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ABSTRACT
Providing molecular fingerprint information, vibrational spectroscopy is a powerful
tool for chemical analysis. In the mid-infrared window, FT-IR spectroscopy and
microscopy has been routinely used for sample characterization. In the near-IR window,
near infrared spectroscopy has been widely used for tissue analysis and for detection of
lipids in arterial wall. Yet, these traditional linear spectroscopies have intrinsic limitations.
FT-IR spectroscopy suffers from a poor spatial resolution and strong water absorption for
study of living systems. Near infrared spectroscopy avoids water absorption, yet it suffers
from a poor, millimeter-scale spatial resolution in tissue analysis. My thesis focuses on
breaking these limitations through photoacoustic and photothermal detection approaches.
The first part of my thesis is on improving the spatial resolution in catheter-based

intravascular photoacoustic (IVPA) imaging. By near-infrared excitation of lipids and
acoustic detection, IVPA allows depth-resolved identification of lipid-laden

atherosclerotic plaque. Thus far, most IVPA endoscopes use multimode fibers, which

do not allow tight focusing of photons. Recent experiments on pulse propagation in

Vi



multimode graded-index fibers have shown a nonlinear improvement in beam
quality. Here, we harness this nonlinear phenomenon for fiber-delivery of
nanosecond laser pulses. We built a photoacoustic catheter 1.4 mm outer diameter,
offering a lateral resolution as fine as 30 um within a depth range of 2.5 mm. Such
resolution is one order of magnitude better than current multi-mode fiber based
intravascular photoacoustic catheters. At the same time, the delivered pulse energy
can reach as high as 20 pJ, which is two orders of magnitude higher than that of an
optical resolution photoacoustic endoscope built with a single mode fiber. These
improvements are expected to promote the biomedical application of photoacoustic
endoscopes which require both high resolution and high pulse energy. Based on the
technical advanced, my thesis work further demonstrated longitudinal imaging of the same
plaque in the same living animal.

Recently developed mid-infrared photothermal (MIP) microscopy overcomes the
limitations in FT-IR microscopy by probing the IR absorption-induced photothermal effect
using a visible light. MIP microscopy yields sub-micrometer spatial resolution with high
spectral fidelity and much reduced water background. The second part of my thesis work
pushes the physical limits of MIP microscopy in aspects of detection sensitivity and
imaging speed using two approaches. First, taking advantage of the interference scattering
effect, the scattering signal from the sample can be greatly enhanced. Together with the
relatively large infrared absorption coefficient, the sensitivity of infrared spectrum is

greatly improved and single virus detection is achieved. Second, by using fluorescence as
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a thermo-sensitive probe, the temperature raise by infrared absorption can be retrieved in
a more efficient way and much higher imaging speed and sensitivity is thus

accomplished.
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CHAPTER ONE - INTRODUCTION
1.1 Advanced Detection of Molecular Vibrational Spectroscopy

Vibrational spectroscopy is a method for direct measurement of specific chemical
bonds of absorbed atoms and molecules. Almost any compound having covalent bonds,
whether organic or inorganic, absorbs various frequencies of electromagnetic radiation in
the infrared region of the electromagnetic spectrum.

There are two kinds of vibrational spectroscopy, one is mid-infrared spectroscopy,
which is widely used for chemical analysis, and the other is near-infrared spectroscopy,
which has been used for lipid plaque detection. Each has its advantages and limitations,
and my thesis work aimed to overcome these limitations through developing advanced
infrared absorption detection methods.

The first method is photoacoustic detection. Photoacoustic imaging is a noninvasive
technology that utilizes optical absorption (electronic or vibrational) and ultrasonic
detection to map biological tissue at centimeter depths. The quantized vibration of
chemical bonds provides a way of targeting specific molecules in a complex tissue
environment. Based on near infrared overtone absorption, intravascular photoacoustic
catheters are developed for mapping lipids deposited inside the lumen of a blood vessel.
However, current intravascular photoacoustic system suffers from limited spatial
resolution, decided by ultrasound. My thesis work aimed to improve the resolution to
optical resolution in a catheter-based design.

The second method is photothermal detection. Mid-Infrared spectroscopic imaging

using inherent vibrational contrast is a powerful analytical tool for sample identification



and characterization. Yet, the low spatial resolution and large water absorption associated
with the long IR wavelengths hinder its biological applications. Recently developed mid-
infrared photothermal (MIP) microscopy overcomes these limitations by probing the IR
absorption-induced photothermal effect, but still suffers from low modulation depth. My
thesis work aimed to improve the sensitivity and selectively of the mid-infrared

photothermal method by introducing fluorescence as the sensitive thermal sensor.

1.2 Intravascular Photoacoustic Imaging

Atherosclerosis is a long-term, systematic disease characterized by plaques building
up in the blood vessel wall. The disease claims tens of thousands of lives in the U.S. each
year. The rupture of vulnerable atherosclerotic plaques is a major contributor to acute
cardiovascular events and sudden cardiac deaths?. The vulnerability of an atherosclerotic
plaque, its susceptibility to rupture, is known to be related to the composition of the
plaque, the distribution of mechanical stress within it, and the presence and extent of
associated inflammation®. One of the most common types of vulnerable plaques is the
thin cap fibroatheroma. These lesions are characterized by a thin fibrous cap, weakened
by the presence of macrophages, covering a lipid-rich necrotic core. Rupture of the cap
due to high mechanical stress will release the thrombogenic contents of the necrotic core
into the bloodstream. The subsequent formation of a platelet-rich thrombus may result in
occlusion, either at the location of the rupture or downstream from the lesion site. If this
occlusion takes place in a coronary artery, the result may be unstable angina or a

myocardial infarction?,



Intravascular photoacoustic (IVPA) is the most recent addition to spectroscopic
diagnostic techniques applied to atherosclerosis. IVPA has the ability to directly image
tissue components in the vessel wall, with high chemical specificity for lipid type. In
photoacoustic (PA) imaging, the tissue is irradiated by short laser pulses with a duration
of several nanoseconds. Absorption of laser light transfers the optical energy to the tissue,
which causes a transient pressure rise®. This initial pressure rise acts as an acoustic source
that generates a broadband wave propagating through the tissue. The acoustic wave can
be detected with an ultrasound transducer. The image can be created by scanning the
optical beam and deriving depth resolution from the time of flight of the ultrasound wave.
In IVPA, this principle needs to be miniaturized to fit on a catheter. Light is delivered
through an optical fiber, while signal detection is performed by the same type of
ultrasound transducer that is used in IVUS.

The goal of IVPA imaging is the chemical characterization of vessel wall
components. Introduction of infrared sources prompted investigation of a wider range of
excitation wavelengths (680-1800 nm). Blood absorption is especially low in the
wavelength range from 680 — 1300 nm. In this wavelength range, the absorption
spectrum of lipids exhibits a large peak around 1210. IVPA imaging at 1720 nm was also
demonstrated on human coronary atherosclerosis®. And show that in-vivo imaging
without flushing the blood from the artery is possible. In most IVPA experiments, lipid
rich atherosclerotic plaques were distinguished from normal arterial tissue by simply

comparing the tissue spectral signature to the absorption spectra of lipids. A more



sophisticated spectroscopy inversion approach could provide robust identification of a

wider range of tissue types, including collagen, elastin and calcification.

Introduction to mid-infrared photothermal microscopy

Mid-infrared (IR) spectroscopy has become a versatile molecular analysis tool. Every
molecule has slightly different vibrational modes from all other molecules. Thus, the
infrared spectrum of a given molecule is unique and can be used to identify that
molecule. Infrared spectra give far more detailed information than simply allowing the
presence or absence of certain functional groups to be recognized.

The recently developed mid-infrared photothermal (MIP) microscopy not only
overcomes the diffraction limit in far-field IR imaging but also circumvents the
limitations in AFM-IR. In MIP microscopy, a visible beam probes the thermal effects
induced by an intensity-modulated IR beam. The thermal effects induced by an intensity-
modulated IR beam. The thermal effects include thermal expansion, pressure wave
emission, refractive index change, and Gruneisen parameter change. Unlike the direct
measurement of the absorption in IR spectroscopy, the temperature rise induced by
photothermal effect is the origin of MIP signal. In addition, water background is reduced
since it has a large heat capacity, resulting in a small temperature increase. Moreover,
water has relatively low thermo-optic and thermal expansion coefficients, resulting in a
small MIP back-ground. These properties allow MIP imaging of intact specimens in
liquid environment including living cells, which is beyond the reach of the direct IR and

AFM-IR technologies. The MIP signals can be measured by a transmission dark-field



geometry’8, by reflection®, interferometrically® and acoustically in a stage scanning
mode!. The MIP effect can be measured in a widefield manner through an
interferometric reflectance microscope, a quantitative phase microscope, or a low-
coherence interferometric microscope. In the widefield MIP, the IR pump beam is weakly
focused onto the sample that is illuminated by the visible probe beam in Kohler
arrangement. A complementary metal-oxide semiconductor (CMOS) camera enables
multiplex signal readout, which drastically improves the imaging speed. Moreover,
thermal confinement after a short IR pulse excitation offers sub micrometer spatial
resolution.

The MIP signal originates from a nonradiative relaxation process that happens in an
absorber after IR photon excitation. The absorbed energy dispersed into the form of heat
results in a local temperature increase, which changes the sample’s optophysical
properties®? and is detectable by various mechanisms. Previously developed visible
photothermal microscopy for imaging nano-objects with electronic absorption introduced
comprehensive theories and physical models to explain the signal’s origin and push the
sensitivity limit down to single molecules in room temperature. In these models, nano-
absorbers are treated as a point heat source, and a thermal transfer medium around the
objects is carefully selected to enhance the signal. Therefore, the photothermal contrast is
mainly originated from the refractive index modulation of the surrounding medium, other
than the nano-objects themselves. Differently, the MIP microscopy is based on
vibrational absorption; the target size is typically comparable with the diffraction limit

spot of the visible probe beam, and the target itself acts as a signal source. This feature



enables the detection of the MIP signal by temperature-sensitive optical methods without
a need for a thermal medium. On the instrumentation side, a sinusoidal modulation is
typically applied to the pump beam in the electronic absorption-based photothermal
systems to create a time-dependent temperature gradient, and a lock-in amplifier is used
to extract this periodically modulated signal. In comparison, the MIP systems deploy a
pulsed IR source, which can provide a heat confinement that results in a larger signal a
higher spatial resolution compared with sinusoidal modulation. Therefore, an
independent description of contrast mechanism is needed for MIP microscopy.

The major type of MIP mechanism is based on optical scattering, and the MIP
signal is generated from the scattering intensity difference between IR on and IR off
states. Therefor, a dark field geometry can be applied to minimize the unchanged
illumination background and increase the signal-to-noise ratio (SNR) accordingly. The
group of Hartland and Kuno have modeled scattering in a MIP system and compared the

contribution of particle size and refractive index to signal generation®3.

Introduction to fluorescent detected mid-infrared photothermal microscopy
Despites the successes of MIP, MIP measured by perturbation of a probe beam
suffers from several limitations. First, refractive index is a fairly weak function of
temperature, changing by ~0.01% per Kelvin for water at room temperature*. Second, it
is well-known that the photothermally induced deflection of a probe beam in transmission

approaches zero for a point source centered in the probe beam focus and is maximized

with an axial offset between the probe beam and photothermal lens of V3 Z, (Z, is the



Rayleigh range, equal to half the depth of focus)®®. As such, an MIP measurement of a
point source along the optical axis based on detection of beam deflection is only expected
to produce peak signals in homogeneous media when the probe beam focus is displaced
by nearly full depth of field relative to the photothermal source, potentially producing
nontrivial 3D point spread functions. The whole path for the optical detection beam may
be influenced by the mid-infrared pump, leading to refractive index change. Thus, it can
be hard to calculate the accurate z position which leads the change.

Many pharmaceutical materials exhibit significant turbidity and heterogeneity,
creating challenges for analytically modeling and interpreting photothermal changes in
backscattered intensity from chemically and physically heterogeneous samples. In many
instances, the optical constants associated with temperature change are not known,
complicating quantitative interpretation of the magnitude of MIP responses. Furthermore,
the detected backscattered signal can depend on both depolarization and scattering in
ways that may depend nontrivially on the particle size distribution within compacted or
powdered samples.

We explore the potential viability of using fluorescence intensity to detect local
changes in temperature induced by mid-infrared absorption. The quantum efficiency of
fluorescence is well established to vary sensitively with temperature®®. Virtually all
luminescent molecules and materials display a T-dependent emission'’. This is due to the
Boltzmann distribution, and the dependence on T is a function of the specific electronic
band structure of the material. At higher Ts, thermal energy excites the electrons within

the excited states transitions to the electronic states with varying vibrational levels that



are overlapping at different energy levels, so that non-radiative decays become possible.

The rate of non-radiative transitions is related to T via the Arrhenius equation:

_AE
~ e kT

knrt
Where AE is the energy gap between the lowest level of the excited state and the overlap
point to a possible non-radiative decay state, and k is the Boltzmann constant. The

quantum yield (QY) of luminescence represents the ratio of the number of emitted

photons to the number of excited photons. It decreases with T according to:

T
" T+ ke

QY
Where T represents the emissive rate of the luminophore. The luminescence lifetime
(decay time) is defined as the average time a luminophore remains in its excited state

prior to deactivation. Lifetime is thermally quenched with increasing T via:

1
B I'+ knrt

T
As the T around the fluorophore undergoes changes, its intensity, decay lifetime, spectral
positions and shape, and polarization may alter. These effects make all probes be T-
sensitive probes to some extent.

Luminescent molecular probes enable high spatial resolution and have a fast
response, often in a time scale comparable to that of cellular processes. Several features
are desirable for a good T-sensitive probe: (a) the signal is expected to undergo a large
change with T; implies good sensitivity. (b) Absorption and emission should occur at

long wavelengths so as to reduce interferences by the intrinsic color or fluorescence of

samples which is strong in the UV or under UV and shortwave visible photoexcitation.



