to animal age.®>" Figures 6.2C-6.2E
provide a representative comparison in myelin density of the first 20 um of cortex between young
(P38), middle-aged (P246), and old (P631) mice. We quantified the average myelin length over
the top 60 um of cortex between the three groups and provide the resulting plot in Figure 6.2F. In
agreement with previous reports, we observe a significant increase in myelination between the age

groups.
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Figure 6.2. Label-free in vivo imaging of myelin with SRS microscopy. A) 3D rendering of

Young M. Aged Old

(wwAunod) YPSudT uIPAA/suooeg (f()[/) ([lllul/[uul) YISudT uIPAN

myelin. B) Intensity projections of the 3D volume shown in A) projected every 50 um. C-E)
Intensity projection of the top 20 um of myelination of a P38, P246, and P631 mouse. F)
Quantitative comparison of myelination between different aged mice. G) Suspected Node of
Ranvier. H) Line profile and fitting across suspected Node of Ranvier shown in G). I) Average
length of suspected Node of Ranvier. J) Quantification of myelin ballooning from not ballooning
(1.00) to severe ballooning (3.57). K) Number of balloons observed per length of myelin as a
function of age. Scale bars: 10 um, J) and inset G) scale bar: 2 um.

In addition to quantifying myelin length, we observed two distinct myelin structure: nodes
of Ranvier and myelin ballooning. Figure 6.2G provides a representative image of a suspected
node of Ranvier. The inset image provides an enlarged image and arrowhead indicating the

suspected node. In Figure 6.2H, we fit the intensity profile of the myelin segment to determine a
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full width, half maximum of 1.93 pm. We repeated this procedure for 60 suspected nodes across
several fields of view of a P246 mouse to produce the histogram shown in Figure 6.21 with an
average node length of 2.04 = 0.76 um. This is longer than the true length of ~1 um, suggesting
that our measurements are including paranodal length as well. Figure 6.2J illustrates the observed
myelin ballooning structures from a P246 mouse. We identify myelin balloons by the width ratio
of the ballooned segment and the nonballooned segment as >1.3. The ratio is reported with each
area shown in Figure 6.2J. The most severe ballooning increased the myelin segment over 3.5
times in width. Some reports have suggested that myelin ballooning is related to normal aging. To
determine the effects of aging on balloon density, we compared the ratio of balloons to myelin
length between age groups and provide the results in Figure 6.2K. We found a significant increase
in balloon density between the young mouse group and the two older groups, but no significant
difference between middle aged mice and old mice.

Next, we present label-free in vivo imaging of microvasculature. Typical in vivo brain
vasculature 2PEF imaging requires an exogenous agent to stain the blood compartment. In
contrast, we directly image red blood cells via the strong intrinsic absorption of hemoglobin.
Figure 6.3A provides a 3D rendering of the label-free TAM imaging of a ~140x140x250 um
volume of mouse brain microvasculature. Figure 6.3B provides the intensity projection of the
volume shown in Figure 6.3A. Recently, the phenomenon of stalled vessels and their impact on
cerebral blood flow was reported in WT and Alzheimer’s model mice.!® Here, the vessels shown
in white represented stalled vessels. We identify stalled vessels by imaging the same tissue volume
15 minutes apart, see Figure 6.3C and 6.3D. The green arrows in Figures 6.3C and 6.3D indicate
the vessels that were only transiently stalled between the two timepoints (i.e., stalled in only one

of the time points). The purple arrow indicates a vessel stalled at both time points. To further
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investigate this phenomenon, we compared the prevalence of stalled vessels between age groups.
Figure 6.3E provides the percentage of stalled vessel volume to total vessel volume as a function
of age. Interestingly, we found no statistical difference between the prevalence of stalled vessels
with age. Previously, it was reported that stalled vessels were narrower in width than flowing
vessels. We measured the width of 68 stalled vessel segments and 464 flowing vessel segments to
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Figure 6.3. Label-free in vivo imaging of mouse brain vasculature with TAM. A) 3D
rendering of mouse brain vasculature. B) Intensity projection of flowing and stalled vessels from
A). C and D) Repeated imaging of vasculature to identify stalled vessels. E) Comparison of
stalled vessel volume to total vessel volume between age groups. F) Average vessel width
between flowing and stalled vessels. G) SRS imaging of WBCs stalled within vasculature,
indicated by white arrowheads. H) Spectral differences between RBCs and WBCs. |) Frequency

of WBC, RBC, both, or no cell observed in vessels stalled for 15 min. Scale bars: 10 um.
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find that only a slight difference in vessel width (stalled vessel width = 2.87 + 0.87 um; flowing
vessel width = 3.13 + 1.28 um). Figure 6.3F provides the relative frequency histograms of vessel
width for stalled and flowing vessels.

