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Abstract:

Mid-infrared optothermal microscopy (MIR-OM) is a label-free technology that is capable of acquiring
chemical contrast image based on the mid-infrared (MIR) photothermal/optothermal effect (termed
optothermal effect in this thesis) of the sample. Imaging contrast of MIR-OM is specific to the chemical
bond, which vibrates as specific wavelength mid-infrared light is absorbed by the sample. Since the
amount of certain chemical bonds in living cells is related to the particular metabolism process, MIR-
OM is a promising technology for living cells studies. For example, in the beta-oxidation, catabolic
process of the fatty acid leads to the breakdown of methylene group (CH.), and reduces its number in
living cells, thus, CH. methylene group can be the target of this technology to study lipid metabolism.
Compared with imaging technologies that use external fluorescent labels, such as fluorescence
microscopies, MIR-OM does not rely on labels but the intrinsic chemical bonds. Therefore, it has the
advantages of reducing the long labeling time and circumventing the metabolism interference introduced
by labels. However, this imaging technique is still in its early development stage, facing limitations
either from imaging speed, imaging field-of-view (FOV), or imaging reliability, reducing its attraction

as a daily tool in biotechnology.

This dissertation aims to develop a new optothermal microscopy for high-speed, large FOV chemical
contrast imaging, push this technology to image large population living cells, and statistically monitor
their activities. For this sake, a wide-field excitation scheme is introduced to simultaneously excite the
vibrational absorption over a large area by a broad MIR beam. To obtain the chemical contrast, phase
contrast microscopy is used to detect the optical path difference (OPD) caused by optothermal effect of
the sample. This detection scheme brings the advantage of fast speed compared with the focal excitation

scheme, where the image is acquired by point-by-point scanning.

Here, firstly we present a pilot work to verify the feasibility of this detection scheme, in which a custom-
made condenser-free phase contrast microscopy is applied for detecting the chemical contrast image,
and the optothermal imaging of triglyceride (TAG) is demonstrated. Then the dissertation introduces a
new phase imaging method for detecting OPD in a large FOV at high sensitivity — phase-shifting
microscopy. It is demonstrated that with phase-shifting microscopy, the OPD noise is suppressed to sub
nanometer, and a FOV of 50 times of state-of-art can be achieved. Validation of the microscope is

performed by monitoring the activity of lipid droplets in living adipocytes.
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Chapter 1 Introduction

1.1 Motivation

In the last half century, the life sciences have been greatly driven by fluorescence microscopy. However,
most fluorescence microscopies rely on the use of external fluorescent labels, which can undergo
photobleaching (1), photoconversion (2), and possibly alter the metabolic activity of cells (3). In
response to the label-free demands from biologists, various contrast enhancement techniques have been
proposed, such as interferometric scattering microscopies, quantitative phase contrast microscopies.
However, the contrast provided by these methods lacks the chemical specificity. This thesis focuses on
developing a wide-field optothermal microscopy for imaging living cells, driven by the need of a label-
free and chemical-contrast imaging modality. Different from other label-free contrast enhancement
methods, wide-field optothermal microscopy’s contrast stems from cells’ photothermal/optothermal

effect after the vibrational absorption of mid-infrared light by the biomolecules.

1.2 Optothermal phenomenon

Photothermal/optothermal phenomenon occurs in the radiationless absorption of electromagnetic waves.
The physical mechanism behind this phenomenon can be the molecule’s electronic absorption of
electromagnetic waves in the ultraviolet-visible (UV-VIS) range (200 — 800 nm in wavelength) , or the
molecule’s vibrational absorption of electromagnetic waves in the infrared (IR) range (800 — 12000 nm
in wavelength, mainly the mid-infrared range: 2500 nm — 12000 nm) (4). During the absorption, the
medium experiences a temperature increase since the absorbed energy is converted to thermal energy.
An acoustic wave is usually generated after abrupt optothermal heating, creating the optoacoustic

phenomenon (5, 6).

The electronic absorption occurs when the electron of molecule jumps to a higher orbital after absorption
of a UV-VIS photon. Optothermal effect induced by electronic absorption has been detected for
measuring the quantum vyields and lifetime of an electron excited state (7-9), determinating the
concentration of gas (10), and obtaining the spectrum of high absorption sample (11-14). In
photochemistry, the studies of radiationless electronic transition have been facilitated by photothermal
detection in case of low fluorescence quantum yield (15, 16). The optothermal effect generated by a
transparent and homogenous medium leads to a thermal lens effect that has been used for studying the

thermal optical properties of the sample (17-19).

Different from electronic absorption, vibrational absorption arises from the relative vibration of atoms

inside the molecule when an infrared photon is absorbed by the molecule. These relative vibrations
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usually cause the stretching of chemical bonds between the atoms. For example, the stretching of C-H
bonds in fatty acids can be induced by the absorption of photons in wavenumber (reciprocal of
wavelength) of 2920 cm™ and 2850 cm™, and the vibration of carbonyl group C=0 in ketones can be
triggered by the absorption of photons in wavenumber around 1710 cm™ (20, 21). Vibrational absorption
plays the fundamental role in the Fourier-Transform Infrared Spectroscopy (FTIR) spectroscopy (22-
25), and optothermal infrared spectroscopy (26-28), which have been used to evaluate the existence of

specific molecular bond in the test sample, and even further confirm the molecular structure.

In the last few decades after 1980s, as the theories of optothermal phenonmenon have been developed
(29), this phenonmenon has been used in microscopy technologies for achieving label-free imaging.
Some of early optothermal microscopies have been applied for imaging of nanoparticles, single

molecules, and living cells (30-33).

1.3 Vibrational microscopy

Motivated by the successful applications of vibrational spectroscopes such as FTIR spectroscopy and
Raman scattering spectroscopy, various vibrational microscopies were proposed to acquire chemical
information from a two dimensional area (chemical contrast image) instead of acquiring one
dimensional spectrum. In vibrational microscopy, the pixel value of the image is molecule’s vibrational
signal at a given point of the FOV, where the vibrational signal can be original from MIR absorption or
Raman scattering. Since the imaging contrast is generated by the inherent chemical bond, vibrational
microscopy does not require the use of exogenous labels to enhance the imaging contrast. Compared
with the imaging modalities that using exogenous labels, it reduces the time for the labeling process and

circumvents the possible interference of metabolism by the labels.