(c) The probes should display good photostability so as to enable long-term monitoring
without any photodecomposition during optical interrogation. (d) The probes must not be
toxic if an in vivo use is intended. (e) High brightness, defined as the product of QY and
molar absorbance is a highly desirable parameter and supposed to be >20000, ideally >
100000 cm M1,

Rhodamine and its derivatives have long been known for the sensitivity of their
fluorescence to T. The rhodamine family of fluorophores displays high quantum yields,
brightness, and excitation bands in the visible range. The quantum yield of rhodamine B
is highly T-dependent, in that its quantum yield decreases with an increase in T up to 373
K!8, Their luminescence dependency on T is particularly expressed in the range from 272
to 373 K. These features make them most suitable as molecular probes for sensing T in
microfluidic devices, cells, or in planar sensor films. Fluorescein is another highly
luminescent probe with a quantum yield of almost 1. Fluorescein and its derivatives are
mainly used as pH probes. Like all the other fluorophores, fluorescein also undergoes
thermal quenching at elevated T. It was covalently linked to starch and its response to T
and pH was studied in detail. The material responds linearly to T in the range from 273 to
333 K.

Following optical excitation, increases in temperature enable access to a greater
suite of thermally accessible relaxation pathways, all of which compete with fluorescence
for a net reduction in fluorescence intensity. Temperature-dependent changes in
autofluorescence emission have been reported in microscale thermophoresis, which target

measurements of protein mobility and thermal stability’®. Compared to refractive index
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change, the change in fluorescence quantum efficiency can be quite large, routinely
changing by ~2-3%/K for tryptophan and ~1-2%/K for aqueous solution of rhodamine B,
corresponding to an ~100 fold higher relative change than refractive index detection.
Given the high signal-to-noise with which fluorescence measurements are regularly
recorded, this sensitivity has the potential to be more than sufficient to enable
fluorescence detection of local temperature perturbations of <1K induced by mid-infrared
absorption.

The F-MIP is distinct from prior studies on fluorescence encoded IR by Tokmakoff
and co-workers, based on IR+Vis two photon excited fluorescence. In FE-IR
spectroscopy, the infrared absorber must necessarily be energetically coupled to the
electronic transition to support coherent two photon absorption, with corresponding
improvements in selectivity for particular fluorophores of interest. As such, FEIR
provides information on strongly coupled vibrational modes. FEIR spectroscopy operates
by the double resonance. An IR pulse or pulse pair resonantly drives vibrations into their
first excited state, after which an electronically preresonant visible pulse selectively
brings the fluorophore to its electronic excited state. The resulting fluorescence emission
intensity is therefore dependent on the excited vibrational population created by the IR
field on the ground electronic state and is used as an action signal that encodes
vibrational information. In practice, the weak IR-vibrational absorption cross sections and
picosecond lifetimes necessitate intense pulse with comparable or shorter durations to
ensure the overall excitation process is competitive against relaxation. Furthermore, high

repetition rates benefit single-photon counting but must be balanced with the technical
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requirements of generating intense, ultrashort mid-IR pulses and potential heating

artifacts.

Volumetric fluorescent detected mid-infrared photothermal microscopy

Observing the various anatomical and functional information that spans many
spatiotemporal scales with high resolution provides deep understanding of the
fundamentals of biological systems. This is especially important for the chemically
imaging of the components inside the cell.

Attempts have been made to utilize the vast potential of mid-IR. Despite these
important advances in MIP, the total acquisition time for volumetric images is still
rather long and relies on lateral raster scanning of the beam, rendering current
approaches less practical for time-sensitive applications. Furthermore, signal levels
appear insufficient for examining weak signal in organic materials. Here, we apply
the Fourier light field microscope technique combined with F-MIP to achieve fast
and high sensitivity 3D chemical imaging.

Light -field microscopy simultaneously captures both the 2D spatial and 2D
angular information of the incident light, allowing computational reconstruction of
the full 3D volume of a specimen from a single camera frame. Recently, Fourier
imaging schemes have been proposed as a promising path to improve the current

LFM techniques. The FLFM achieved high-quality imaging and rapid light-field
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reconstruction. By recording the 4D light field in the Fourier domain, and the
fluorescence intensity modulation by the infrared in time domain, the volumetric

chemical imaging is achieved.
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CHAPTER TWO - HIGH-RESOLUTION PHOTOACOUSTIC ENDOSCOPE
THROUGH BEAM SELF-CLENANING IN A GRADED INDEX FIBER

The work in this chapter was published in Optica Letters?. Reprinted with

permission form the Optical Society publishing group. (Copyright 2019 Optical Society
Publishing Group)

Intravascular photoacoustic imaging can potentially improve the identification of
lipid-laden atherosclerotic plaque. Most intravascular photoacoustic endoscopes use
multimode fibers, which do not allow tight focusing of photons. Recent experiments on
pulse propagation in multimode graded-index fibers have shown a nonlinear
improvement in beam quality. Here, we harness this nonlinear phenomenon for fiber-
delivery of nanosecond laser pulses. We built a photoacoustic catheter 1.4 mm outer
diameter, offering a lateral resolution as fine as 30 um within a depth range of 2.5 mm.
Such resolution is one order of magnitude better than current multimode fiber-based
intravascular photoacoustic catheters. At the same time, the delivered pulse energy can
reach as high as 20 pJ, which is two orders of magnitude higher than that of an optical
resolution photoacoustic endoscope built with a single mode fiber. These improvements
are expected to promote the biomedical application of photoacoustic endoscopes which

require both high resolution and high pulse energy.
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Introduction

Light self-cleaning and its application

A photoacoustic endoscope, which embodies photoacoustic imaging in a
miniaturized probe, can provide depth-resolved imaging of an internal organ with optical
contrast?*?4, This technique has shown great potential for the detection of colon cancer?
and lipid-laden plaques®®?. In most cases, a step-index multimode fiber (MMF) is used
to allow high-energy pulse delivery; however, the spatial resolution is not optimal?®-2°, A
significant problem to be solved is the effective coupling and stable transmission of a
diffractionlimited beam from a single mode (SM) laser source into an MMF, where
interference between the different fiber modes occurs, which results in a complex speckle
pattern at the output. Such a speckle pattern prohibits tight focusing of photons through a
microlens. To improve the spatial resolution, a design with the combination of a single
mode fiber and a graded index (GRIN) lens was reported°. Nevertheless, the low laser
damage threshold prohibits the use of single mode fibers for delivery of high-energy laser
pulses which are often needed in high-quality photoacoustic imaging. Though the GRIN
lens can tightly focus the Gaussian beam from the single-mode fiber, it cannot focus
effectively a beam delivered by an MMF.

To further illustrate this issue, a simulation of the focusing effect with the GRIN
lens was performed. We used the beam propagation method??. to analyze the performance
of the GRIN lens on the Gaussian beam and the complex speckle pattern from the
multimode fiber. Specifically, we adopted an aberration-free GRIN lens with a gradient

constant 0.5 mm—1. Figure 2.1(a) shows that the GRIN lens can effectively focus a
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Gaussian beam tightly. However, as shown in Fig. 2.1(b), the output beam from the
multimode fiber has random mode and cannot be focused by a GRIN lens.

To achieve high-resolution photoacoustic imaging, we harness the reported
spatial beam self-cleaning effect in a graded index multimode fiber (GRIN MMF)3!-%2 to
improve the beam quality significantly. Despite the high number of permitted guided
modes in a GRIN MMF, light self-cleaning enables a robust, effective propagation of
spatially bell-shaped beams. The self-cleaning effect can be explained by the four-wave
mixing interaction among a large population of the guided modes. Spatial self-induced
periodic imaging and Kerr nonlinearity create a periodic longitudinal modulation of the
refractive index of the fiber core, and this permits quasi-phase matching and
energy exchange between guided modes through four-wave mixing®. The fundamental
mode shows nonreciprocal nonlinear energy exchange with the high order modes and
traps all the energy transformed to it. As a result, the beam profile coalesces from a
highly irregular to a well-defined bell-shaped structure in the core center. This process
effectively improve the beam quality and enhances the focus. Also, spatial beam self-
cleaning does not lead to frequency spectrum changes or nonlinear loss of energy.
Notably, GRIN MMF with spatial beam cleaning has a larger mode area than SMF and
could deliver a high-quality beam with two orders of magnitude higher laser pulse

energy®+,
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Figure 2.1 Simulation results of GRIN focusing

(a) a Gaussian beam and (b) an output beam from the step-index multimode fiber.

To our knowledge, none of the current intravascular photoacoustic endoscopes have
achieved high energy pulse delivery and high resolution at the same time. For in vivo
intravascular photoacoustic imaging of lipids at 1.2 or 1.7 um®, the signal to noise is a
primary concern, where the absorption of water and the scattering of the blood
significantly compromises the photoacoustic signal. By increasing the pulse energy from
~500 nJ to 20 uJ, one can effectively enhance the signal strength and thus improve the
image quality.

Method

encapsulated photoacoustic endoscope based on a GRIN MMF
In this Letter, we demonstrate a fully encapsulated photoacoustic endoscope based
on a GRIN MMF. Our endoscope utilizes spatial beam self-cleaning to achieve high-
resolution photoacoustic imaging. Compared with previous MMF photoacoustic
endoscope without light converging, this design significantly improves the imaging
resolution in the lateral direction. Also, taking advantage of a much larger core size
(100 um) of the GRIN MMF, we achieved delivering pulse energy around 20 pJ, with

1000 Hz repetition rate.
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The quality of the beam delivered by the GRIN MMF is crucial for the imaging
system. Figure 2.1(a) shows the setup for GRIN fiber optical coupling and beam output
measurement. In the setup, a 2-ns pulsed laser at 1030 nm is first cleaned by a pinhole,
then launched into a 1-m GRIN fiber with 0.29 NA and a 100/140 um core diameter (F-
MLD from Newport Co.) where a lens, an ND filter (ND10A from Thorlabs), and a
three-axis translation stage are used. The beam diameter is 30 um at the fiber-tip surface,
and the incident angle is less than one degree to ensure high coupling efficiency and low
high-order modes (HOMSs) excitation. The fiber is laid loosely on an optical table,
without any stress to mitigate intermode coupling and losses through the HOMs. The near
field profile and the output beam quality were measured by a CCD camera, and as a
comparison, we also measured the output from a step index MMF (FG105LCA,

Thorlabs, Inc.) with 105 um core diameter on the same setup.
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Figure 2.2 Near-field beam profiles for different input pulse energies

(a) The system setup of the fiber coupling and near field beam profile measurement. (b)
Near field beam profile from a GRIN MMF. (c) Near field beam profile from a step index
MMF fiber.

When we increased the input laser pulse energy above a certain level (about 1 pJ
per pulse), the beam profile coalesced from a highly speckled profile to a bell-shaped
structure with the majority of laser power in the center, surrounded by a low power
speckled pedestal. Figure 2.2(b) shows the near field spatial beam intensity profile after
coalescence at an incident pulse energy of 20 pJ. With the same setup and laser energy,
we substituted the GRIN MMF with a step-index MMF, and the selfcleaning effect does

not appear. As shown in Fig. 2.2(c), the smooth input Gaussian beam from the laser source

degraded into the irregular transverse profile. Thus, compared with step MMF, the much-
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improved spatial beam quality by the GRIN MMF paves the way toward a high -
resolution photoacoustic endoscope.

Harnessing the beam self-cleaning effect, we designed a GRIN MMF based high-
resolution photoacoustic endoscope illustrated in Fig. 2.3(a). A diode laser at 1030 nm
wavelength is utilized as the photoacoustic excitation light source. This high pulse
reputation rate (1 KHz) laser with two ns pulse width enables real-time imaging. After
coupling the laser to the GRIN MMF and fine tuning it until the beam self-cleaning
was achieved; the GRIN MMF is then connected to the endoscope for photoacoustic
imaging. The photoacoustic signal, collected by an ultrasound transducer, transfers
through the signal wire and slip ring and is amplified with a 39-dB low noise amplifier. A
photodiode is used to measure the pulse energy and trigger the data acquisition card
(DAQ) through the pulse generator. The photoacoustic signal collected by DAQ is saved
in a PC for further data processing.

Figure 2.3(b) presents a more detailed structure of the rigid distal section and
photos of several key components, respectively. The GRIN lens, fiber spacer, and the
distal end of the GRIN MMF are enclosed in the 3D printed housing and completely fixed
to the tube wall with epoxy. The focused laser output from the GRIN lens (GT-IFRL-085-
inf-50-CC from GRINTECH) is reflected by a 0.8 mm microprism to realize side firing.
Then a 42 MHz transducer (from Blatek) is installed into the reserved space, which is
tilted by 10 deg. The relative position of the transducer and the prism is optimized to
achieve the maximum overlap of the ultrasound focus and the laser focus, ensuring the

sensitivity of the photoacoustic signal collection efficiency.
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In this probe design, the converging beam from the GRIN MMF is achieved by a
GRIN lens, taking advantage of its small size and easy alignment. A commercially
available numerical optical modeling software ZEMAX (ZEMAX Development
Corporation, Washington, USA) is used to assist the optical alignment design. With
comprehensive consideration of the working distance, beam spot size, and penetration
depth, the 0.25 pitch grin lens with 0.85 mm diameter and 0.8 mm homogeneous
refraction index fiber spacer are chosen. According to the simulation, 2.5 mm working
distance and 28 um focusspot size can be achieved with this probe.

Volumetric photoacoustic imaging is realized by proximal rotation and pulling
back of the endoscope. A fiber-optical rotary joint and slip-ring assembly, which
provide optical coupling and RF signal transmission, are the key element. Figure 2.3(c)
depicts the fully assembled device and the design of the fiber-optical rotary joint. The
rotary part is driven by a motor via a belt. The laser transmission is realized by the direct
coupling between fibers. Precise matching is required to minimize the axial

misalignment.
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Figure 2.3 Schematic of the PA endoscope.

(@) Schematic illustration of the imaging setup with the alignment of various modules.
Abbreviations: PG, a pulse generator; DAQ, data acquisition system; PD, photodiode; SR
and RJ, slip ring and rotary joint; PH, pinhole. GMMF, GRIN MMF; ND, neutral density
filter. (b) Architecture and photography of the endoscope. PM, prism; UST, ultrasound
transducer. (c) The fiber optical rotary joint and slip-ring assembly and the schematic
design of the fiber-optical rotary joint.
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Results

Photoacoustic imaging of an iliac/common femoral artery stent.