Additionally, SRS provides label-free imaging of white blood cells, shown in Figure 6.3G.
The WBC nuclei, indicated by the white arrows in Figure 6.3G, can be separated from RBCs based
on intrinsic spectral differences, as shown in Figure 6.3H. Next, we investigated the contents of
the stalled vessels and found four categories: stalled with 1) WBC(s), 2) RBC(s), 3) both WBC(s)
and RBC(s), or 4) no cells. Figure 6.3 provides the frequency of each category over the 18 vessels
identified. Importantly, only vessels that were fully contained within the imaging volume were
considered.

Finally, we demonstrate the visualization of cell density in the cortex with SRS
microscopy. Figure 6.4A provides a 3D rendering of a ~140x140%x250 um volume of mouse brain
vasculature with TAM and protein-rich cell nuclei with SRS microscopy. The mouse cortex has
six layers that each contain unique and distinct cellular subtypes that enable dynamic brain
activity.®® The outermost layer, layer 1 (L1), contains the lowest cellular density of the cortical
layers, constituted mostly of non-neuronal cells, such as astrocytes. Depending on precise cortical
region, the thickness of L1 ranges from about 100 pum to 130 pum. The transition from L1 to layer
2 (L2) is marked by a sharp increase in cells, primarily neurons, at the border between the two
layers. To demonstrate the label-free capability of SNARF imaging for visualizing cellular density
and tissue structure in vivo, we provide 2D projections of three depths of cortical tissue: 40-50 um,
90-100 um, and 140-150 um in Figures 6.4B-6.4D. Here, we observe a clear increase in cellular
density as a function of depth. Beyond visualization, we quantified the cellular density of a P246

mouse as a function of depth. Near 110 um, the number of cells doubles indicating the transition
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from L1 to L2. This trend was observed in all mice in this study (n = 10) and the transition varied
by less than 20 um. Next, we wanted to determine if SRS could identify cellular subtypes based
on morphology and intensity. To do so, we stained the astrocytes in the upper cortex using
sulforhodamine 101 (SR101) allowing us to distinguish between the nuclei that belong to
astrocytes or non-astrocytes. We observed significant differences (p<0.0001) in both sphericity

and protein/lipid ratio between astrocyte nuclei and non-astrocyte nuclei indicating that SRS is
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Figure 6.4. Imaging cellular density and morphology in upper cortex in vivo. A) 3D
rendering of mouse brain vasculature (red) and cell nuclei (blue). B-D) Depth projections of 40-
50 pm, 90-100 pum, 140-150 um. E) Cell count as a function of depth. Cells were summed over

10 um. F) Correlating cell nuclei with SR101-stained cells. G) Sphericity of astrocyte nuclei (n =
266) and non-astrocyte nuclei (n = 924). H) Ratio of proteins to lipids of astrocyte nuclei (n =
266) and non-astrocyte nuclei (n = 924). Scale bars: 10 um. ****: p<0.0001.
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capable of distinguishing between the two populations based on intrinsic nuclear differences.
However, the two populations of nuclei still contain substantial overlap in sphericity and
protein/lipid ratio. This is likely to confound the identification of cell type based on these metrics
alone. Importantly, the large standard deviation of the non-astrocyte population is observed due to
the heterogeneity in sphericity and intensity ratio that exists amongst the various non-astrocyte cell
types within the upper cortical layers. To improve identification and separate between the non-
astrocyte cell types, we will consider the proximity of the cell to neighboring vasculature. We
believe that this will allow us a label-free method of distinguishing between cell types and thus,

differences in morphology.

6.4 DiscussiON AND CONCLUSION

Fluorescent labels and transgenic models have facilitated invaluable contributions to
neurophotonics. The ubiquity of 2PEF in neurophotonics is largely due to its low technical barrier
and straightforward data analysis. These factors have enabled a broader scope of researchers to
employ 2PEF. Thus, while recent advancements have enabled multiplexing of several fluorescent
contrasts simultaneously®®, these techniques are technically challenging and restrictive in the
selection of excitable dyes. We demonstrate label-free methods to visualize myelination,
hemodynamics, and cell identification based on well-established complimentary multiphoton
techniques, SRS microscopy and TAM. We believe that these techniques offer an alleviation on
the technical burden of achieving multiple contrasts in a single-shot experiment.

With SRS microscopy, we present holistic in vivo imaging of the spatial distributions of
lipids (2850 cm™) and proteins (2930 cm™) in the upper cortical layers of mouse brain. Based on
the intrinsic lipid density of myelin, we quantified myelination between three age groups of mice:

young (P38-P48), middle aged (P202-P246), and old (P630-P632). With our method, we report an
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increase in myelination with age. These results agree well with the trend observed using spectral
confocal reflectance (SCoRe) microscopy.“%4! Additionally, we report observation of myelin
balloons, a myelin formation previously characterized in monkeys by electron microscopy.*?43
Our demonstration represents the first observation of such features in a live mouse brain.