Raman scattering-based vibrational microscopies is a genre of biomedical imaging technology that has
been widely used in biological research. Different from mid-infrared vibrational absorption, Raman
scattering triggers the vibration of molecule by exchanging a fraction of energy of a photon with the
molecule bond’s vibration energy. During the energy exchange, the scattered photon undergoes an
energy loss ("Stokes" Raman scattering) or energy gain ("anti-Stokes" Raman scattering). This energy
loss, or energy gain corresponding to the bond’s vibration energy, can be observed as a red shift or blue
shift of the scattering light by the detector. Collectively, these wavelength shifts of scattering light from
a molecule construct a spectrum that characterizes the molecular structure. Since the Raman scattering
efficiency is extremely low (scattering cross-section around 10°° c¢m?)(34), the spectral imaging
acquisition is low, therefore, the enhanced techniques are applied to improve the scattering efficiency,
such as Coherent Anti-Stokes Raman Scattering (CARS)(35, 36), Stimulated Raman Scattering
(SRS)(37), Surface-Enhanced Raman Scattering (SERS)(38, 39). Nonetheless, a confocal configuration



has to be used to increase the number of incident photons, which increases the possibility of

photodamage and requires the time-consuming point-by-point scanning to obtain an image (40, 41).

1.4 Mid-infrared optothermal microscopy

Vibrational microscopy can also be realized by detecting the optothermal signal generated from the
absorption of mid-infrared light, i.e., detecting the temperature change. Compared with Raman
scattering, mid-infrared absorption has a much stronger efficiency for exciting molecular vibration. MIR
absorption cross-section is 10 orders of magnitude larger (absorption cross-section around 102° cm?)(42)

than Raman scattering.

In optothermal microscopy, direct detection of temperature change is usually unfeasible, due to the lack
of a high sensitivity, high resolution temperature sensing technique. To achieve optothermal imaging, a
pump-probe design is usually implemented, in which the mid-infrared light is used as the pump beam
for optothermal excitation, and a visible (VIS) light is used as the probe beam for detecting the
temperature change based on the thermal optical properties of the sample. This pump-probe imaging
method was developed in the 1990s (30, 31), and has been used in electronic absorption-based
optothermal microscopy, achieving the detection of single molecules, nanoparticles, and mitochondria
(31, 32, 43).

A pump-probe design for the vibrational absorption-based optothermal microscopy was reported by Lee,
by tuning the excitation wavelength to C-H stretching vibration through an optical parametric oscillator
(OPO) (44, 45). Similar imaging methods were further developed afterward, achieving the imaging of
tissue slice, single cell, and in vivo imaging (33, 46, 47). Nevertheless, the researchers utilized a
confocal configuration for imaging acquisition, where the pump beam and probe beam were both
focused by an objective to a diffraction limit spot, and a photodiode was used for detecting the
transmission light. Although the confocal configuration provided high spectrum fatality, it acquired
images using point-by-point scanning, leading to a trade-off between imaging speed and imaging FOV,
i.e., the larger the FOV, the more time was needed for imaging acquisition. This trade-off problem has
been a common problem for all microscopies that used the confocal configuration, including the Raman
microscopies, optoacoustic microscopies, and fluorescence microscopies. The confocal configuration is
challenging for applications that require high temporal resolution. For example, monitoring of the
“saltatory” motion of lipid droplets, characterized by abrupt movements in the speed of 1-2 um/s (48,
49).

Fortunately, the high absorption cross-section of optothermal effect allows optothermal microscopy to
utilize a wide-field configuration that is impossible for Raman scattering-based microscopy. In the wide-
field configuration, instead of focusing the excitation beam to a spot, a broad beam is used for

optothermal excitation of a wide-field area. The optothermal map, i.e., the chemical contrast image, is



acquired by subtraction of two phase contrast images, captured by a camera. One phase image is
obtained with MIR excitation (MIR-ON), and the other phase image is obtained without MIR excitation
(MIR-OFF). Since the optical path length (phase) of the microscopic illumination light (probe beam) is
refractive index dependent, and the refractive index of material/sample is temperature dependent
(thermal-optical effect) (50-52), the phase image difference illustrates the optothermal map of the FOV,
which is also a chemical contrast image. The wide-field configuration has the following advantages

compared with confocal configuration:

Firstly, the imaging speed can be far beyond the speed of confocal configuration. This is because that
the imaging acquisition time is determined by camera exposure time instead of raster scanning. The
exposure time of a commercially available camera can easily reduce to 1 ps. With the implementation
of a pulse laser, the exposure time can even reduce to a few nanoseconds or less. Even though a single
chemical contrast image requires two phase contrast images (MIR-ON and MIR-OFF images), the time
duration between these two images can reduce to the thermal relaxation time of a single MIR pulse. This
relaxation time was found in the range of a few s to around one hundred ps (52). In a word, the potential
imaging speed of this imaging modality can reach up to 10 kHz, which is not possible by the point-by-
point scanning method.

Secondly, MIR excitation power flux density (PFD) can be reduced by using the wide-field
configuration. As the pump beam is broadened from a focus spot (1 um?) to the whole image FOV
(5%10° um?), the illumination area is 5 orders of magnitude larger than the confocal configuration. As a
result, the power flux density of the excitation beam can reduce by 5 orders of magnitude, which brings

the advantage of less phototoxic to the living cells.

1.5 Problems addressed in this thesis

Using the wide-field configuration, many wide-field optothermal microscopes have been proposed
recently. However, the demonstrated effective FOVs were limited in the range of 3.1x10? to 2.0 x10°
um? (20 to 50 pum in diameter), illustrating only a single cell or few beads (50-52). The reduced FOVs
are unsuitable for imaging large cells population and for statistical study of large numbers of cells.
Furthermore, the demonstrated FOVs were characterized by a Gaussian shape artifact, where the middle
of the FOV showed high chemical-contrast and the surrounding of the FOV showed low chemical-
contrast. The limitation of FOV stemmed from the fact that the weak optothermal signal could not be

detected when the MIR beam was further expanded.