The feasibility and resolution of the high-resolution photoacoustic system with GRIN
MMF are first validated by a 7-um carbon fiber phantom. The endoscope is driven by the
linear stage and moves perpendicular to the carbon fiber. Photoacoustic data collected by
the DAQ card are first bandpass filtered followed by Hilbert transformation. Figure 2.(a)
shows the photoacoustic amplitude along the scanning direction. Furthermore, the data
are fitted with the Gaussian function to estimate the spatial resolution. From the Gaussian
fitting shown in Fig. 2.(c), the photoacoustic endoscope offers a lateral spatial resolution
of 29.6 um, which is ~10 times better than the previous multimode fiber-based
intravascular photoacoustic endoscope [10]. The resolution along the axial direction is
measured to be 96 ym, which is decided by the photoacoustic ultrasound frequency. We
then substituted the GRIN fiber with a 105 um diameter MMFand performed the same
measurement. Figure 2.(b) is an image measured with step index MMF. The fitted profile
is shown in Fig. 2.(d) indicates a resolution of 102 pm. These data collectively confirm the
superiority of the GRIN MMF with spatial mode self-cleaning over the step index MMF.

To demonstrate 3D intravascular imaging capability of our endoscope, we used an
iliac/common femoral artery stent (Boston Scientific Corporation) shown in Fig. 2.4(a),
which is made up of 14 individual metallic struts (each of a diameter of 100 um). The
stent was expanded to 3.5 mm diameter, and the imaging catheter was inserted into the

center of the stent. A 3D image is taken by rotating the catheter [Fig. 2.4(b)]. The
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photoacoustic image in Fig. 2.4(c) and 3D reconstruction of the metabolic stent in Fig.
2.4(d) exhibit high contrast. The photoacoustic image is able to visualize fine features of

the stent, such as the crossing of the struts at a high resolution.

Figure 2.4 Photoacoustic imaging of an iliac/common femoral artery stent.
(a) Optical microscopic image of the imaged sent segment. (b) The schematic of the
image acquisition method. (c) Photoacoustic image of a cross section of the stent. (d)
Representative 3D photoacoustic image.

The improvement of the resolution with the GRIN MMF is further illustrated with
a cross-sectional image of the iliac/common femoral artery stent. Figure 6 shows the

photoacoustic image taken by the catheter with GRIN MMF and step index MMF.

Figures 2.5(a) and 2.5(b) show the photoacoustic image of the stent with GRIN MMF.
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Because of the high resolution achieved by the GRIN MMF, it shows strict edges with a
width of 93 pum. Figures 2.5(c) and (d) show the photoacoustic image with step index
MMF. The focus for the step MMF is not optimal, and the edges are blurred, with a width
of 210 um. These data show the improvement achieved by the GRIN MMF photoacoustic

endoscope. The scale bar is 1 mm.
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Figure 2.5 Photoacoustic and ultrasound images of the stent recorded with the catheter.

(@), (b) Photoacoustic image with the GRIN MMF and lateral resolution, (c), (d)
photoacoustic image with the step index MMF and lateral resolution.

In summary, we have developed a GRIN MMF-based PA endoscope that provides
a high-resolution photoacoustic image with high laser energy. The PA endoscope offers a

lateral resolution of 30 um. Unlike the previously reported highresolution PA endoscope
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using SMF for light delivery, our GRIN MMF PA endoscope utilizes the spatial beam
self-cleaning to keep the clean mode for a high-energy pulse. This photoacoustic
endoscope design based on a GRIN MMF is also relevant for applications of self-
cleaning in multimode fibers in different fields, such as three-photon imaging in
fluorescence endoscopy and space division multiplexed transmission with GRIN fibers.
For future studies, to enable broad potential applications, this endoscope needs to
be further downsized to a diameter smaller than 1 mm. Also, the rotary joint for the
GRIN MMF should be improved to enable its ability of 3D imaging in vivo. The current
design has an issue of high abrasion and cannot support high-speed rotation. GRIN MMF
with a different diameter can be applied to meet the need. It is noted that due to the laser

safety consideration, moderate focus with large depth of focus is preferred.
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CHAPTER THREE - LONGITUDINAL INTRAVASCULAR PHOTOACOUSTIC
IMAGING OF INFLAMMATORY ATHEROSCLEROTIC PLAQUE IN
CHOLESTEROL FED RABBIT

The work in this chapter will be published on Biomedical express.

Intravascular photoacoustic (IVPA) imaging is a promising modality for
quantitative assessment of lipid-laden atherosclerotic plagues. Yet, longitudinal IVPA
imaging of plaque in the same animal is not yet demonstrated. Here, using a IVUS/PA
catheter of 0.9 mm in diameter, we performed IVPA imaging in the aorta of a well-
established rabbit model mimicking atherosclerosis in human patients. Previous lipid
studies that aimed to detect lipids in plaques in animals have lacked models with
advanced atherosclerosis and IVPA devices that could damage the vessel and survival,
limiting the chance for to be imaged ex vivo for comparison with the in vivo imaging
results Herein, we present an advanced IVUS/IVPA imaging system and method,
applied imaged with the in-vivo IVPA imaging and the result were compared and
confirmed by the MRI in-vivo experiments and histology. These achievements provide us
with a way to understand the new details of atherosclerotic plaques at high resolution and
demonstrates the potential of IVPA translation to clinical imaging to detect vulnerable

plaques at high risk for thrombosis.



27

Introduction

Atherosclerotic cardiovascular disease is the leading cause of mortality in the
United States, causing nearly one million deaths every year® *’. Cardiovascular disease
deaths are most often triggered by the rupture of vulnerable atherosclerosis plaques and
subsequent thrombosis®. Early identification of vulnerable plaques in vivo, by
characterization of morphological and compositional features of the plaque, can have a
positive impact on guiding the treatment* . In human, atherosclerosis is initiated by the
sub-endothelial infiltration of plasma LDL cholesterol and cholesteryl ester, which is
enhanced by endothelial damage and further promotes inflammation over decades,
together leading to the plaque instability® “°-*1. The size and location(s) of the lipid pool
and the thickness of the fibrous cap are two features that can be used to determine the
plaque stability*>43,

To reliably and accurately diagnose the pathological stage of atherosclerosis, both
the morphological and chemical information of the plaque are required. MRI is a widely
used imaging method which can characterize major components of plaque, including the
fibrous cap, the lipid core hemorrhage and inflammation®-*°. Although non-invasive,
MRI is limited by the centimeter-scale spatial resolution. Several catheter-based invasive
methods including Intravascular ultrasound (IVUS)*¢#" and optical coherent tomography
(OCT)*® were developed to obtain high resolution morphological information and
locations of the plagues, yet lacking information about the plaque chemical composition.

IVUS was recently combined with near-infrared spectroscopy (NIRS), which provides
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information about the lipid content in a plaque*®. However, NIRS cannot precisely locate
the plaque and determine the volume of the lipid core.

Catheter-based intravascular photoacoustic (IVPA) imaging is a promising
technology for localization, characterization, and quantification of coronary
atherosclerotic plaque lipids. IVPA imaging is based on molecular absorption of a
nanosecond laser pulse in the tissue and subsequent generation of an ultrasound signal
detected by a transducer; the method is capable of mapping the composition of the artery
wall with an adequate imaging depth. Catheter-based IVPA imaging is minimally
invasive, provides high resolution imaging of the arterial wall, and offers several
advantages for imaging atherosclerosis plaques?® %°-1, Co-registered with 1IVUS, the
IVPA/US imaging system can achieve real time display of lipid-rich plaques with high
sensitivity and sufficient depth, providing size, location, and composition information to
identify plaques having high risk of rupture?® %2,

Photoacoustic imaging of vascular lipids was first demonstrated by the Cheng,
Emelianov and Beard groups using a laser wavelength around 1200 nm®°2-%, Since then,
there has been a lot of advances in development an IVPA catheter toward intravital
imaging of vascular lipids. Specifically, The Ji-Xin Cheng group demonstrated high-
sensitivity IVPA imaging through a collinear catheter design® and a portable IVPA-US
system capable of imaging at up to 25 frames per second in real-time display mode?°. The
Cheng group also demonstrated in vivo IVPA imaging of lipid distribution in rabbit aorta
under clinically relevant conditions?”, and more recently, a dual-transducer catheter for

high-resolution IVUS and high-sensitivity IVPA imaging®®. The Gijs VVan Soest group
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demonstrated intravascular photoacoustic imaging of human coronary atherosclerotic
plague ex-vivo®’, real-time volumetric lipid imaging in vivo at speed of 20 frames per
second?®, and Lipid detection in a human atherosclerotic lesion at 1.7 pm with a lower
pulse energy than that at 1.2 um®. The Qifa Zhou and Zhongping Chen groups
demonstrated high resolution IVPA by using transducer working frequency as high as 80
MHz>°. The Stanislav Emelianov group demonstrated intravascular photoacoustic
imaging of lipid in atherosclerotic plaques in the presence of luminal blood®. The same
group also built a complete IVUS/IVPA imaging system capable of real-time
IVUS/IVPA imaging, with online data acquisition, image processing, and display of both
IVUS and IVPA images®. The Liang Song group demonstrated optical-resolution IVPA
imaging offering optical-diffraction limited transverse resolution as fine as 19.6 pm®.
The Song group also improved an IVPA/IVUS system with the imaging speed as high as
100 f/s based on a miniature catheter of 0.9 mm L. The Shihe Yang group developed a
tapered fiber-based IVPA catheter for high-resolution imaging of lipid-rich plaque.
Despite these advances, to our knowledge, longitudinal IVPA imaging on the same
plaque in the same animal with atherosclerosis has not been conducted. Without such
capability, the potential of using IVPA imaging to monitor plaque progression under
different diets or drug treatment cannot be fully appreciated.

Here, we demonstrate longitudinal IVPA imaging of atherosclerotic plaques using
a rabbit model. The lipid-fed New Zealand White (NZW) rabbits is an animal model to
study atherosclerosis and sudden thrombosis in a controlled manner®?. These rabbits

develop foam-cell-rich (fatty steaks) plagues when short term high-fat diets were the only
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stimulus used to induce atherosclerosis. Intermittent cycles of fat feeding with periods of
normal diet induces plaques at more advanced stages that resembles human atheroma.
Moreover, with the combination of arterial wall balloon injury and hyperlipidemia,
advanced lesions formed in shorter periods compared to the cholesterol-fed swine
models.

There are a few challenges facing the study of thrombotic events and plaque
vulnerability in live animals., including controlled induction and timed of the thrombosis.
The rabbit model of controlled atherothrombosis combine cholesterol feeding with early
arterial wall injury, produces aortic plaques that mimic 4 of the 6 American Heart
Association stages found in humans, including advanced highly inflammatory rupture-
prone lesions in a short term (2-3 months). The most unique and valuable contribution to
atherosclerosis research is that vulnerable and stable plaques can be differentiated by a
timed pharmacological injection (“triggering”) that is coordinated with vascular imaging
to detect thrombus formation, which is non-fatal.

Using this rabbit model, a recent MRI study atherosclerosis monitor plaque progression
preceding stimulated plaque rupture with serial analysis in the same animal®®. Each aorta
typically has several plaques, each of which can be monitored over time, and the stable
and vulnerable plaques differentiated at the end of the 3-month protocol by triggering.
These unique features render this rabbit model an ideal testbed for survival in-vivo IVPA
imaging.

Technically our team made a few advances that enabled in vivo longitudinal IVPA

imaging on the same artery in the same animal. First, we identified a proper protective
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sheath material that is transparent to both PA and US signals is essential for in vivo
application?’. Second, we minimized the catheter diameter to 0.9 mm. Third, we
established a professional surgical procedure that minimized the damage to animal.
Fourth, we applied MRI to accurately locate the plague in the aorta. With these efforts,
we successfully conducted longitudinal in vivo IVPA imaging on same rabbits with
survival surgeries. This advancement provides us with a new platform towards a deeper
understanding of the atherosclerosis and an accurate way of evaluating the effectiveness

of a treatment.

Methods

Rabbits Model

Rabbits have served as models of atherosclerosis for more than a century?. The
New Zealand White (NZW) rabbit presents a highly valuable model for atherosclerosis
which does not require any genetic modification. And the size of its aorta is similar to
human coronary artery. In our experiment, two 1-month male NZW was chosen as the
test group and one 1-month male NZW was chosen as control group.

A 3-month protocol was developed by the Hamilton lab. The NZW was fed with
1% cholesterol diet for 2 weeks followed by balloon injury and then 6 weeks of
cholesterol diet and 4 weeks of normal chow?. The balloon injury of the abdominal aortic
wall was performed using a 3F Fogarty catheter introduced through a right femoral artery
cut down under general anesthesia. After the catheter was advanced to the diaphragm, the

balloon was inflated and the catheter was gently retracted toward the iliofemoral artery.



32

and sacrifice

e

MRI | vivo IVPA Trigger Trigge

I
I
I
I
I
I
Iﬁ/ I e
l2ah  24n
I
|

>

Test group Animal preparation Imaging procedure
I | | |
| | | plague di .| Secondin-
que disruption .
| Balloon | In-vivo | Firstin- | st nd vivo IVPA
surgery 1 2 d sacrif
| l MRI | VivoIVPA | Trigger Trigger | @M€ S3CMMICE
v e | | .
v I I I
sl s|l s < &
o [0 [ o | E
o | o || o o 2 |
R 5 | 8 |
N I “
1% chol | | |
| | CNOW, | | Second in-
In-vivo | Firstin- 1t 24 vivo [VPA
.
|
|
|
|
I

Figure 3.1 Timelines for the CHOL-fed rabbits with or without injury.