With TAM, we present in vivo imaging of hemoglobin and vasculature in the brain.
Previously, longitudinal studies into the development and restructuring of mouse brain vasculature
required repeated injections of fluorescent dyes to visualization. TAM provides a label-free
method of achieving similar contrast. Additionally, by coupling SRS microscopy with TAM, the
cellular contents of both stalled and flowing vessels can be readily observed.

Importantly, SRS microscopy and TAM can be applied to any mouse, alleviating the
financial burden of purchasing and maintaining a transgenic mouse colony. And in the case of
topical dye application to an exposed cortex, a sealed cranial window does not allow for additional
dye application. Moreover, label-free methods benefit from being less invasive than dye
application. For instance, it has been reported that overexposure of the cortex to SR101 can induce
seizure-like activity in mice.?® In the case of stalled vessel flow, Cruz Hernandez et al reported that
application of the fluorescently labeled antibody used to stain the WBC within the stalled vessel
lead to the clearing of stalled vessels 10 min after application.*® Both of these reports solidify the

need for less invasive, label-free imaging methods to better preserve the animal’s physiology.

6.5 FUTURE DIRECTIONS

We are currently working on a protocol to identify cell types in the top layers the mouse brain
cortex. We achieve this by classifying SRS images of cell nuclei as either an astrocyte or pericyte
as stained by SR101 and Neurotrace, respectively. Figure 6.4 provides our current results with cell

identification.
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Chapter 7. CONCLUSIONS AND FUTURE DIRECTIONS

Analytical spectroscopy and microscopy provide invaluable insight for clinical and fundamental
biomedical research. The diverse range of linear and nonlinear techniques has resulted in the
development of numerous techniques for countless samples and systems. In many systems,
multiple approaches and techniques compete to solve the same question. Ideally, there would be a
superior technique that outperforms the others. In reality, every technique has its advantages and
drawbacks that must be carefully taken into consideration. The advancements detailed in Chapters
2 and 3 demonstrate pivotal steps required to develop in vivo quantification of hemodynamics with
TAM. The two key advantages of employing TAM are the 1) label-free quantification based on
the intrinsic absorption of hemoglobin and 2) straightforward coupling with complementary
nonlinear microscopy techniques (e.g., 2PEF or SRS).

In Chapter 2, water was used an internal standard for the quantification of hemoglobin.
Here, the main assumption was that under normal physiological conditions, hemoglobin is
predominantly in the oxygen-carrying form (~95-100%), oxyhemoglobin (HbO2). Moving towards
in vivo quantification, the technique would break down under hypoxic conditions wherein the
blood is no longer primarily HbO>. One potential solution to strengthen this technique is determine
pump/probe excitation wavelengths in which deoxyhemoglobin (Hb) and HbO, have similar or
the same spectra. If this cannot be achieved, another potential solution would be to collect blood
oximetry from the animal and correct the calibration curve accordingly due to the known TAM
spectra of Hb and HbO> at the employed wavelengths.

In Chapter 3, TAM was employed to quantitatively measure oxygen saturation (sO2) in
vitro as red blood cells (RBCs) were artificially oxygenated and deoxygenated under a controlled

environment. Unfortunately attempts to extend this work towards in vivo TAM oximetry have
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resulted in less than desirable results. There are significant differences between the in vivo and ex
vivo transient lifetime of hemoglobin. Thus, an external calibration of TAM with known sO>
solutions fails to describe in vivo sO.. One factor that adds to this break down is the limited
dynamic range of the calibration. Although pump/probe wavelengths of 1040 nm/700 nm provided
the best excitation pair for in vitro TAM, the sensitivity of the technique can be improved. As
shown in Chapters 2 and 3, TAM is wavelength dependent. One main constraint of the work
described in Chapter 3 is the fixed pump wavelength of 1040 nm. In order to fully optimize TAM
oximetry, a variable ultrafast pump source would be required. This tunability can be achieved with
the use of a homebuilt optical parametric oscillator (OPO).! With tunable pump and probe
wavelengths, a more complete characterization of wavelengths can be achieved. Another key step
in translating TAM oximetry into an in vivo technique will be rigorous validation of the analytical
capabilities. This can be achieved by comparing in vivo TAM oximetry from either mouse brain
or ear to standard pulse oximetry. For an animal under constant vaporized anesthesia, the oxygen
concentration in the carrier gas can be varied to change the system sO> of the animal. The in vivo
TAM should demonstrate the same relative changes in sO, as the standard pulse oximetry.
Towards absolute quantification, TAM oximetry can be validated in comparison to previously
demonstrated 2PLM. TAM benefits from straightforward multiplexing with other multiphoton
techniques as seen in Chapter 6.