Secondly, wide-field optothermal microscopes work based on guantitatively probing the phase contrast
change of the sample induced by mid-infrared absorption (termed MIR-phase, denoted by A¢p). However,
the sample itself also retard the phase (termed intrinsic-phase, denoted by ¢,) dramatically due to its
refractive index, dry mass, etc., even if there is no MIR irradiated. It is known that the MIR-phase is
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small (Ag less than 0.01 rad (52, 53)), while intrinsic-phase ¢, of a cell can be 3 orders of magnitude
larger (54, 55). Detecting subtle phase change from this large intrinsic phase image is a challenge.
Moreover, in a phase-detection system, the phase value usually wraps back to —r rad when it passes over

7, creating a spatially sharp change that needs to be reconstructed.

In this work, we hypothesize that intrinsic-phase dependency problem (and, thus, phase wrapping) can
be solved by means of a phase-shifting mechanism. For this sake, here we introduce Phase-shifting
Optothermal microscopy (PSOM). PSOM acquires intensity images (MIR-ON or MIR-OFF) instead of
phase images, where the intensity is sinusoidally related to the phase. The cancelation of intrinsic-phase
is carried out by square summation of four MIR-ON and MIR-OFF intensity image subtractions. We
also hypothesize that the intrinsic-phase cancelation carried out by the phase-shifting mechanism can
suppress the phase noise, and increase the sensitivity of the phase detection. With this benefit, further
expansion of the FOV can be feasible.

1.6 Thesis organization

This dissertation focuses on the development of a new wide-field optothermal microscopy technique
that possesses an imaging field-of-view (FOV) of up to 5x10° um?, enabling the chemical contrast
imaging of multiple cells simultaneously. The imaging concept of this wide-field optothermal
microscopy will be discussed in Chapter 3. Chapter 4, Chapter 5, and Chapter 6 consist of the major
works during my PhD. In chapter 4, | develop two phase imaging methods (i.e., the probe systems) that
will be utilized for mid-infrared (MIR) phase detection. Equipped with the probe systems, | delve into
the details of developing an optothermal microscopy system in Chapter 5 and Chapter 6. As examples
of its operation, | demonstrate measurements of large lipid droplets (LDs) in mature adipocytes,

hyperspectral imaging, and dynamic measurements of LDs in adipocytes within a large FOV.

The dissertation is organized as follows:

Chapter 1 provides a brief introduction to motivation, optothermal phenomenon, the background for
developing optothermal microscope, and discusses the limitations of state-of-art wide-field optothermal

microscopes and the contribution of this work.

Chapter 2 reviews the physical knowledge of vibrational absorption, and introduces the basic principle

of optothermal effect.

Chapter 3 introduces the imaging principle of wide-field optothermal microscopy.



Chapter 4 introduces two phase-detection methods that developed in this thesis: a condenser-free phase
contrast microscopy and a phase-shifting microscopy. For the section on condenser-free phase contrast
microscopy, we developed an analytic relation between the phase and the intensity image acquired by
Zernike phase contrast microscope. In the section on phase-shifting microscopy, we discuss the
polarization phase-shifting mechanism. This chapter provides the necessary knowledge for
understanding the probe module of wide-field optothermal microscopy.

Chapter 5 introduces a pilot work of wide-field optothermal microscopy, where the MIR-phase is probed
by a condenser free phase contrast microscopy. With this pilot work, we are able to measure the chemical
contrast of a synthetic sample and the single pulse thermal relaxation time in the water.

Chapter 6 introduces the development of a wide-field optothermal microscopy by using a phase-shifting
microscope as a probe method, illustrates how the phase-shifting mechanism facilitates the MIR-phase
measurement, and circumvents the need for intrinsic-phase reconstruction. The resolution, and imaging
FOV of the microscopy are characterized in this chapter. And examples of operation are demonstrated,

i.e., optothermal microscopy imaging of living cells.

Chapter 7 gives a brief summary of the presented work, and an outlook for the application and further

improvement.

10



Chapter 2 Fundamentals of wide-field optothermal imaging

2.1 Interactions of light and matter

The interaction between matter and light varies across different regions of the electromagnetic spectrum.
The short wavelength electromagnetic wave acts like particles, for example, when an x-ray (wavelength:
0.03 - 3 nanometers) photon interacts with an electron, both momentum of the electron and photon
change, and the energy lost during the interaction results in scattered photons with longer wavelength,
see Fig. 2-1. This phenomenon — termed Compton scattering - convinced physicists that light can be

treated as a stream of particles.

In the UV-VIS range (UV:100 to 400 nm, and VIS: 400 to 800 nm) of electromagnetic waves, the
interaction of a photon with an atom or molecule usually results in the emission or transition of electrons.
Emission of electrons occurs when a metal plate is irradiated by UV light when the light exceeds a
certain frequency — regardless of the intensity and irradiation time. This phenomenon - the photoelectric
effect - disagrees with classical electromagnetism. The explanation of this photoelectric effect resulted
in the early concept of quantum mechanics since it could only be explained by considering the light as
packets of energy — photons/quanta. The amount of photon’s energy E is proportional to the frequency

of the light v, by Planck’s constant h: E = hv,.

Compton Electronic Vibrational Rotational
scattering transition absorption absorption
Scattered 0=z .
X-ray photon electron nz1® “’\/\/\/ /
f\f\/\/\»O ®_

Electron
Scattered
photon

102 10% 106 10™ 102 1010 108 108  V(HZz)
| | | | | | |

X-ray uv IR Microwave |Radio wave

| | | vis ] | |
1012 1010 10 106 10¢ 102 100 102 A (m)

Fig. 2-1. Interactions of light with matter at different ranges of electromagnetic wave. Top:
Illustration of the interactions between light and matter (electron, atom, molecule). Bottom:
Electromagnetic wave ranging from x-ray to radio wave, with frequency and wavelength indicated.
UV: Ultraviolet; IR: Infrared; vis: Visible.As the energy of the photon is not enough to kick

out the electron (for instance, the interaction of a visible photon with an organic molecule),
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the photon is absorbed and the electron in the molecule transits to a higher allowed orbital.
This electronic transition usually takes place when the energy of the photon matches the
quantized energy level of the atom or molecule. This kind of interaction plays an important
role in UV-VIS spectroscopy.