The frst timeline shown includes 2 months of 1% CHOL feeding followed by 1 month of
normal diet. The second timeline adds endothelial injury carried out in the 1%
CHOL-+injury rabbit groups at 2 weeks. MRI in vivo was carried out at 2 months,
followed by two repeat MRI sessions at 3 months to assess plaque rupture by
pharmacologic triggering

In vivo MRI
The In-vivo MRI imaging was done after 10 weeks of the balloon surgery. The in
vivo MRI experiments were performed on NZW under deep sedation using a 3.0-T
Philips Intera Scanner (Philips Medical Systems, Ohio). Ungated coronal 3D phase
contrast MR angiograms (PC-MRA) acquired with a T1-weighted, fast-filed echo
sequence were used as scout images. Two-dimensional, T1-weighted, black-blood
(T1BB) axial images were then acquired with a double-inversion recovery turbo-spin

echo sequence and cardiac gating. Subsequently, ungated axial 3D PC-MRA images were
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acquired immediately after a bolus injection of Gd-DTPA (0.1 mmol/kg IV) (Magnevist,
Germany). Finally, post-contrast-enhanced (post-CE) T1BB images were acquired 10 to
15 minutes after Gd-DTPA injection with parameters identical to those used for the non-
contrast-enhanced T1BB images.

Plaque disruption was pharmacologically triggered with intraperitoneal injection
of Russell’s viper venom (0.15 mg/kg; Enzyme Research, South Bend, IN) followed 30
later by intravenous injection of histamine (0.02 mg/kg; Sigma-Aldrich, St. Louis, MO).
This procedure was performed twice within 48 h on two consecutive days. Russell’s viper
venom is a procoagulant factor and endothelial toxin, and histamine acts as a vasopressor
in rabbits. Heparin (1000 USP units; Sigma-Aldrich) was administered intravenously

prior to euthanasia to prevent postmortem blood clotting.

In-vivo IVPA
The first in-vivo IVPA imaging was conducted after 10 weeks and the second 18-
20 weeks after the balloon surgery. The sedation will be achieved by
Ketamine/Xylazine/Acepromazine: 35 mg/kg / 5mg/kg /0.75 mg/kg IM. Induction of
anesthesia will be accomplished by injection of of Acepromazine 0.75 mg/kg IM
followed in at least 5 minutes by ketamine 35 mg/kg IM and Xylazine 5 mg/kg IM. A
laryngeal mask (LMA) for the rabbit is used gives oxygen.
Following induction of anesthesia, the fur on the right leg and right abdominal
region connected to the leg will be cleaned by a clipper. Following shaving of the site,
betadine will be applied, followed by alcohol, and this procedure will be repeated for 3

times. A femoral artery cut down will be performed under sterile conditions. Then, a 4F
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introducer sheath placement in femoral artery will be carried out before imaging.
Through the introducer sheath, the IVPA catheter covered by catheter sheath was
advanced to the thoracic aorta. The advance distance is decided by the balloon surgery
area and the MRI imaging. 2 fps and 0.2 mm/s were used to do IVPA imaging of the
aorta. A total length of 50 mm was recorded by pullback of the catheter. During the
surgery, the animal surgeon will place the looser sutures spaced further apart to lessen the
number of sutures used and prevent skin irritation.

After the first imaging procedure, the catheter and sheath will then be removed.
Hemostasis will be accomplished by direct pressure to the artery following sheath
removal and suture closure. The surgical wound will then be sutured closed. During the
surgery, respiration, heart rate and SpO2 of the rabbits will be monitored. PDS
monofilament sutures will be used to lessen the chance of post-operation irritation.
Immediately after the surgery when the animals become conscious a plastic e-collars, will
be placed around the neck to prevent chewing of the sutures at the incision site. All these
ensure the NZW survival after the imaging procedure.

After final imaging has been recorded, while the rabbit is under anesthesia, the
animal will be euthanized by pentobarbital overdose: Pentobarbital overdose (>120
mg/kg 1V) Euthanasia will be accomplished by first administering Acepromazine 1
mg/kg IM once. After 15-20 minutes, a small IV will be placed in an ear vein, after which
a lethal bolus dose of sodium pentobarbital 120 mg/kg 1V will be administered. Cardiac

arrest will be confirmed with auscultation using a stethoscope.
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Figure 3.2 IVPA imaging system and the in-vivo surgery.

(@) The IVPA imaging system. Nano second laser pulses are couple to a multimode fiber
and directed to the catheter through rotary joint. At the catheter tip, the laser pulse are
reflected by a gold coated mirror and shine on the artery. A the same time, the laser will
generate an electric trigger signal, send to the function generator. The function generator
will produce two triggers, one to the data acquisition card and one to the Pulser reciever,
which will generate a delayed ultrasound pulse at the ultrasound transducer. (c) shows the
in-vivo rabbit IVPA imaging surgery. A introducer catheter is inserted at the iliac artery
and the catheter in sheath is inserted to the aorta.

IVPA System

An IVPA system developed by our group provided dual-modality intravascular
photoacoustic and ultrasound imaging at speed up to 16 fps with real-time display®. A
home built Nd:YAG pumped OPO emitting ~5 ns pulse with 500 Hz repetition rate at a
wavelength of 1732 nm served as the excitation laser source. The laser output was
coupled to a multimode fiber (FG200LEA). The laser passes through the fiber rotary joint
and coupled to the IVPA-US catheter. At the distal end of the fiber in catheter Fig 3.2.b,
the laser reflected by a 45° gold coated rod mirror. The generated photoacoustic signal

was collected by the ultrasound transducer where ultrasound signal was converted into
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electronic signal. Then signal was amplified by the pulse reciever and digitalized by the
data acquisition card (ATS9350 PCI express digitizer, AlazarTech). After 4 us delay, the
transducer was excited by an electronic pulse and the reflected ultrasound signal was also
collected by the same ultrasound transducer, amplified and digitalized. The
synchronization and delay was controlled by the function generator (9512+, Quantum
Composer). All these recorded data were then processed by a LabVIEW program and

display in real time.

Results

In vivo MRI measurements
From in vivo MRI measurements, we assessed vessel wall area (VWA) and plaque
gadolinium (Gd) contrast enhancement. Selected segments representing regions with and
without plaque and normal vessel areas were compared. Atherosclerosis was observed in
the test group rabbits and no atherosclerosis was observed in control rabbit. Figure 3.3
shows representative MRI images of the aorta with plaque and the control group aorta.
From the in-vivo MRI image, the test group’s plaque area, vessel area, and remodeling

ratio were significantly larger than the control group.
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Test group rabbit 1 Test group rabbit 2 Control group rabbit

500 pm

Figure 3.3 In-vivo MRI image of the rabbit aorta.

T1W MRI images of atherosclerosis plaque withd Gd contrast enhancement in rabbit
abdominal aorta taken at 10 weeks after the balloon surgery and the control group. The
d,e,f are the corresponding enlarged view of the aorta.

In vivo IVPA Imaging

The serial in-vivo IVPA imaging of the NZW was conducted and we recorded in
vivo IVPA/US images of the aorta with 50 mm. Figure 3.4 a-f shows representative
cross-sectional PA images, g-1 shows merged PA/US images. The PA images show the
presence of lipid within the aorta wall which indicate the presence of the plaque. The US
images provide important morphological information about the artery. From the figure
we can see that the test group rabbit has PA signal and the thickness of the artery wall is
much larger than the control group. In the control group, no obvious PA signal has been

found.
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Figure 3.4. In vivo IVPA imaging of the rabbit aorta.

(a-f) Intravascular PA images. a,c,e are the IVPA image of the first imaging procedure
and b,d,f belongs to the second in-vivo imaging. (g-I) Combined PA and US images
corresponding to the upper row. The scale bar is 1 mm.

Histology of the Rabbit Aorta

After the euthanasia, the aorta was harvested. All the aortas were fixed in 10%
formalin for approximately 30 minutes to maintain lumen as close to in vivo morphology
as possible. The aorta section that were shown to have plaque were selected and cut in 3
mm segment. Then it was paraffin embedded, sectioned and stained with Oil Red O and
H&E. The Oil Red O is a fat soluble dye that stains neutral triglycerides and lipids while
the H&E stain provides a comprehensive picture of the microanatomy of organs and
tissues. With the histology, the existence of the plaque and the thicken of the aorta is

further confirmed (see Figure 3.5).
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Figure 3.5 The histology of the rabbit aorta.

The rabbit aorta was cut to slices and stained with Oil red and H&E staining. Scale bar 1
mm.
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CHAPTER FOUR - VIBRATIONAL SPECTROSCOPIC DETECTION OF A

SINGLE VIRUS BY MID-INFARED PHOTOTHERMAL MICROSCOPY

The work in this chapter was published in analytical chemistry. Reprinted with

permission form the American Chemical Society publishing group. (Copyright 2021
Optical Society Publishing Group)

We report a confocal interferometric mid-infrared photothermal (MIP)
microscope for ultra-sensitive and spatially resolved chemical imaging of individual
viruses. The interferometric scattering principle is applied to detect the very weak
photothermal signal induced by infrared absorption of chemical bonds. Spectroscopic
MIP detection of single vesicular stomatitis viruses (VSVs) and poxviruses is
demonstrated. The single virus spectra show high consistency within the same virus type.
The dominant spectral peaks are contributed by the amide | and amide Il vibrations
attributed to the viral proteins. The ratio of these two peaks is significantly different
between VSVs and poxviruses, highlighting the potential of using interferometric MIP
microscopy for label-free differentiation of viral particles. This all-optical chemical
imaging method opens a new way for spectroscopic detection of biological nanoparticles
in a label-free manner and may facilitate in predicting and controlling the outbreaks of

emerging virus strains.
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Introduction

Viruses represent both a vexing public health problem and an increasingly common
source of therapeutics and vaccines. Viruses are responsible for numerous epidemic
outbreaks, including the 1918 influenza pandemic®, Zika®, Ebola®, and the ongoing
COVID-19%. Attenuated viruses are the basis for more than a dozen vaccines®’.
Genetically engineered viruses are approved for gene therapy®®, direct oncolytic cancer
therapy®®, and CAR-T cell treatments’®. The critical unit in both harmful and helpful
virus functions is the virion, an extensively loaded nanoscale particle that shields and
then delivers the infectious viral unit into susceptible cells. The make-up and function of
individual virions is an evolving area of study, benefitting from powerful techniques such
as electron microscopy, atomic force microscopy’?, reflectance imaging microscopy??,
and structured illumination microscopy using fluorescently tagged virions’®. Each of
these approaches has advantages, but none to date have shown the ability to directly
probe the chemical content or signature of an individual virion on a single particle scale

Interferometric biosensing and microscopy have been extensively studied for

sensitive, high-resolution, and ultrafast nanoscale specimen studies’*"". The
interferometric imaging enhances the weakly scattered light from a nanoparticle of
interest via interference with a stronger reference field that brings the scattered signal into
the shot-noise limit of the imaging system, which otherwise falls short of the detector
noise in dark-field detection as a consequence of a drastic signal drop’®®, In wide-field

modality using a layered substrate, an interferometric reflectance imaging sensor has
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been demonstrated to detect viruses® and exosomes®? without labels as well as single
protein® and nucleic acid® molecules by labeling with plasmonic nanoparticles.
Interferometric microscopy pushes the sensitivity beyond the bright-field optical
microscopy down to a single protein in both widefield®®® and confocal scanning
modes®’# using a glass substrate. To date, interferometric studies of biological
nanoparticles have been limited to affinity-specific molecular information, whereas the
chemical composition of particles has remained inaccessible.

To obtain molecular information beyond the surface affinity, vibrational
spectroscopy based on either Raman scattering or infrared absorption is commonly
employed in biological studies. These methods identify the chemical content of a
substance based on molecular vibrational fingerprints. For Raman scattering, the cross

section is extremely small approximately 1 out of 10 incident photons are emitted

through Raman scattering. Surface-enhanced Raman scattering (SERS) has shown great
potential for single molecule detection at a plasmatic hot spot®®-2, The detection
reliability of SERS, however, relies on the quality of the substrate. Besides, because the
hot spot (<10 nm) is smaller than a virus (~100 nm), SERS is not able to probe the entire
content of a virus. Tip-enhanced Raman spectroscopy detection of the virus is reported®,
where the reliability strongly depends on the tip quality. Recently developed coherent
Raman scattering microscopy allowed high-speed vibrational imaging of cells and
tissues®°. However, coherent Raman scattering imaging of a single virus has not been
demonstrated partly due to the small cross section of Raman scattering from a nanoscale

viral particle.
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In comparison to inelastic Raman scattering, infrared absorption has 6—8 orders of
magnitude larger cross section®®. The infrared spectra deliver information on proteins as
well as on interactions between protein subunits and nucleic acids®’. However,
spectroscopic detection of a single virus by conventional FTIR is hampered by the
intrinsically low spatial resolution on the micron scale®®. AFM-IR, which offers
nanoscale spatial resolution and high detection sensitivity, is capable of providing a
single virus infrared spectrum®®. However, AFM-IR requires sample contact, thus
suffering sample damage risk. Thus, a contact-free, easy to operate, and highly sensitive
method for single virus detection is desired. Mid-infrared photothermal (MIP) imaging is
an emerging technique” *> 1% meeting these requirements. In MIP microscopy, a visible
beam is deployed to sense the photothermal effect induced by infrared absorption of
molecules, providing sub-micron spatial resolution defined by the visible probe beam.
MIP signals can be detected in either scanning mod or wide-field mode. On the excitation
side, MIP can be implemented with an IR/visible co-propagating or counter-propagating
geometry. In the latter, an objective lens (OL) of a high numerical aperture can be used to
focus the visible beam and a spatial resolution of 300 nm has been reached. More
recently, researchers at the University of Notre Dame pushed the detection limit to 60 nm
polymer particles with a balanced detection scheme®2.

Here, we harness the interferometric scattering principle in confocal
configuration to push the sensitivity limit of MIP microscopy to an unprecedented level

toward single virus detection. We report, for the first time, vibrational fingerprint spectra
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of a single poxvirus and a vesicular stomatitis virus (VSV) recorded with a counter-

propagating interferometric MIP microscope.