In Chapters 4 and 5 improvements to stimulated Raman histology (SRH) for use in an
intraoperative setting were demonstrated. Optimized excitation pulses and a novel recoloring
scheme provided an 87% diagnostic accuracy of SRH compared to traditional pathological
staining. The translation of SRS microscopy from laboratory to clinic is underway and pivotal

steps to ensure diagnostic utility are reported frequently. Most notably, Orringer et al has already
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demonstrated the diagnostic capabilities of SRH in the surgical suite.? On the technical side,
research groups are working to simplify and miniaturize the SRS setup to remove the physical
constraints of a typical SRS experiment. Fiber based laser systems offer cheaper, more compact
excitation sources for multiphoton experiments. Recently, JiXin et al presented a handheld fiber-
based SRS scanning device capable of achieving ~15 cm™ spectral resolution®, sufficient to
perform stimulated Raman histology (SRH). On the diagnostic side, research groups have
employed machine learning has to interpret SRH images and provide a diagnosis.*® In a recent
study performed by Zhang et al, a convolutional neural network (CNN) achieved 100% diagnostic
accuracy over 33 surgical specimens.*

In Chapter 6, TAM, SRS, and 2PEF are combined to study mouse brain cortical structures
(i.e., vasculature density, myelination, and cell populations) in vivo. Specifically, TAM was
employed to visualize hemodynamics. While TAM has been used to study hemodynamics in vivo
in a zebrafish model, Chapter 6 demonstrates the first in vivo mouse brain imaging with TAM.
Beyond label-free visualization of brain vasculature, the development of TAM oximetry will
present an invaluable label-free method of measuring blood oxygenation in the brain. Importantly,
2PEF faces from a so-called ‘color barrier’” which refers to the technical challenges of
simultaneously exciting and detecting multiple fluorescence contrasts.® Thus, by employing a
label-free technique for hemodynamics or oximetry, fluorescence contrasts can be used to target
other features such as calcium dynamics in neuronal activity (e.g., GECI model mice). SRS was
employed to quantify axon myelination and cell population density. The two predominant methods
of quantifying myelination are spectral confocal reflectance (SCoRe) microscopy’® and
fluoromyelin staining (2PEF). The former is based on linear elastic scattering from multiple

excitation wavelengths and the later is a topically applied lipid stain that makes use of the high
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lipid content in myelin. Of the two techniques, fluoromyelin staining is the more commonly used
method for visualizing myelination. CRS has been shown as a label-free method to imaging lipids
in cells and tissue.’®'2 Moreover, researchers have leveraged this capability to study in vivo
myelination in the sciatic nerve using CARS microscopy.'**® These studies demonstrated the
label-free quantitative capabilities of studying demyelination and remyelination in various
pathologies and injury models. The results in Chapter 6 illustrate the capability of SRS for in vivo
quantification of myelination. However, application of SRS microscopy to quantify myelination
in the brain has not yet been published.

In addition to myelination, Chapter 6 discusses the employment of SRS image cell
populations in vivo in the top two cortical layers of mouse brain. Again, fluorescence labeling of
multiple cell populations in the brain is possible, but such methods quickly reach a maximum
number of detectable and separable fluorescence contrasts. Here, SRS provides label-free
characterization of tissue architecture, similar to the approach used in label-free pathology. More
specifically, SRS provides chemical mapping of lipid-rich and protein-rich features. This results
in a protein-rich images that predominantly illustrates cell nuclei. In order to identify specific cell
types, SRS was compared to two fluorescent dyes: NeuroTrace (pericytes) and sulforhodamine
101 (SR101; astroctyes). The morphology of a cell type’s nuclei was then used to distinguish
between each cell type from the remaining cells (e.g., morphology of astrocyte nuclei compared
against morphologies of pericyte nuclei and unstained nuclei).

Machine learning offers a potential route to identify cells more accurately from SRS
imaging. Here, a CNN could be trained to detect subtle morphological or spectral differences
between cell types. This would require comparison of fluorescently identified cell types with SRS

imaging for the predominant cell types in the brain. Ideally, this process would only require a
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single two-channel image to provide sufficient information for the CNN to accurately identify
cells. However, if two spectral points is insufficient, spectral scans can be performed to establish
a richer spectral component of the CNN algorithm.

In closing, nonlinear analytical spectroscopy and microscopy offer powerful capabilities to
both fundamental and clinic biomedical research. Demonstrations of these capabilities are

numerous, and the future to come is sure to be filled with countless more.
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