The interaction of mid-infrared photons with molecules is similar to the electronic transition. It is found
that not only the energy of electrons in a molecule can be quantized to discrete energy levels, but the
vibration of atoms within the molecule can also be quantized to discrete energy levels. The amount of
energy difference between these energy levels (especially the energy level between the ground state and
the first excited state) matches the photon energy in the infrared region (mainly the mid-infrared region).
Therefore, the absorption of mid-infrared photons by a molecule generally leads to the vibration of atoms
in the molecule. Different chemical bonds usually have different vibration frequencies, corresponding
to absorption peaks in the absorption spectrum. The mid-infrared spectrum can be used as a fingerprint

for inferring the existence of certain chemical bonds.

2.2 Molecular vibrational absorption

A molecule consists of two or more atoms connected by chemical bonds. Like the spring in a harmonic
oscillator, the length of the chemical bond is not fixed. Therefore, the atoms can vibrate in a small space
like a microscopic harmonic oscillator. This section demonstrates the quantization of this microscopic

harmonic oscillator.

2.2.1 Vibrational absorption of diatomic molecule

The simplest example of molecular vibration is the vibration of a diatomic molecule. Although the
diatomic molecule is an anharmonic oscillator, it can be approximated as a harmonic oscillator if the
displacement of atoms is small (see Fig. 2-2). The potential energy v of a harmonic oscillator is known

to follow a parabolic equation (56):

1
V= Eksz eq. 2-1

Where k is Hooke’s constant of the spring, and Ax is the spring extension, which takes 0 when the spring

has the length at rest.

For a harmonic oscillator in classical mechanics, the spring length x(t) as a function of time ¢ can be

precisely obtained; and the total energy E of the harmonic oscillator can be any continuous value:
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x(t) = Acos(wt + @) + x,
1
E= EkAZ eq. 2-3

Where Xo is the spring length at rest, A is the maximum spring extension (i.e., Amplitude), and ¢ is the

initial phase of the oscillator, w is angular frequency given as w = \/k/n, where k is the Hooke’s

constant of the spring, and n is the reduced mass, can be obtained from two mass points m; and m,,

mim;

connected at two ends of spring: n = —
1 2

<
—

Idea harmonic oscillator

Diatomic molecule

HOWUW\O Cl Internuclear distance x

—

Potential energy

Fig. 2-2. Diatomic molecule potential energy curve. Potential energy curve (solid curve) for a

diatomic molecule and compared with energy curve of an idea harmonic oscillator (dashed curve).

However, the microscopic word is governed by quantum mechanics, there we cannot precisely
determine the bond length, and the energy stored in the oscillator is not continuous. Solving the harmonic
oscillator problem by applying the Schrédinger equation yields discrete eigenstates with associated

eigenvalues (56):

1/4 1 )
Yo (x) = (ﬁ) \/ﬁHn@)e_f /2 eq. 2-4

E, =hon+1/2) eq. 2-5

Where w, and n are given previously as angular frequency and reduced mass. # is reduced Planck's
constant A = h/2m. n is an integer ranging from 0, 1, 2,... and ¢ = %x. H, is Hermite polynomials

of order n, see ref. (56). The square of the eigenstate gives the possibility as a function of bond length,
and the corresponding eigenvalue gives the allowed energy level of the oscillator for the eigenstate.
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The absorption of infrared light by the diatomic molecule can cause transitions between energy levels
(mainly the transition from ground state n=0, to first excitation state n=1, due to the large population of

ground state molecules). The absorption occurs as the energy of the photon hv,, matches the adjacent
energy levels Aw in eq. 2-5:

hvp = AE = hw eq. 2-6

Therefore, it is the angular frequency w of the vibration determines the type of photon that can be
absorbed by the molecule. This frequency is inherent to the chemical bond and is related to the mass of
the atoms constituting the bond, as well as the force exerted between the atoms. It is known that the
angular frequency of most of the molecular vibration matches the mid-infrared range of the

electromagnetic wave. Taking hydrogen chloride (HCI) as an example, it has a vibrational absorption
band around 2860 cm* (3.5 um) as shown in Fig. 2-3.

W f'l 1.0

H 0.9
'\ ;
| 0.8
| ;
A

0.7
0.6
0.5

| /& ,
aJEo 0.4

0.3

3500 3000 2500 2000 1500 1000 500
HO\]VV\N\’O cl Wavenumber [em™']
—

Fig. 2-3. Harmonic oscillator model of HCI molecule. a, Harmonic oscillator model of HCI
molecule, and its quantized energy levels. b, MIR spectrum of HCI in the gas phase. Absorption
occurs as vibrational state transit from EO (ground state) to E1 (first excitation state) showing an
absorption band around 2860 cm, the breakdown of the vibration band into sharp peaks is caused

m
N
Transmittance

by the difference of rotational states within each vibrational state. [Spectrum data from NIST
Standard Reference Database 69: NIST Chemistry WebBook]

2.2.2 Vibrational absorption of polyatomic molecule

Vibration motion in polyatomic molecules is much more complicated due to the large number of spatial
degrees of freedom and the force exerted between the atoms. The spatial degree of freedom is the
independent motion of atoms in space. Since the displacement of an atom from its equilibrium position
can be described by a 3-dimensional vector (xi, X, x3) - corresponding to 3 degrees of freedom,
displacements of N atoms from their equilibrium positions can be described by 3N-dimensional vector

(X1, X2, X3, Xa, ...., Xan), corresponding to 3N degrees of freedom. In a molecule, these 3N degrees of
14



freedom are constrained by the internal force (chemical bonds), and the atoms may locate in a symmetric
location. The theory for vibrational spectra of polyatomic molecules is cumbersome and usually involves
analysis by group theory. Here we introduce a simplified mathematical treatment of the vibrational
theory, for understanding the quantization of polyatomic molecule vibration.