Methods

Experimental Setup

A schematic is shown in Figure 1. A pulsed mid-IR pump beam, generated by a
tunable (from 1000 to 1886 cm—1) quantum cascade laser (QCL, Daylight
Solutions, MIRcat-2400) operating at a 100 kHz repetition rate, passes through a calcium
fluoride (CaF2) cover glass and then is focused onto the sample through a gold-coating
reflective objective (RO) lens (52%; NA, 0.65; Edmund Optics, #66589). A continuous-
wave probe laser (Cobolt, Samba 532 nm) beam is focused onto the same spot from the
opposite side by a high NA refractive objective (60x; NA, 1.2; water immersion;
Olympus, UPlanSApo). The probe beam is aligned to be collinear to the mid-IR pump
beam to ensure the overlap of the two foci to achieve a good signal level. A scanning
piezo stage (Mad City Labs, Nano-Bio 2200) with a maximum scanning speed of 200
us/pixel is used to scan the sample. Before the photodiode, a confocal pinhole is placed to
pass only the scattered photons from the nanoparticles and the reflected photons from the
top surface of the CaF2 glass while blocking the photons reflected from other surfaces.
Therefore, the pinhole reduces the unwanted reflections from the optical surfaces in the
collection path. We empirically observe a slight improvement in signal to noise ratio

(SNR). In the imaging procedure, the nanoparticles spotted on a CaF2 cover glass are
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first localized by the backward interferometric signal. The sample stage is adjusted

axially to maximize the interferometric contrast. Then, the pulsed infrared pump beam

illuminates the sample. The modulated scattering is collected by a photodiode

and the MIP signal is extracted by a lock-in amplifier (LIA). Before the RO, the infrared

laser passes through a CaF2 coverslip and the reflection of the infrared laser is measured

by a mercury cadmium telluride (MCT) detector for normalization of IR power at each

wavelength. A laboratorybuilt resonant circuit, with its resonant frequency (103.8 kHz,

gain 100) tuned to the repetition rate of the QCL, is used to amplify the photocurrent

from the photodiode before it is sent to the LIA (Zurich Instruments, HF2LI) for phase-

sensitive detection of the MIP signal.
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Figure 4.1 lllustration and principles of interferometric MIP microscopy.

(a) Schematic. A pulsed mid-infrared pump beam is provided by a QCL and focused into
a sample by a RO. A continuous visible (green) probe beam is focused on the sample by a
water immersion OL. To measure the IR power, a small fraction of the IR beam is
reflected by a CaF2 glass onto an MCT detector. The interferometric signal (Edet) is
collected in an epi-illumination configuration using a beam splitter. A silicon photodiode
(PD) detects Edet after filtering by a pinhole (PH) in a confocal

configuration. The 4f system consisting of two achromatic doublets L1 and L2 provides
access to the confocal conjugate plane for the filtering. (b) lllustration of the counter
propagation interferometric scattering detection principle. (c) Electronic connections for
system control and signal detection. PD is connected to a resonant amplifier to amplify
the detected probe beam. LIA demodulates the PD signal to isolate the photothermal
signal. PC controls the motorized scanning stage and data acquisition. The IR intensity
detected by the MCT is also received by the LIA for normalization of the photothermal
signal by IR power at each wavenumber. The lock-in sends a reference signal to trigger
the laser at a 100 kHz frequency.

To normalize the MIP signal by the IR power at each wavenumber, the mid-IR
intensity detected at the MCT is sent to another lock-in input channel. A computer is used
to synchronize the QCL wavelength tuning, stage scanning, and data acquisition. The
photothermal spectra are processed using in-house scripts written on MATLAB. The raw
photothermal signal is normalized by the mid-infrared laser power spectrum collected by

the MCT detector at a step size of 5 cm ™. For detection of the virus, the photothermal

spectra are averaged 5 times to achieve a high SNR.

Principle of Interferometric Photothermal Signal Detection.
Our system’s detection mechanism relies on the ultra-sensitive interferometric
scattering imaging principle®* which employs a common-path interferometry. This
configuration enables highly sensitive and stable interferometric imaging of nanoparticles

captured on the substrate surface. The light impinging on particle scatters and reflects off
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the glass/air interface. The complex valued reflected field E, = E.e/¢r and scattered
field E; = Ese/®s interfere at the detector: 1., = |E, + E4|? . This recorded
interference signal can be formulated as follows:

lyet = E? + E2 + 2E,E cos(6)

The first term denotes the reference field intensity I, = |E,|?, the second term
denotes the scattering intensity I, = |E|?, and the third term denotes the real valued
interferometric cross term 2Re (E.E}). The phase term 8 = ¢, — ¢, is the phase
difference between the reference and scattered fields. The strength of the scattered field
amplitude scales with the sample’s polarizability a. In the dipole limit where particle
radius r is much smaller than illumination wavelength < 4, the polarizability for a
nanosphere!®? is given by:

5 €p — €Em
€p + 26y

Esxa = 4me, T
where €_p and €_m respectively denote the dielectric permittivity of particle and the
surrounding medium. Considering small nanoparticles, the scattering intensity term
which has r6 dependence generates signal levels well below the shot-noise limited
detection and quickly vanishes against the reference field intensity. Therefore, the
scattering intensity term in eq. 1 becomes negligible due to the sample’s weakly
scattering nature. The resulting signal constitutes the background signal (Ir) and the

interferometric cross term. The interferometric term realizes the linear detection of the

weak scattered field with a strong reference field enhancement. Moreover, such detection
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allows for the detector to operate at the shot-noise limited performance. After background
subtraction, the interferometric signal can be expressed as follows:
S =lget — I, = 2EGE,.cos (0)

The phase difference contains the accumulated Gouy phase, field propagation
phase, and the sample’s internal field phase. The sinusoidal term modulates the signal
contrast depending on the axial position with respect to the objective focus. This term can
be optimized to maximize the contrast by defocusing®®.

Based on the interferometric detection of scattered field, the photothermal signal is
observed as a result of the molecular absorption by the sample!%4-1%, The IR pulse
vibrationally excites the molecules inside a sample. This heats the sample depending on
the optical absorption cross-section and IR-pulse intensity. The absorption then causes a
local temperature rise of AT at the particle’s vicinity. This photothermal effect induces a
subtle change in the particle’s refractive index and size due to thermal expansion. As seen
from eq. 2, this effect modifies the nanoparticle’s polarizability and thus the scattered
field amplitude. The induced signal change can be written as:

AS = 2E,AE
where AE = E((T, + AT) — Es(T,) is the difference of the scattered field amplitudes
with a pre-IR pulse temperature T,,. We assume here the particle as a uniform heat source
which is a valid assumption for very small nanoparticles compared with the micron-scale
IR wavelength. Similar to the DC case, the interferometric photothermal imaging realizes

linear detection of the change in the scattering amplitude. The photothermal signal can be
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measured as the intensity modulation at the detector. One can approximate the

modulation depth AS/S by the means of the particle’s polarizability change as follows:

AS  Aa 3AT< N 2€ >
— x—= a a
S a ' (ep + 26m)(ep — €m) "

where @, = %dr/dT and a,, = %dn/dT are the thermal expansion and thermo-optic

coefficients, respectively. This approximation holds for Ar « r and An «< n. The
modulation fraction becomes in the orders of 0.01% per 1 K for PMMA beads for given
dr/dT =90x10® mK?!and dn/dT =-1.1x10* K™ 7 The lock-in amplifier is utilized
to extract this very minute signal.

Virus sample preparation. The recombinant vesicular stomatitis virus expressing
green fluorescent protein envelope (rVSV-G-eGFP) was generated as described earlier 1%
and the recombinant vaccinia virus expressing Venus fluorescent protein (rVACV-A4L-
Venus) was generated as described earlier 1%°. To load viruses onto the substrate surface,
100 pL of either VSV or poxvirus stock was incubated on a CaF2 coverslip for 1 hour at
room temperature. The rVSV and rVACYV concentrations were ~3x108 PFU/mL and
~2x10® PFU/mL, respectively. Following incubation, coverslips were examined with
fluorescence microscopy to ensure that virus was present. All virions were crosslinked

and inactivated using 1.0 mL 4% formaldehyde for 1 hour and then dried.



d Interferometric
0.13
3
L)
»
4]
=
c
o
o
—
o
£
0.05"®
10"
-~ 10 '
)
<
© 109 @
s
O
o 107 .
L O Interferometric
& Scattering
10 49
50 100 150

Particle diamter (nm)

200 50

50

1729 cm’

o
(=
—h

MIP intensity (a.u.)

Photothermal signal (a.u.)

n

- O

150 200
nm)

100 K
Particle diamter

Figure 4.2. Experimental demonstration and theoreti-cal calculations of interferometric

detection.

(a) Interferometric scattering image of 100 nm PMMA bead, (b) Interferometric MIP
image of the 100 nm PMMA bead at 1729 cm . Probe power on the sample: 40 mW; IR
pump power on the sample: 8.5 mW. Scale bars: 500 nm; pixel dwell time: 20 ms; image
acquisition time: 19.6 s. (c-d) Simulated contrast comparison between interferometric
cross term and scattering intensity term for PMMA bead with particle size range from 50
nm to 200 nm in diameter. (d) Photothermal signal calculations corresponds to the signals

in c.
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Results and Discussion

Experimental detection of 100 nm particles and theoretical calculations

To demonstrate the capability of interferometric photothermal detection, we first
image 100 nm poly (methyl methacrylate) (PMMA) beads. These PMMA beads present a
suitable model for system characterizations since their size resembles the viral particles in
our experiments and importantly PMMA has a dielectric constant (n=1.5) similar to that
of viruses. Figure 4.2a shows a high SNR interferometric scattering image with 0.13
particle contrast. The interferometric contrast is defined as normalized, background-
subtracted signal 1. This indicates that scattering intensity is approximately 400 times
smaller than the background (reflected field) intensity. The interferometric detection
reveals highly sensitive detection of very weak signals from small particles which may be
indistinguishable from the background in the conventional light microscopy. This comes
from the fact that residual reflection (~ 4%) from the substrate and particle medium
interface. Compared to forward detection schemes where most of the incident light
reaches the detector, the reflection geometry in interferometric detection of small
particles can improve the contrast by approximately 25 times. We note this is valid in the
dipole approximation. Since large particles scatter mostly in the forward direction, we
expect to achieve similar contrast levels in both reflection and forward systems.

The nanoscale particles can be modeled in the dipole limit as discussed in the

theory section. We perform the theoretical simulations on a custom-developed
electromagnetic simulation software on Matlab 1. This dipole model shows a great

agreement with experiments and a more comprehensive electromagnetic model for
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particles up to 200 nm !

. We extend this simulation to interferometric imaging
configuration. Our simulation can be compartmentalized into two main parts: (1)
substrate and particle geometry and dielectric coefficients to define the dipole moment
and (2) optical system parameters including objective numerical aperture and
illumination function to calculate the point spread functions. Accordingly, we assume the
particles are placed on top of a CaF. substrate with a height of particle’s radius (r). The
dipole moment is calculated using polarizability tensor and total driving electric field
(Einc)- The scattered fields are then calculated using far-field Green’s functions. The
reflected field is calculated using Fresnel’s coefficients considering incidence angle and
polarization. Both reflected fields and scattered far fields are mapped into the image
space using angular spectrum representation integral. Then, we coherently sum the fields
using Eg. 1. Accordingly, we calculate the field contributions in the detected signals for a
size range from 50 to 200 nm. Figure 4.2c compares the magnitude of interferometric
cross term and scattering intensity terms defined in Eq. 1. The theoretical interferometric
contrast for 100 nm PMMA bead is 0.11 which shows an agreement with the
experimental value. The incident field amplitude remains constant in all cases. As shown
in Figure 4.2c, the interferometric signal becomes more dominant compared to scattering
intensity as the particle size decreases. This comes from the fact that the interferometric
detection has r® dependency compared with the r® dependency of the scattering intensity.

Therefore, the scattering intensity only detection schemes for nanoscale particles

drastically drops below the detector’s shot noise limit.
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We next characterize the MIP image of the 100 nm PMMA bead as shown in
Figure 4.2b. The MIP signal has ~13 SNR which is close to the sensitivity limit of our
system. The modulation depth is 0.012 %, indicating that photothermal induced
temperature increase in the bead is around 1 to 2 K. Such temperature change is
significantly lower than the previously reported studies using optical parametric oscillator
laser!'2 which has shorter pulse width and relatively larger pulse energy. The temperature
rise and decay time for sub-200 nm particles are on the order of the tens of nanoseconds
which is much shorter than the QCL laser pulse width (1 us). Therefore, a lower
temperature change is expected in our experiments. To improve sensitivity, one can
employ short pulse laser sources with high pulse energy. We further simulate the
photothermal signal corresponding to the interferometric scattering contrasts in Figure
4.2c. In the calculations, we update the particle size and refractive index by assuming a
1 K temperature rise. Figure 4.2d shows the absolute value of the signal change induced
by the photothermal effect. The results indicate that interferometric detection generates
~25 times more signal for a 100 nm PMMA bead. Thus, interferometric detection of the
photothermal effect has a significant advantage over the scattered intensity only

detection.
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Figure 4.3 Performance of interferometric MIP microscopy.