To solve the vibrational problem, one might first want to find the expression of the potential energy
using the 3N mass weight coordination V(qs, 42, g3, Q4 ---» qzn) (57). Assume the motion of atoms is close
to their equilibrium positions, Taylor’s expansion of V near the equilibrium point can be written as

follow:

3N 3N

=t ) (5) at3 ) (soge) e +io
0 0q; Oql 2 0q; 0q; oqlq] eq. 2-7

i=1 i,j=1

Where (g—:) denotes the derivative at the equilibrium point, and g; is the mass weight coordination
i’0

q; = m;x;, where m; is the mass of the atom with index i; x; is atom’s displacement from the

equilibrium position. HO denotes the higher-order terms of expansion. Moreover, knowing the potential

energy is at its minimum when the atom is just in its equilibrium position, one can get (g—;) = 0 for
0

all g;. One can drop away the higher order terms HO to simplify the analysis. Besides, by choosing the

potential energy of the equilibrium point as 0, one can also drop away the V/;, term and have:

1 3N
V= 2 Z fija:4 eq. 2-8

ij=1

2
Where f;; = (a—V

5099 ) constructs the Hessian matrix F, served as a vibration constant matrix analogous
i%j/ o

to Hooke’s constant:

f1,1 f1,2 f1,31v\
F = f2,1 fz,z f2,31v

fana fanz - fanaw eq. 2-9

Directly applying the Schrodinger equation for the potential function given in eq. 2-8 is impractical due

to the crossing products of the coordination.
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It can be shown that these 3N degrees of freedom (g1, 42,93, 94, ---, G3n) Can be linearly transferred to
normal coordination (Q4, @3, Q3,Q4, ..., Qzx), by a matrix composed by the eigenvector of Hessian

matrix F, so that the potential energy can be written as (57):

3N
_ 1 212
V—sz}k Qi eq. 2-10

Here each coordination in (Q4, Q;, @3, Qg, ..., @35) corresponds to a normal mode of vibration, in which
each normal mode vibration is linearly independent (due to the independence of eigenvector), and 2, is
vibration frequency of the corresponding normal mode, which is also the eigenvalue of matrix F. It can
be further shown that (for a nonlinear molecule) there are 6 normal modes possessing a vibrational
frequency of 0, related to the translation of all atoms as a whole in space following x, y, and z directions,
and rotation of the whole molecule regarding to x, y, and z axis. The deduction of 6 normal modes results

in 3N — 6 normal modes (which is 3N — 5 for a linear molecule).

3N-6

v=1 E A’ QF
2 ek eq. 2-11
k=1

It reminisces the potential energy for a single harmonic oscillator (eq. 2-1). Applying the time-

independent Schrddinger equation to each of the normal modes, we have:

—h*d*PpQ0) | 1
5 gz Tz U@ =W@wQ)  k=12..3N eq. 2-12

Similar to the diatomic molecule problem, we have the solution for each of the normal modes (57):

1/4
Y _ (ML H —£2/2 k=12..3N
nk(Qk) n_h \/Zn_n_' n(f)e )& e eq. 2_]3
Wy = AN (ny +1/2) k=12..3N eq. 2-14

Again, where & = \[%Qk. And A, is the vibrational frequency of normal mode k, which can be

obtained as the eigenvalue of the Hessian matrix F in eq. 2-9. |¥,,, (Qx)|? gives the possibility function
of the normal mode k in terms of the normal coordination Q,, at quantum state n. W,,;, gives the

corresponding energy of normal mode k at quantum state n.
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Just as a vector in 3D space can be decomposed to 3 orthogonal vectors, a particular vibration of the
molecule can be regarded as a vector and decomposed into 3N-6 orthogonal normal vibrations,
corresponding to the coordination of Q,, @4, ..., @sy—¢. From the other side, the superposition of these 3N-
6 normal modes describes a particular vibration of the molecule. The wave function for this particular
vibration corresponds to the multiplication of the 3N-6 wave functions ¥,,, (Q,). And the total vibration
energy corresponds to the addition of each individual energy state:

3N-6

szmt +1/2
L, x (M /2) eq. 2-15

The quantum state for particular vibration can be denoted by the 3N-6 number: nyn,nsn, ...ngy_g. FOr
example, a water molecule (3 atoms) has 3 vibration modes (3x3-6), and the vibrational state of the
water molecule can be written as 3 integers: nyn,ns. The lowest energy state (ground level) is denoted
as 000. The absorption causing the one-level transition of a single vibration mode is called fundamental
level absorption, for example, the transition from 000 to 001, or 000 to 100. The absorption causing the

transition across more than one level, for example, 000 to 020, is called overtone absorption.

(a)
” * ©
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7000 e 02!
£ ——— 040
b Frequency (cm™) O, 6000
(b) 108 10* 10° o) 1o
P S 5000 f
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108 - G 4000 | %01
- 10° 1 % [r——— ()20
E 104 = 3000 F
§ 10° 1 2
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Fig. 2-4. Normal vibration modes of water.(2) Three normal vibration modes of water:
symmetric stretching, asymmetric stretching, and bending. (b) Water spectrum. (c) Vibrational

absorption energy levels, denoted by vibrational wavenumber (58, 59).
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Table 2-1: Quantum states of water and their corresponding energy levels.

S Wavenumber S Wavenumber
1n2Nn3 [Cm'l] 1n2n3 [Cm'l]
000 0 030 4666.790
010 1594.746 110 5234.978
120 3151.630 011 5331.265
100 3657.053 040 6134.015
001 3755.929

Ref.: (58).

When solving the vibrational problem of a symmetric polyatomic molecule with a large number of atoms,
two or more of the normal modes might share the same vibrational frequency, this is called normal mode
degeneration. This degeneration suggests that the number of normal modes for a nonlinear molecule can
be far less than 3N-6. Nevertheless, the absorption spectrum is still complicated due to the overtone
absorption, and the fine structure of the absorption band can be observed when using high resolution
spectroscope (<1 cm™). This fine structure originates from the vibrational transition of different
rotational states (see Fig. 2-3), which involves significantly low energy. This vibrational-rotational
absorption is especially clear in the gaseous compounds (HCI or water vapor for instance).