(a) Interferometric scattering image of 200 nm PMMA beads, (b) (Left) MIP image in a
and (Right) zoom-in region of a single PMMA bead. Probe power on the sample: 30 mW;
IR pump power on the sample: 5 mW at 1729 cmL. Scale bars: 500 nm; pixel dwell time:
20 ms; image acquisition time: 127 s. (c) SNR characterization of MIP signal showing
that shot-noise limit is reached. (d) (Left) Vertical and (Right) horizontal cross-section
profiles across the enlarged single bead in b. The Gaussian fitted full width at half
maximums (FWHM) are respectively 376 nm and 396 nm. (e) MIP spectrum obtained
from a single PMMA bead and (f) FTIR acquired from a PMMA film. MIP acquisition

time: 10 ms per wavenumber.
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Sensitivity, resolution, and spectral fidelity

We then evaluate the sensitivity and resolution of the MIP system by measuring 200
nm diameter since they generate a higher SNR signal compared to 100 nm beads. This is
particularly important for spectral characterization to capture low absorption bonds with
high data fidelity. Figure 3a shows an interferometric scattering image of PMMA beads.
We employ confocal detection to minimize the unwanted reflection from the other
surfaces in the optical path. This improves the SNR by suppressing the noise from other
sources contributing to the shot-noise. To obtain high quality images, we extended the
dwell time of each pixel to 20 ms and applied a small pixel step size of 50 nm. With these
improvements, we obtain an SNR of 96 in Figure 3b. The MIP images are taken by
tuning the IR laser to 1730 cm™ which is the resonance peak corresponds to acrylate
carboxyl (C=0 stretching) group absorption in PMMA.. To evaluate the spatial resolution
of the MIP signal, we measured the intensity profile across the single bead in Figure 4.3b.
The measured full width at half maximum (FWHM) along the vertical and horizontal
axes are 376 nm and 396 nm, respectively. The slight deviation along the x and y axes
could be attributed to the scanning stage’s mechanical stability. After deconvolution by
particle diameter, we obtain a spatial resolution of 319 nm. This value is consistent with
the previous studies using the same counter-beam geometry*'®. Furthermore, we
characterize the system’s shot noise performance by acquiring MIP images at varying
probe powers. The exponential fit coefficient is 0.4 which is close to the theoretical value
of 0.5. We then measure single particle spectra spanning from 1100 cm™ to 1750 cm?

(Figure 4.3e). Both resonance peaks of C=0 and C-H stretching bonds show the
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distinguished spectral signature in the MIP system. The spectral fidelity is confirmed by

comparing the MIP spectral profile to the reference spectrum of PMMA collected by an

FTIR spectrometer (Figure 4.3f).

: : 0.8 ; — 0.5
Interferomelric b 1550 enm? 1650 em-!
= =
B, L]
g &
5 g
L= lE
5 o
[ =
0.05 0

—F‘c:x1
- — Pox
o 2
- 17 Pox
> 3
@0 —Pux4
9
= 05}
o
=

0 L 1 ' L 1

1000 1100 1200 1300 1400 1500 1600 1700
Wavenumber [cm’1}

Figure 4.4 Interferometric MIP imaging and spectroscopy of single poxviruses.

(@) Interferometric scattering image of a poxvirus. Probe power on the sample: 30 mW.
(b) MIP image of the same poxvirus at the 1550 cm™. IR pump power on the sample: 18
mW. (c) MIP image of the same virus at the 1650 cm™. IR power: 20 mW; Scale bars:
500 nm; pixel dwell time: 20 ms; image acquisition time: 46.4 s. (d) MIP spectra of four
randomly chosen poxviruses.
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Fingerprinting individual viruses

Based on the above characterization, we explore the potential of MIP microscopy
for single virus detection. We first demonstrate our system’s capability on poxviruses.
Poxvirus belongs to a family of double stranded DNA viruses'**. They are brick-shaped
(240 nm by 300 nm) with a well-packed internal structure. Since the lateral resolution of
the imaging system is insufficient to resolve the shape and morphology of the virus, the
viruses appear as diffraction-limited spots. Figure 4.4a shows the interferometric scat-
tering image of a poxvirus, where the scattering from the poxvirus is accompanied by a
large background contributed by reflected photons. Importantly, the interference between
the reflected and scattered light enhances virus contrast which becomes detectable in the
shot-noise-limited regime. Figure 4.4b and Figure 4.4c shows the MIP image of the same
virus in Figure 4.4a, with the IR laser tuned to 1650 cm for the amide | band and 1550
CM' for the amide 11 band of viral proteins. Both images show high contrast because the
background is removed through lock-in detection. In the interferometric scattering image
of the poxvirus, the scattered photons after interference with the reflected photons
generated a 0.47 V signal on the photodiode and the background gave around a 0.87 V
signal. Thus, we achieved around 80 % contrast in the interferometric image, which
allowed us to detect the virus particle. For the MIP signal, according to the input range,
output signal level, and internal amplification factor from the lock-in amplifier, the
modulation depth is calculated to be around 0.1 %. Such changes can be readily extracted
by a lock-in amplifier, which allows background-free chemical imaging of the virus. We

then took MIP spectra in the fingerprint window (1000 to 1750 cm™). This procedure is
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repeated on four randomly chosen poxvirus. The spectra demonstrate high consistency,
as shown in Figure 4.4d. We observe two dominated bands contributed by amide | and
amide 11 vibrations, but a negligible signal from the phosphate vibration at 1080 cm™.
The virus has a well-organized structure in which a protein shell covers the DNA inside.
It is possible that vibrational absorption of DNA might not cause sufficient change in size

or refractive index for MIP detection.
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Figure 4.5 Interferometric MIP imaging and spectroscopy of a single VSV.

(@) Interferometric scattering image of a single VSV and MIP signal with the IR laser
tuned to 1650 cm™ (Amide I bond). Probe power on the sample: 30 mW; IR pump power
on the sample: 20 mW. Scale bars: 500 nm; pixel dwell time: 20 ms; image acquisition
time: 34 s. (c) MIP spectra of two VSV particles. (d) Each plot represents the averaged
spectra of individual viruses in Figures 4d and 5¢. To emphasize the spectral differences,
each spectrum is normalized by the maximum MIP intensity at the amid | band.
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Next, to test whether our technology can distinguish different virus types, we
perform MIP detection of VSV. Figure 4.5a shows the interferometric scattering image of
VSV. To obtain the MIP signal shown in Figure 4.5b, the IR laser is tuned to 1650 cm™
(Amide I band). A high SNR of 35 is obtained in the MIP image. Then, we acquire MIP
spectra from the two randomly chosen individual viruses. As shown in Figure 4.5c, the
spectral profiles are highly consistent in both viruses. More importantly, we observe
significant spectrum differences between poxvirus and VSV. The amide | and amide 11
peaks are the major feature of the virus MIP spectrum. The amide | to amide Il intensity
ratio for poxvirus is found to be 0.51 and the ratio for the VSV is 0.42. Also, the gap
between the amide | and amide 11 peaks are less obvious for VSV. Figure 4.5d further
emphasizes the spectrum differences by comparing them side by side. These
spectroscopic features are likely a reflection of the unit structure and molecular content of
each virus and can be used to differentiate various types of viruses. As an indirect
spectroscopic technique, SERS reporters have been successfully demonstrated in triplex
assays for Ebola, malaria, and Lassa in which each specific reporter has distinguished
Raman spectrum?®®, Here, our findings suggest that a direct multiplex virus detection is
possible towards translational diagnostics. These spectroscopic features are likely a
reflection of the unit structure and molecular content of each virus and can be used to
differentiate various types of viruses.

To verify our observation of single VSV particles, we performed topography
imaging with an atomic force microscope (Multimode AFM with a NanoScope V

controller, Bruker Nano). The images were collected in PeakForce Tapping mode. As
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shown in Figure 4.6a, rod-like VSV particles shows monodisperse distribution over the
substrate surface. From a zoom-in image of a single VSV (Figure 4.6b), we can estimate
its size to be 180 x 80 nm, which is consistent with reported VSV sizes'*®. Furthermore,
we note the interferometric contrast levels for both VSV and poxvirus show agreement

with those observed in the earlier interferometric virus detection study by Connor and
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Figure 4.6. AFM topography images of VSV particles.
(a) AFM topography of VSV particles in a 3x3 pm are on a silicon chip. Scale bar is 500

nm. (b) AFM topography of a single VSV. The image is a zoomed-in view of the area
marked by a white-dashed-line box in (a). Scale bar is 100 nm.
Conclusion
We have reported a counter-propagating interferometric mid-infrared photothermal
imaging system and its application to label-free spectroscopic imaging of a single virus.
We harnessed the principle of interferometric scattering to probe the weak signal from a

viral particle. Using this approach, we have recorded the fingerprint IR spectra from

single poxvirus and vesicular stomatitis virus. The dominant peaks are contributed by the
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amide | and amide Il groups and the peak ratio allows differentiation of the two groups of
viruses. Unlike SERS, our approach does not need plasmonic enhancement on a
nanostructure substrate. Collectively, interferometric mid-infrared photothermal
microscopy as a pump-probe technique opens opportunities for label-free spectroscopic

detection of a broad size range of individual viruses and biological nanoparticles.



62

CHAPTER FIVE - FLUORESCENCE DETECTED MID-INFRARED
PHOTOTHERMAL MICROSCOPE

The work in this chapter was published in analytical chemistry!8, Reprinted with

permission form the American Chemical Society publishing group. (Copyright 2021
Optical Society Publishing Group)

Mid-infrared photothermal microscopy is a new chemical imaging technology in
which a visible beam senses the photothermal effect induced by a pulsed infrared laser.
This technology provides infrared spectroscopic information at sub-micron spatial
resolution and enables infrared spectroscopy and imaging of living cells and organisms.
Yet, current mid-infrared photothermal imaging sensitivity suffers from a weak
dependance of scattering on temperature and the image quality is vulnerable to the
speckles caused by scattering. Here, we present a novel version of mid-infrared
photothermal microscopy in which thermo-sensitive fluorescent probes are harnessed to
sense the mid-infrared photothermal effect. The fluorescence intensity can be modulated
at the level of 1% per Kelvin, which is 100 times larger than the modulation of scattering
intensity. In addition, fluorescence emission is free of interference, thus much improving
the image quality. Moreover, fluorophores can target specific organelles or biomolecules,
thus augmenting the specificity of photothermal imaging. Spectral fidelity is confirmed
through fingerprinting a single bacterium. Finally, the photobleaching issue is
successfully addressed through the development of a wide-field fluorescence-detected
mid-infrared photothermal microscope which allows video rate bond-selective imaging of

biological specimens.
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Introduction

Visualizing the molecular composition and monitoring the molecular dynamics in a
complex living system is a central theme of life science. Fluorescence microscopy has
been widely adopted in biomedical research as it provides high speed background free
imaging with exquisite molecular specificity!!*-120 and superior resolution reaching the
nanometer scale*?:12%, While fluorescence microscopy excels at mapping the distribution
and dynamics of tagged organelles such as mitochondria and biomolecules such as
glucose!?* and cholesterol?®, it does not provide chemical information of the tagged cells
or organelles. Lacking such information hinders functional analysis, such as assessment
of cell metabolic activity.

Providing chemical specificity, high speed and high sensitivity vibrational
spectroscopic imaging is an emerging platform!?. Recently developed coherent Raman
scattering microscopy, based on coherent anti-Stokes Raman scattering (CARS) or
stimulated Raman scattering (SRS), has allowed real-time vibrational imaging of
biomolecules in living cells and tissues!?’-28, Advanced instrumentation has pushed the
stimulated Raman spectral acquisition speed to microsecond scale!?. Adoption of stable
isotope probes and alkyne-based Raman tags greatly enhanced the detection sensitivity,
specificity and functionality in SRS microscopy?. Being highly sensitive to C-H
vibrations, CARS and SRS imaging have unveiled new signatures of lipid metabolism in
a variety of biological systems!3%132_ In comparison, high-speed CARS or SRS imaging

of fingerprint Raman bands remains difficult.
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Mid-infrared spectroscopy is complementary to Raman spectroscopy. Unlike Raman
scattering, the infrared absorption cross section in the fingerprint region is larger than in
the high-wavenumber C-H vibrational region. Fourier transform infrared (FTIR)
spectroscopy is one of the most extensively used techniques for chemical characterization
and analysis of biological cells and tissues***1%, The inherent vibration absorption of
mid-infrared photons by biological macromolecules including proteins, lipids,
carbohydrates, and nucleic acids shows distinctive absorption bands. Shifts in relative
heights of absorption bands, peak positions, and peak shape provide rich biomolecular
information, including concentration, conformation, and orientation. FTIR spectroscopy
has provided new insights in tissue classification'®’, drug and tissue interaction*®,
neurodegenerative diseases'®, cancer progression'’, and so on. However, the spatial
resolution of infrared spectroscopic imaging is limited by the long mid-infrared
illumination wavelength, ranging from 5 to 20 um. Strong water absorption further
hinders its application to living cells.

To overcome these limitations in infrared spectroscopy, a new platform, termed
mid-infrared photothermal (MIP) microscopy, has been developed recently®® 107 112-113,
141-144 to reach sub-micron spatial resolution'*. The MIP effect relies on a photothermal
process in which infrared absorption corresponds to a specific molecular vibrational bond
causes a localized temperature rise at the vicinity of target molecules. This photothermal
effect consequently induces a change of refractive index and a thermal expansion. The
MIP signal is then obtained by probing these changes using a visible beam which

provides a much smaller diffraction limit than the mid-infrared illumination, enabling a
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spatial resolution down to 300 nm*? . Following the first demonstration of MIP imaging
of living cells 1*, technical innovations have been made to enable MIP detection in wide-
field, using scattering or phase signals!#®14°, Meanwhile, MIP microscopy and its
commercial product have found various applications in studying living cell,
pharmaceuticals, viruses, and bacterial®® 143 150-155 yet, the photothermal effect induces
only a tiny change in intensity and angular distribution of the scattered probe light, due to
the weak thermal dependence of particle size and refractive index. Typical fractional
change is on the order of 107*/ K, set by the intrinsic thermal properties of most
materials. Such small modulation depth limits the signal to noise ratio (SNR), especially
in the wide-field mode where the probe beam intensity at each pixel is limited by the well
depth of a CMOS cameral®’.