2.2.3 Typical biological vibrational absorption bands

Over the past century, IR spectroscopy has developed into a mature technology for chemical analysis of
materials based on the vibrational absorption of molecules. A vast number of IR spectra from various
organic chemical compounds have been collected following the invention of different types of IR
spectrometers, which work by detecting transmitted light. Among the data collected, an important
discovery is that specific functional groups in chemical compounds typically absorb IR light at specific
wavenumbers. For instance, the vibration of the methylene group, which exists in alkanes, fatty acids,
and triglycerides, consistently results in CH stretching absorption peaks around 3000 — 2800 cm*. The
carbonyl group, present in ketones, aldehydes, and acids, primarily exhibits absorption peaks around
1730 cm'*. Additionally, the amide group, found in proteins, consistently displays two absorption peaks
around 1550 and 1650 cm™, respectively. These distinct absorption peaks serve as unique features of
biological compounds, making infrared (IR) spectroscopy a powerful tool for nonperturbative and label-

free analysis of biological samples.

A significant absorption peak requires several characteristics. Firstly, the absorption band must exhibit
sufficient intensity to be easily identified. Secondly, it should be situated in a spectrum region where it

does not overlap with other absorption peaks. Lastly, the peak should possess a narrow bandwidth that
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enables the detection of subtle shifts resulting from different molecular structure contexts. The MIR
spectrum regions is usually divided into 4 regions: X-H stretching region (4000-2500 cm™), the triple-
bond region (2500 — 2000 cm™), the double bond region (2000 — 1500 cm™) and fingerprint region (1500
— 600 cm™) (60, 61).

Y a—

O @) o
V(CH,) Va(CH,) a(CH,)
Symmetrical Asymmetrical Scissoring
stretching stretching

T R

@ O ®
2(CH;,) T(CH,) w(CH,)
Rocking Twisting Wagging

Fig. 2-5. Vibrations of methylene group.

One of the most useful diagnostic bands for determining the presence of a methylene group is the CH
stretching absorption, located in the range of 2800 — 3000 cm™. It serves as a hallmark for lipids in
tissues since lipids typically contain a long chain of methylene groups. The symmetric stretching
vibration of methylene involves the simultaneous lengthening or shortening of the two CH bonds in the
methylene group (see Fig. 2-5). This symmetric stretching leads to the absorption band of around 2855
+ 10 cmL. (see Table 2-2). The asymmetric stretching of methylene involves the lengthening of one CH
bond and the shortening of the other bond, resulting in an absorption band around 2926 + 10 cm®. These
two absorption bands dominate the region of 2800 — 3000 cm™. Although the asymmetric and symmetric
vibrational absorption peaks of the methyl group are present in a similar location, their corresponding
absorption peaks are relatively small in biological samples due to their lower abundance (usually found
at the end of the chain).

Table 2-2. Vibrational absorption wavenumber of CH bonds.

Vibration Wav[eélrﬁﬂb(eér ]r)ange
CH; Asymmetric 2962 + 10
. CH3; Symmetric 2872+ 10
Stretching CH, Asymmetric 2926 + 10
CH, Symmetric 2855+ 10
bending C-CH; Asymmetric bend 1460 + 10
C-CHj; Symmetric bend 1375+ 10
C-CH; Scissors 1455 + 10
C-CH» Rocking 720 + 10
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Fig. 2-7. Absorption peaks of typical biological spectrum. Absorption peaks of typical
biological spectrum, where v = stretching vibrations, 8 = bending vibrations, s = symmetric

vibrations and as = asymmetric vibrations (63).

Another important set of diagnostic bands in biological analysis is the absorption bands of the amides,
located around 1650 cm™ (amide | band) and 1550 cm™ (amide Il band), which are useful for
determining the presence of proteins. Amides consist of a carbonyl group with a carbon atom attached
to one side and a nitrogen atom attached to the other side. The absorption in the amide | band arises

from the stretching of the carbonyl group and typically ranges from 1680 to 1630 cm™. The amide Il
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band is contributed by the N-H bending vibration (40-60%) and the C-N stretching vibration (18-40%)
(64).
Table 2-3. Vibrational absorption wavenumber of typical bimolecular groups.

Functional group Wavenumber range
[em™] (61)
Amide 1680-1630
Carboxylic acid 1725-1700
Ester 1750-1725

2.3 Mid-infrared optothermal effect and single-pulse optothermal decay

Vibrational absorption results in the change of internal energy U of the sample. After vibrational
absorption, in an infinitesimal volume element dzt of the absorber, the increase of internal energy AU

and its temperature change AT can be correlated with the thermal capacity C as follow:

AU
AT = — eq. 2-16

C
It suggests that absorption of mid-infrared light leads to the temperature increase — the mid-infrared
optothermal effect. Since the temperature change is linearly correlated with the internal energy gain, i.e.,
linearly correlated with vibrational absorption, one can measure the temperature change to obtain the

vibrational absorption spectrum, or measure the temperature map to obtain vibrational absorption image.

2.3.1 Heat equation

Fig. 2-8. Region of volume in a thermal conductive body. dA is a vector on surface with its

direction outward.

A long and continuous illumination of water can create an optothermal lens, which has been discussed
in other works (18). In this study, a very short pulse (~10 ns) MIR laser will be used for optothermal
excitation. The absorption process can be considered as an instantaneous process, so our focus lies in
solving the heat conduction problem that occurs after the completion of absorption. Specifically, we aim
to determine the spatial and temporal dependence of the temperature field T in a large volume V (refer

to Fig. 2-8). Using x as the position vector and t as time, our goal is to find a solution for:
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T = T(x, t) eq. 2-17

According to Fourier’s law, we know that the temperature field is associated with the heat flux (vector
guantity, the magnitude defined as the rate at which heat is transferred per unit area, per unit time; and

the direction normal to the unit area) g by:

q(x,t) = —kVT(x,t) eq. 2-18
Here k is the thermal conductivity constant.
Moreover, we apply the energy conservation law to the volume V, i.e., the total internal energy change

within this volume is equal to the net heat flux through the surface S of volume (There is no heat source

after MIR absorption is complete):

d[ du
174 _ .
ot _L q(x,t)dA eq. 2-19

Here, the left part corresponds to the total internal energy change within volume V; the right part
corresponds to the net heat flux through the enclosed surface S. The negative sign indicates that the
positive heat flux (heat flow out) leads to reduction of internal energy. Where dU = cpdz. Using eq.
2-16 to eg. 2-19, we obtain the heat equation:

0T (x,t) 1
—=V2T(x,t N
% = (x,6) eq. 2-20

Where «a is the thermal diffusivity a = ﬁ, and c is the specific heat capacity defined by the heat

capacity C of the volume dt divided by the mass of the volume dt: ¢ = C/(pdt), and p is the density.

In the cylindrical coordinate, eq. 2-20 is written as:

oT 1 18((’)T) 1 0%T 0°T

ata ror\ar) Tr2agz T o2 eq. 2-21

Here, r is the polar axis, z is the longitudinal axis, and ¢ denotes the angular coordinate as shown in
Fig. 2-9.
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Fig. 2-9. Cylindrical coordinate system (r, ¢, z).

2.3.2 Single-pulse optothermal decay in water

When we image cells using the optothermal technique, a portion of the energy will unavoidably be
absorbed by water, while the energy absorbed by the cells will also inevitably be released into the water.
Therefore, it is crucial to understand the spatial-temporal dependence of temperature following the
absorption of a mid-infrared (MIR) pulse by water.

To formulate the problem, we take water as our sample, which is contained in a cylindrical dish. The
bottom of the dish is made of a ZnS window to allow the transmission of mid-infrared light. Additionally,
the water is covered with a cover glass to prevent evaporation. A pulse of the MIR beam, characterized
by a Gaussian distribution, is directed into the water from the bottom. Our goal is to find the analytical

solution for the temperature field T after the absorption of the MIR pulse is complete.

Here we use cylindrical coordinate system to solve the problem, in which we denote the contact surface
between water and ZnS window as z = 0, as seen in Fig. 2-10. The planar distribution of the energy

(energy per unit area, denoted by &) can be considered as a Gaussian function (18):

2E, r?
o(r,$,0) = —p2 €XP _Zﬁ eq. 2-22

This is a aximuthal symmetric function that depends only on the polar axis r. Here, E,, is the total energy
of the pulse, and R is the radius of the beam (the distance from the propagation axis to where the intensity

drops to 1/e? of maximum intensity).
Due to the vibrational absorption, MIR energy distributes inside the sample as internal energy according

to beer-lambert law. The planar energy density after MIR traveling length z is written as this

relation: o(r, ¢, z) = o(r, ¢, 0)exp(—uz), where u is the absorption coefficient. The negative of partial
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derivative of the relation with respect to z gives the energy volume density (internal energy per unit

volume) in sample D(r, ¢, z), caused by MIR absorption:

D(r,¢,z) = ua(r, ¢, 0)exp(—uz), for z>0 eq. 2-23

, | %97
ZnS' — \

MIR

Fig. 2-10. Cylindrical coordinate system for the single-pulse optothermal decay problem.
The MIR pulse irradiates the water from the bottom through the ZnS window. The contact surface
between water and ZnS window is denoted as z=0. (Assume that no MIR light is absorbed in ZnS

window.)

The volume density of internal energy is an r and z dependent function, independent of ¢. It can be

used to calculate the temperature gain T, in the water after the absorption of the pulse is complete:

To(r,¢,2) = D(T;—Zm: z>0 eq. 2-24

We take this temperature gain as the initial condition for optothermal decay problem. eq. 2-25 to eq.
2-29 formulated the initial condition for the optothermal decay problem. The problem we are going to
solve is confined to the dish region: 0 <r < a,0 < ¢ < 2m, 0 < z < b, where a is the radius of the
dish, and b is the thickness of the water volume in the dish. To simplify the problem, we assume that
the ZnS window (located at z = 0) and glass window (located at z = b) are insulated materials, and the
heat is dissipating by the dish wall into the environment. And the wall keeps the temperature of the

environment, which is assumed to be 0.

1a(aT)+aZT—1aT 0<r< 0<z<b t>0
ror\"ar) T 922 " qar’ rsa Zso eq. 2-25
T=0, r=a, t>0 €q2—26



— =0, =0, t>0 -
e z eq. 2-27
oT
= 0’ = b, t> 0 -
e z eq. 2-28
ZIJ.EO 1‘2
To(r¢2) = —ozexp|—2pz —pz),  0<r<a  0<z<b  t=0 . 55

Here eq. 2-25 states the heat equation, eq. 2-26 to eq. 2-28 states the boundary conditions, and eq. 2-29
states the initial condition. The problem can be solved using the separation of variables, T(r, z,t) =

R(r)Z(z)T'(t), which results in two eigenvalue problems. The general solution is written as (65):

T(rzt) = Z Z CompRo By TVZ (v, 2) e~ Pt 75)t

m=1p=1

eq. 2-30

Where, Ro(Bm, 1), Z (¥, 2), and e~ *(B+¥5)t are the solutions for R(r), Z(2), and T'(¢t). B,, and ¥, are
discrete separation constants with the order of m and p (integral number = 1, 2, ...). ¢y, is a series of

values determined by:

1 a rb
Cmp = W-fo J;) TRy (Bm, T)Z(VP'Z)TO(T’ z,0) drdz eq. 2-31

Where N(B,,,) and N(y, ) are the normalization factors of Ry(8,,, ) and Z(y,, z), which are given by:

1 B2,
2

NBr) = 2 1-J2(Bma) eq. 2-32
1 ve+1
N(y) “b(Z+1)+1 eq. 2-33

Where J,(B,,7) is the Bessel functions of order 0 of the first kind.
Moreover, Ry (B, ), Z (v, z) are given by:
Ro(Brni™) = Jo(Bm™) Yo (Brn@) = Jo (Bn@)Yo (BT eq. 2-34
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Z(yp,z) = cos(ypz) eq. 2-35
Where Y, (B,,7) is Bessel functions of order 0 of second kind.

Finally, according to boundary conditions, the value S,, and y,, are given by solving the equations:

Ro(Bm,a) =0 eq. 2-36

6Z(yp,z)

_— O _
9z eq. 2-37
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Chapter 3 Working principle of wide-field optothermal microscopy

3.1 Pump-probe imaging concept

Equipped with the basic knowledge of vibrational absorption, now we move on to introduce the imaging
concept of wide-field optothermal microscopy proposed in this thesis. As shown in Fig. 3-1, wide-field
optothermal microscopy is a pump-probe imaging approach, where MIR light works as a pump beam,
and visible (VIS) light works as a probe beam. The pump beam illuminates a large area (for instance,
an area of 5x10° um?, or c.a. 700x700 um?) of the sample plane to excite optothermal effect. A phase
imaging system - can be Zernike phase contrast (ZPC) microscope, differential interference contrast
(DIC) microscope, or quantitative phase imaging tool - is implemented to capture the refractive index
change of the sample due to the following thermo-optic effect (temperature change induces refractive
index change).