Here, we report a fluorescence detected MIP (F-MIP) microscope that utilizes
thermo-sensitive fluorescent dyes as probes of the photothermal effect. The F-MIP
principle is illustrated in Figure 5.1a. A sample stained with a thermo-sensitive dye is
heated upon IR absorption by targeted molecules. The infrared pulse train heats the
surrounding of the fluorescent probe and causes a temperature rise, which subsequently
modulates the fluorescence emission efficiency. Such modulation is then measured by a
lock-in amplifier. Using fluorescent dye to measure the temperature has been known®°®-
159 Yet, it has not been used as a probe for infrared spectroscopic imaging. Our method
offers a few key advantages over scattering-based MIP microscopy. The first is the
utilization of much larger photothermal response of fluorescent dyes compared to

scattering. Common fluorophores including FITC, Cy2, Cy3, Rhodamine, and green
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fluorescent protein have temperature-dependent emission efficiency on the order of
1%/K, which is nearly 100 times larger than scattering dependence on temperature.
Thus, one can in principle boost the mid-infrared photothermal imaging speed by two
orders of magnitude. Second, as fluorescence appears at a new wavelength from the
incident beam, it is insensitive to the laser relative intensity noise. Third, unlike
scattering, fluorescence is incoherent and thus does not generate interference patterns.
Finally, fluorescent probes can target specific cells, intracellular organelles, or specific
molecules, thus offering an enhanced specificity beyond the reach by scattering-based
MIP microscopy. In this study, we report two F-MIP systems, one in point-scanning

mode and one in wide-field mode, as detailed below.

Methods

Scanning F-MIP Microscope

A pulsed mid-IR pump beam is generated by a tunable (from 1000 to 1886 cm™?)
quantum cascade laser (QCL, Daylight Solutions, MIRcat-2400) operating at 100 kHz
repetition rate and 900 ns pulse duration. The IR beam passes through a calcium fluoride
(CaF>) cover glass and is then focused onto a sample through a gold-coating reflective
objective lens (52%; numerical aperture (NA), 0.65; Edmund Optics, #66589). A
continuous-wave probe laser (Cobolt, Samba) at 532 nm is focused onto the same spot
from the opposite side by a refractive objective (60x; NA, 1.2; water immersion;
Olympus, UPlanSApo). The probe beam is aligned to be collinear to the mid-IR pump

beam. The reflective objective is fine tuned in 3D to ensure overlap of the two foci. A
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scanning piezo stage (Mad City Labs, Nano-Bio 2200) with a maximum scanning speed
of 200 ps/pixel is used to scan the sample. The fluorescence is collected by the same
refractive objective, reflected by a dichroic mirror (Thorlabs, DMSP550R, 550 nm
cutoff), filtered by a long-pass filter (Thorlabs, FEL0550, 550 nm cut-off), and then
collected by a PMT (Hamamatsu, H10721-110). Specimens on a CaF» coverglass are first
imaged by fluorescence. Then, the pulsed IR laser is turned on and the modulated
fluorescence signal is collected by the same PMT. The F-MIP signal is extracted by a
lock-in amplifier (Zurich Instruments, HF2LI). A laboratory-built resonant circuit is used
to amplify the photocurrent from the PMT before it is sent to the lock-in. Before the
reflective objective, the infrared laser passes through the CaF slip and the reflected
infrared laser intensity is measured by a mercury cadmium telluride (MCT) detector for
normalization of IR power at each wavelength.
Wide-field F-MIP microscope

The IR pulses are generated by the same QCL used in scanning F-MIP. The visible
probe beam for fluorescence excitation (wavelength at 488 nm or 520 nm) is obtained by
second-harmonic generation of a quasi-continuous femtosecond laser tuned to 976 nm or
1040 nm (Coherent Inc, Chameleon, 140 fs, 80 MHz). Prior to second-harmonic
generation, the femtosecond beam is chopped into a 200-kHz pulse train (300 ns pulse
width) by an acousto-optical modulator (AOM, Gooch and Housego). The IR beam
passes through the substrate and is weakly focused onto a sample by a parabolic mirror (f
= 15 mm, Thorlabs, MPD0O0M9-MO01). Using a Kohler illumination configuration, the

probe beam is focused on the back focal plane of the objective lens (50%, 0.8 NA, Nikon)
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by a condenser (f = 75 mm, AC254-075-A, Thorlabs). The fluorescence emission is
collected by the same objective lens, and after a long pass filter, collected by a CMOS
camera (FLIR, Grasshopper3 GS3-U3-51S5M). The F-MIP images are acquired by a
virtual lock-in camera approach *’. Briefly, a pulse generator (Emerald Pulse Generator,
9254-TZ50-US, Quantum Composers) generates a master clock signal at 200 kHz and
externally triggers the QCL, the AOM and the CMOS camera to synchronize the IR
pump pulses, the probe pulses, and camera exposure. The schematic is shown in Fig.

5.4a in the results section.

Cancer cell culture and staining

Mia Paca2 cells were purchased from the American Type Culture Collection
(ATCC). The cells were cultured in RPMI 1640 medium supplemented with 10% FBS
and 1% P/S. All cells were maintained at 37°C in a humidified incubator with 5% CO-
supply. For Nile red staining, cells were incubated with 10 uM Nile Red (Invitrogen) for
30 minutes at room temperature followed with 15 minutes fixation in 10% neutral
buffered formalin. For rhodamine 123 (Invitrogen) staining, cells were incubated with 10
ug/ml rhodamine 123 for 30 minutes at 37°C.

Bacterial culture and staining: Staphylococcus aureus (S. aureus) was incubated in
a MHB medium for 10 h. After centrifuging and washing in phosphate-buffered saline
(PBS), the bacteria were fixed by formalin solution for 0.5 h. Rhodamine 6G or Cy2 at
10 M was then added into the bacteria pellet. The pellet was then resuspended and
incubated for 1 h. With final washing steps, 2 L sample were dried on a CaF coverslip

for imaging. Shigella flexneri expressing GFP was grown overnight at 37°C on a tryptic
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soy agar plate. Colonies with green fluorescence were picked up by sterile inoculation
loops and then resuspended in PBS. The bacterial solution was diluted by optical density
at 600 nm (ODG600) to 0.1. The bacteria were then fixed by 10% Formalin for 30 min at

room temperature. The bacteria solution was washed twice by PBS before imaging.
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Figure 5.1 Fluorescence-detected mid-infrared photothermal (F-MIP) sensing principle,
point scanning microscope, and spectral fidelity.

(a) Modulation of fluorophore emission intensity by pulsed infrared pump of
surrounding molecules. (b) Schematic of a point scanning F-MIP microscope. A pulsed
mid-IR pump beam from a quantum cascade laser (QCL) and a continuous visible
fluorescence excitation beam are focused at the sample with a reflective objective and a
water-immersion objective, respectively. The fluorescence emission is reflected by a
dichroic mirror (DM), filtered and directed to a photomultiplier tube (PMT). A beam
splitter is placed to reflect the scattered visible beam to a photodiode for scattering-based
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MIP (Sc-MIP) imaging. (c) Electronics connection. The photothermal signal is detected
by a PMT connected to a resonant amplifier (RA) and detected by a lock-in amplifier. A
PC is used for controlling the scanning stage and data acquisition. (d) F-MIP spectra of
DMSO supplemented with various thermo-sensitive fluorescent dyes. For each dye,
standard deviation of three independent measurements is shown at each wavenumber.
The FTIR spectrum of DMSO (black) is shown for comparison.

Results and Discussion

Point-scanning F-MIP microscope and spectral fidelity. Based on the principle
shown in Figure 5.1a, we have built a scanning F-MIP microscope as shown in Figure
5.1b. A QCL laser provides IR pulses tunable in the entire fingerprint region. The
repetition rate and pulse width were set to be 100 kHz and 900 nanoseconds,
respectively. Two CW lasers at 532 nm and 488 nm were used for fluorescence
excitation. The fluorescence was detected by a photomultiplier tube and the F-MIP signal
was extracted by a lock-in amplifier. On the same setup, a photodiode was also installed
for scattering-based MIP (Sc-MIP) imaging using the 532-nm laser as the probe beam.
The electronics connections are shown in Figure 5.1c.

Using this system, we have validated the spectral fidelity of F-MIP microscope.
We dissolved various thermo-sensitive dyes in DMSO, at 100 uM concentration. We
then recorded the F-MIP signals while scanning the QCL laser. At each wavenumber, the
F-MIP intensity was normalized by the IR intensity measured by MCT. In all cases
(Figure 5.1d), the F-MIP spectra show the same peak intensity and width as the FITR
spectrum of DMSO. Importantly, because the dye concentration (100 uM) is much lower

than DMSO concentration (14 M), the dyes do not interfere with the F-MIP spectra.
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These data demonstrate the F-MIP microscope is able to produce reliable spectral

information.
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Figure 5.2 F-MIP imaging and fingerprinting single S. aureus.

(a) Fluorescence image of S. aureus stained with R6G. Scale bar: 1 um. Pixel dwell time:
1 ms. Fluorescence excitation: 0.025 mW at 532 nm. (b) F-MIP image of same S. aureus
at 1650 cm™2. (c) Fluorescence image of S. aureus stained with Cy2. Fluorescence
excitation: 0.025 mW at 488 nm. (d) F-MIP image of same S. aureus at 1650 cm™. (e)
Scattering image of S. aureus. Pixel dwell time: 1 ms. Visible probe power: 1.5 mW. (f)
Sc-MIP image of same S. aureus at 1650 cm™L. (g) The fingerprint spectra of S. aureus
measured by F-MIP and Sc-MIP, respectively. For both F-MIP and Sc-MIP, the IR laser
power 1650 cm™* was 10.2 mW at sample. The FTIR spectrum recorded from a film of
dried S. aureus was adopted from ref?’.

F-MIP imaging and fingerprinting of single bacteria. We applied the F-MIP
microscope to image single S. aureus bacteria to evaluate its chemical imaging capability

on biological specimens (Figure 5.2a-d). The S. aureus culture was diluted to a

concentration of around 5x10%/mL and then dried on a CaF- substrate. The S. aureus
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particles were stained with fluorescence dye Cy2 and R6G, respectively. For each
specimen, we acquired fluorescence and F-MIP images of the same bacteria at 1650 cm™*
targeting the amide | band. For the F-MIP images, SNRs of 26 and 34 were achieved for
R6G and Cy2 labeled bacteria at the fluorescence excitation power of 0.025 mW at the
sample. For comparison, we recorded scattering and MIP images of the same specimen
(Figure 5.2¢,f). In order to obtain a similar SNR of 37, an excitation power of 1.5 mW at
sample was required, which is 60 times of the probe power used for F-MIP. On a single
bacterium, we recorded the vibrational fingerprint spectrum (Figure 5.2g). The F-MIP
spectra based on R6G and Cy2 matches well the FTIR spectrum, showing distinct peaks
at 1650, 1550, and 1080 cm™* for protein amide I, protein amide 1, and nuclei acid
phosphate vibrations, respectively. This comparison demonstrates the spectral fidelity of
F-MIP in single bacterium analysis. Notably, the scattering and the Sc-MIP image both
show a ring structure, with bright contrast from the peripheral of the cell (Figure 5.2¢,f),
whereas the F-MIP images (Figure 5.2b,d) show bright contrast from the entire cell. This
result indicates that F-MIP is immune to edge-enhanced back scattering from a sizable

particle.
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(a) Scattering (d) Nile Red fluorescence ) Rho123 fluorescence

(e) F-MIP 1650 cm™? (h) F-MIP 1650 cm™*

(c) Sc-MIP 1750 cm™! (i) F-MIP 1750 cm™!

Figure 5.3 Sc-MIP and F-MIP images of living MiaPaca2 cancer cells.

(a) Scattering image of a MiaPaca2 cell. (b) Sc-MIP image of the same cell at 1650 cm™.
(c) Sc-MIP image at 1750 cm~L. (d) Fluorescence image of the same MiaPaca2 cell
stained with Nile red. The probe laser is at 532 nm. (e) F-MIP image at 1650 cm™2. (f) F-
MIP image at 1750 cmL. (g) Fluorescence image of a different MiaPaca2 cell stained
with Rhodamine 123 (Rho123). The probe laser is at 488 nm. (h) F-MIP image at 1650
cm-2. (i) F-MIP image at 1750 cm~L. Scale bar: 5 um.

Sc-MIP and F-MIP imaging of cancer cells
Compared to bacteria, eukaryotic cells contain a nucleus and highly organized
organelles in the cytoplasm. In the transmission image shown in Figure 5.3a, the
scattering-based contrast shows the overall cell morphology. Accordingly, the Sc-MIP

image (Figure 5.3b) at 1650 cm corresponding to the amide I band shows the protein
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content inside the nucleus and protein-rich structures in the cytoplasm, without specificity
to a certain organelle. The contrast decreases when the IR laser is tuned to 1750 cm™
(Figure 5.3c), showing the chemical specificity. In contrast, fluorescence microscopy is
able to visualize specific biomolecules and/or intracellular organelles via the versatile
fluorescent probes. For instance, Nile red can selectively stain the intracellular lipid
droplets and membranes!®® while Rhodamine 123 is a specific probe for localizing
mitochondria in living cells®, By staining the same cell with Nile red and excitation of
the dye at 532 nm, phospholipid membranes in the cell are visualized (Figure 5.3d),
where the brightest contrast is likely from the ER membrane. The F-MIP image at 1650
cm! gives the distribution of proteins in areas labeled by Nile red (Figure 5.3¢). The
contrast nearly disappears when the IR laser is tuned to 1750 cm~ (Figure 5.3f), showing
the chemical specificity. To show that our method is applicable to other dyes, we
performed an independent experiment in which living MiaPaca2 cells were labeled by
Rhodamine 123 targeting intracellular mitochondria (Figure 5.3g). In accordance, the F-
MIP image at 1650 cm~* shows selective and bright contrast from the Rhodamine 123
labeled region (Figure 5.3h) and the contrast disappears at 1750 cm™ (Figure 5.3i).
From point-scanning to wide-field F-MIP. In the above experiments, the power
used for F-MIP imaging is at the microwatt level and is 60 times less than the power used
for scattering MIP imaging. The extremely low photon budget for F-MIP imaging opens
the opportunity of increasing the throughput via wide-field illumination with IR pump
pulses and visible probe pulses. Importantly, compared to scanning F-MIP, wide-field F-

MIP could significantly reduce the fluorophore photobleaching rate based on the
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following consideration. In our experiment, the IR pulse is 900 ns in duration and the
pulse-to-pulse duration is 10 us. In the aqueous environment, the temperature profile
largely follows the IR pulse. Thus, in a scanning experiment where a continuous wave
probe laser is used, the duty cycle is about 10%. Yet, in a wide field measurement, we
only need two visible pulses to measure the IR-on and IR-off states. Thus, the duty cycle
can be 50%. In this way, the probe laser power can be much reduced, thus alleviating the
photobleaching issue. Notably, our group recently demonstrated scattering-based wide-
field MIP imaging147. Yet, the signal to noise ratio at the high-speed mode is limited by
the weak dependence of scattering on temperature and the small well depth of the CMOS
camera. As a result, a large number of integrations were needed to accumulate sufficient
photons to probe the MIP signal. Unlike the scattering photons, the fluorescence usually
does not saturate the camera. Due to the high thermo-sensitivity of fluorescent probes, it
is anticipated that the MIP signal can be extracted from two sequential frames (hot and

cold) without further average.
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Figure 5.4 The wide field F-MIP microscope.

(a) Schematic of the wide field F-MIP microscope. The infrared laser generated by the
QCL is focused by a parabolic mirror. The visible light modulated by an AOM
illuminates the sample and excites the fluorescence. The fluorescence is filtered and
collected by a CMOS camera. (b) Temporal synchronization of IR pump pulse,
fluorescence excitation pulse, and camera exposure. (c,d) Wide field fluorescence image
of Cy2-stained S. aureus with IR on and IR off, designated as hot and cold, respectively.
(e) Wide field F-MIP at 1650 cm~* (f) F-MIP at 1400 cm™! off resonance. Scale bar: 10u
m. Fluorescence excitation: 488 nm, 1 mW. IR pulse rate: 200 KHz. Camera frame rate:
40 Hz.

Wide Field F-MIP Microscope

Based on the above rationale, we built a wide field F-MIP microscope as shown in
Figure 5.4a. The pulsed Infrared laser is weakly focused onto a sample by a parabolic
mirror. An 80-MHz femtosecond laser is modulated by an AOM and frequency-doubled
to visible window. The broad bandwidth of femtosecond pulses reduces speckles in
scattering-based MIP imaging. The virtual lock-in detection scheme is illustrated in

Figure 5.4b. The fluorescence excitation pulse is synchronized with the IR pump pulse.
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In the cold frame, no IR pump pulses heat the sample. The camera detects the hot and
cold frames sequentially at 40 Hz frame rate. The difference (cold — hot) generates the
MIP image. The average probe Laser power was around 1 mW and the exposure time
was 300 ns. The IR power was in the range from 5 to 15 mW depending on the spectral
window examined. To characterize the spatial resolution, we mapped Cy2-label
polystyrene beads with diameter of 500 nm, the F-MIP intensity profile shows a full-
width at half maxim of 610 nm. After deconvolution with particle size, the spatial
resolution is estimated to be 390 nm, which is close to the diffraction limit of the 0.8 NA
objective.

To demonstrate the applicability of wide-field F-MIP to biological specimens, we
deposited S. aureus stained with Cy2 onto a silicon substrate and measured the
fluorescence with IR on and IR off sequentially. The hot frame and the cold frame are
illustrated in Figure 5.4c and d, respectively. By subtracting the hot from the cold frame,
the intensity difference generates the F-MIP image shown in Figure 5.4e. When the IR
laser is tuned to 1650 cm~2, corresponding to the amide I band of proteins, a signal to
noise ratio of 30 was obtained. The IR pulse only heats the upper half of the field of view.
For this reason, only the S. aureus particles in the upper part give the F-MIP contrast.
When the IR laser is tuned to 1400 cm, off resonance to major IR peaks, the contrast
nearly disappears (Figure 5.4f). We note that the wide-field F-MIP imaging speed of 20
frames per second is 2000 times faster than the scanning F-MIP imaging speed (100
seconds per frame with a pixel dwell time of 1.0 millisecond).

Performance comparison between wide-field Sc-MIP and F-MIP. Next, we
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compared the performance of fluorescence-enhanced and scattering-based MIP imaging
in the wide field mode, using S. aureus on a silicon substrate as testbed. Figure 5.5a-c
shows the fluorescence and F-MIP images of individual S. aureus with the IR laser tuned
to 1650 cm~2. The signal to noise ratio for a single bacterium reaches 33 in single frame
F-MIP and 275 after 100 frames average. Figure 5.5d-f shows the scattering and SC-MIP
images of individual S. aureus with the IR laser tuned to 1650 cm~. Figure 5.5g-h shows
the intensity profile across the white line indicated in the images. The Sc-MIP contrast is
completely buried in the speckle pattern in singe frame acquisition. After 100 frames
average, the signal to noise ratio reaches 14, which is 20 times lower than F-MIP of the
same sample. The much higher signal to noise ratio in F-MIP can be attributed to the lack
of shot noise from scattered photons and the much larger thermo-sensitivity of the
fluorescence probe. Figure 5.5h shows similar line width for the bacterium in Sc-MIP
and F-MIP. However, the F-MIP intensity does not suffer from the interference (i.e. the
dark ring around the peak) encountered in the Sc-MIP image. Figure 5.5i-J shows the F-
MIP and Sc-MIP intensities from a single bacterium in sequentially acquired hot and cold
frames. The modulation depth, defined as percentage of intensity difference between hot
and cold frames, is found to be about 4% for F-MIP, but is buried in frame to frame
fluctuations in Sc-MIP. Moreover, Figure 5.5i shows negligible photobleaching in the
recorded 50 frames over a period of 1.25 seconds.

Besides fluorescent dyes, we tested the feasibility of F-MIP imaging for cells
expressing green fluorescent proteins (GFPs). It has been shown that GFPs are highly

thermo-sensitive with 1% intensity decrease per degree in temperature rise 162-163,
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Accordingly, in F-MIP imaging of Sheila Flexneri bacteria expressing GFP (Figure

5.5k-m), we observed 2% fluorescence intensity difference between cold and hot frames

(Figure 5.5n). The signal to noise ratio reaches 10 and 97 in single frame and 100

frames average, respectively. The recorded 50 frames only experienced 3% photo-

bleaching. The fluorescence fluctuation from frame to frame was due to laser instability.
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Figure 5.5 Performance comparison between wide field SC-MIP and wide field F-
MIP systems.
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(a) Fluorescence image of S. aureus deposited on a silicon substrate. (b) Single frame F-
MIP image of the same cells at 20 Hz speed. (c) F-MIP image of the same cells with 100
frames average. (d) Scattering image of S. aureus deposited on a silicon substrate. (e)
Single frame Sc-MIP of the same cells shown in panel d at 20 Hz speed. (f) Sc-MIP of
the same field of view with 100 frames average. (g) Intensity profile along the white line
marked in panel b and e. (h) Intensity profile along the white line marked in panel ¢ and
f. (i) Fluorescence intensity of single S. aureus in sequentially acquired hot and cold
frames. (j) Scattering intensity of single S. aureus in sequentially acquired hot and cold
frames. The IR laser is tuned to 1650 cm~* for data in panel a to h. (k) Fluorescence
image of Sheila Flexneri bacteria expressing GFP. (I) Single frame F-MIP of the same
bacteria at 1650 cm=t. (m) F-MIP image of the same field of view with 100 frames
average. (n) Fluorescence intensity of the square area in sequentially acquired hot and
cold frames.

Recently, the Tokmakoff and Min groups reported two related methods that code
vibrational signatures into fluorescence spectroscopy, based on femtosecond-scale
infrared pulse excitation % and picosecond-scale stimulated Raman excitation 6%,
respectively. These methods are based on the up-conversion process, in which vibrational
excitation and fluorescence emission are from the same dye molecule. Our F-MIP
method is fundamentally different in that fluorescence emission efficiency from a
thermo-sensitive probe is modulated by nanosecond-scale pulsed infrared excitation of
molecules of interest surrounding the probe. We note that the Simpson group
independently developed a fluorescence-detected scanning photothermal microscope for

chemical imaging of pharmaceutical samples®®. Their work and the current study show

broad applications enabled by F-MIP microscopy.

Photothermal microscopy is a pump-probe technique involving modulation of the
pump beam and demodulation of the signal usually by a lock-in. In this work, the

sensitivity is defined as the modulation depth, Alp/lpr=clp, where o is related to the
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thermal sensitivity, I, is the IR pump, and Iy is the probe intensity. In this sense,
fluorescence-detected MIP is more sensitive than scattering-based MIP due to the much
larger thermo-sensitivity of fluorophores. Experimentally, as shown in Figure 5.5, the
modulation depth in F-MIP is about 2%, whereas the modulation is buried in frame to
frame intensity fluctuation in Sc-MIP. These data are in good agreement with our model.
We have defined the imaging SNR as the ratio of signal intensity from single
particles to pixel-to-pixel background fluctuations. Thus, in Sc-MIP, the SNR = Signal /

(Noise_PD + Noise_photon). In F-MIP, SNR = Signal / Noise_ PMT. Under the shot
noise limit, the photon noise is proportional to ,/I,,,.. Based on this model, the SNR

depends on the value of ¢ and the probe beam intensity if we assume that same IR pump
beam is used. In scanning MIP microscopy, the probe power (~ 10 mW) in the scattering
mode can be 10,000 times larger than that in the fluorescence mode (~ 1 pW). In this

case, the SNR in Sc-MIP is dominated by the photon noise, and the SNR = csclp /L. In

F-MIP, the SNR = otlplp/Noise_PMT. In this case, the SNR in F-MIP is a trade-off
between a much larger o and a much smaller I,r used. Experimentally, we observed
similar SNR in F-MIP compared to Sc-MIP (See Figure 2). However, in wide-field MIP
microscopy, limited by the well depth of a common CMOS camera, the probe power at
each pixel is at the nW level for both the scattering and the fluorescence modality. In this
case, the detector noises dominate, and the SNR in F-MIP can be theoretically larger by
two orders of magnitude than that in Sc-MIP. In the experiment, we showed that the SNR

in wide-field MIP is 20 times larger than that in wide-field Sc-MIP.
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Theoretically, F-MIP microscopy is based the thermal diffusion from the target
molecule to the fluorescent probe. The thermal diffusion length is defined as u, = 2+Vat,
where a is the thermal diffusivity*®”%, In an aqueous environment, the value of a is
1.4x10~" m?/s 1%°, In our wide-field F-MIP experiment, the IR pulse is 900 ns in duration
and the fluorescence excitation pulse is 300 nm. If we set the pump-probe delay to be 900
ns, the thermal diffusion length is ~700 nm, which is slightly larger than the diffraction
limit of the visible probe beam. If one can use IR pump and visible probe pulse of 5 ns
duration and the pump-probe delay is set to be 5 ns, the thermal diffusion length can be
reduced to 50 nm. In this case, one can detect the chemical content surrounding the
fluorescence probe on the nanoscale. If the probe is conjugated to the target molecule,
like a GFP conjugated to a protein, the intramolecular vibrational redistribution on the
picosecond scale can be much faster than inter-molecular vibrational redistribution. In
principle, it could create an intramolecular F-MIP signal, assuming that picosecond IR
pump and probe pulses are used.

Researchers have studied the dependence of thermo-sensitivity on two important
environmental factors, salt concentration and viscosity. It was shown that thermo-
sensitivity is nearly independent of salt concentration in the 10 to 100 mM range!’®. Also,
it was shown that PEG BODIPY lifetime in cells is due to temperature and independent
of changes in viscosity'’!. These data suggest that fluorophores’ thermo-sensitivity can be

used as a reliable readout of the mid-infrared photothermal effect.
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F-MIP microscopy opens new opportunities for live-cell chemical imaging. First, by
F-MIP spectroscopic imaging of specific organelles (e.g. lipid droplets) specifically
labeled by a thermo-sensitive fluorophore (e.g. BODIPY), one will be able to tell not
only the amount and distribution, but also the composition of lipids, which is beyond the
reach by fluorescence microscopy alone. Such capacity will allow quantitation of lipid
metabolism in cells under various conditions (e.g., in response to a stress). Second, F-
MIP microscopy opens new ways to push the boundary of mid-infrared photothermal
microscopy. For example, integration of infrared laser excitation and light field
fluorescence probing is expected to enable single-shot volumetric infrared spectroscopic
imaging at sub-micron spatial resolution. Additionally, structured illumination can be
harnessed to break the diffraction limit of the visible beam, which is expected to push the
spatial resolution of MIP microscopy to a new level.

On the limitation side, F-MIP microscopy relies labeling the specimen with a thermo-
sensitive dye and the signal level depends on the dye concentration. For quantitative
analysis, one could normalize the F-MIP signal with the direct fluorescence signal. As
shown in Figure S3, the normalized F-MIPs images exhibit a more uniform distribution
of the signal arising from proteins in regions labeled by the dyes. For the same reason, the
SNR in F-MIP microscopy depends on the number of fluorophores in the particles to be
detected. For biological nanoparticles such as virion particles, the small number of
fluorescent labels may give a low signal level and limit the SNR accordingly. In such

case, detection of interferometric scattering becomes a more suitable approach. In fact,
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detection and fingerprinting of single virus particles has been achieved by an
interferometric mid-infrared photothermal microscope®®.
Conclusion

In efforts to push the detection limit and increase the specificity of optically
detected mid-infrared photothermal microscopy, a new platform termed fluorescence-
enhanced mid-infrared photothermal (F-MIP) microscopy is developed. Our platform
harnesses thermo-sensitive fluorescent probes to sense surrounding temperature rise
induced by pulsed infrared excitation. High spectral fidelity is demonstrated for
fluorescent probes in DMSO solution and inside biological cells. In the point scanning
modality, we have demonstrated F-MIP imaging and fingerprinting of a single bacterium.
While using fluorescence as a read out, the fingerprint information would allow
functional assessment of biological specimen, such as metabolic response of bacteria to
antibiotics treatment. Furthermore, organelle-specific F-MIP imaging is achieved, which
opens exciting opportunities of probing the chemical content of intracellular organelles.
In the wide-field modality, we demonstrated video rate, high signal to noise ratio,
speckle-free F-MIP imaging of individual bacteria. Finally, our platform is applicable to
biological cells expressing GFP. This approach opens new opportunities of monitoring
secondary structure of specific proteins tagged by GFP, which is beyond the reach by IR

spectroscopy or fluorescence spectroscopy alone.
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