Phase images Subtraction-image

Phase imaging system  Phase imaging system ®o: |- [®: |- .

MIR-on MIR-off
= d
; ; Ap.
= —~

Probe light Pump light

Fig. 3-1. Imaging concept of wide-field optothermal microscopy. a, Acquisition of MIR-OFF
image. b, Acquisition of MIR-ON image. ¢, Subtraction of two phase images (MIR-ON minus MIR-
OFF) illustrate the molecular vibration contrast (chemical-contrast) of the sample. d, For

comparison, the focal excitation requires raster scanning for an image.

For the purpose of optothermal imaging, two phase images are required: a MIR-OFF image acquired
without MIR illuminating the field-of-view (FOV) (Fig. 3-1a), and another MIR-ON image acquired
with MIR illuminating the FOV (Fig. 3-1b). The MIR-OFF images are later subtracted from the MIR-
ON image, as shown in Fig. 3-1c, to obtain the optical path difference (OPD), which is related to the
refractive index change. The more energy absorbed by the sample, the more significant the OPD, and
the higher the contrast will be shown in the subtraction image. By detecting the OPD over the FOV, we
are able to obtain the localized absorption coefficient, thus a MIR chemical-contrast image. For example,

in the cartoon demonstration shown in Fig. 3-1c, subtracting the MIR-OFF image from the MIR-ON
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image produces a subtraction image that represents the optical path difference caused by MIR
illumination. In a FOV where there is a high MIR absorption sample "A" and a low MIR absorption
background "B", the subtraction image exhibits high contrast for "A" and low contrast for "B".

There are several advantages associated with this imaging concept. Firstly, pump-probe detection can
result in better imaging resolution compared to vibrational spectral imaging techniques that only utilize
a pump, such as Fourier-transform infrared spectroscopy (FTIR) and mid-infrared optoacoustic
microscopy (MiROM). This is because the image resolution in pump-probe detection is determined by
the wavelength of the visible light (probe) rather than the mid-infrared light (pump). Secondly, in
comparison to point-by-point scanning schemes like stimulated Raman scattering microscopy (SRS) (37)
and MiROM (62), where the pump beam is focused into a diffraction-limited spot (Fig. 3-1d), wide-field
irradiation eliminates the need for mechanical scanning. The acquisition time for a single chemical
contrast image (which depends on the exposure time of the camera and the time interval between MIR-
ON and MIR-OFF images) can be significantly shorter than that of point-by-point scanning methods.
Finally, the power flux density of the pump on the sample can be greatly reduced compared to focal
excitation methods, thereby minimizing potential photodamage during measurements on living cells
(40).

3.2 Relation between absorption coefficient and MIR-phase

To bring the imaging concept into reality, it is important to establish the analytical relation between the

absorption coefficient and the phase change induced by MIR absorption (i.e., MIR-phase).

Dish
Sample

dt
| ZnS '

MIR

Fig. 3-2. lllumination of MIR beam on the sample. Due to the absorption, the MIR beam
exponentially decreases as it penetrates the sample. To simplify the discussion, we take a small

volume dr that is close to the bottom surface.

In the MIR-ON case, when the MIR light (at specific wavenumber k) illuminates the sample, a local
change of temperature is generated in the sample. Consider an infinitesimal volume dz of the sample
that really close to the illumination surface (see Fig. 3-2), dt’s temperature will increase due to the
vibrational absorption, with an absorption coefficient of y;. Let AT = T1 — TO0 be the temperature

28



difference before (denotes as T0) and after (denotes as T1) the MIR pulse is absorbed by the sample,
AT can be written as (52):

AT ) = = eq. 3-1

Where 7 is a coordinate vector denotes the position of the infinitesimal volume dt; AQ;y, is the
amount of heat generated in dz; m is the mass of sample within dt; c is the specific heat capacity of
sample; p is the mass density of sample; E; denotes the amount of MIR pulse energy that reach to the
bottom of the infinitesimal volume; A is the area of the bottom surface of infinitesimal volume; y, is
the vibrational absorption coefficient of the sample at wavenumber k. The increase in temperature
results in a change in the refractive index An within the infinitesimal volume dz of the sample due to

the thermo-optic effect,

dn

An(;,k) = dT

AT(f'k) = 6AT(f’k) eq. 3-2

And also results in a change of its thickness due to thermal expansion,

Al = Td_TAT(F,k)l = BIAT (71 eq. 3-3

Where in eq. 3-2, § = Z—;l is the thermo-optic coefficient and in eq. 3-3, f = %% is linear thermal

expansion coefficient of the sample, and [ is the thickness of dz. Consequently, since the change of the
refractive index and the thickness are proportional to the temperature, there will be a net optical path
length difference in the sample:

OPD = [(n + An)(L + Al) — nl]

=~ [An + nAl eq. 3-4

= ISAT + npIAT

Assume the wavelength of the visible probe light is A, one can convert this OPD to the phase difference,

using:

_ 2mOPD
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Table 3-1. Physical properties of typical samples.

Water Glycerol TAG ZnS Air
Specific heat capacity (c) 4.18 2.43 2.08-2.15 0.469 1.0035
[J/g°C] at0 °C
Density (p) 106 1.26x10° 0.9x10° 4.09%10% | 1.1839x10°
[e/m’] at25°C
Thermo-optic coefficient -1.2x104 -2.25x10* | -3.66x10* 6.6x10° -
(dn/dT)
[1/°C]
Thermal expansion 69 152 100-200 - -
coefficient (dl/(1dT))
[x107S K]
Refractive index (n) 1.33 1.474 1.473 2.38 1.00029
at 553 nm
Absorption coefficient (1) 103-10° at - 2-3x103 at 0.02 -
[m] 3.3 um 3.5um
Thermal diffusivity () 1.43%x107 at - 8.38x108 - 2.17x10°
[m?/s] 25°C at 20 °C

Ref.: (66) (67) (68).

The relation between vibrational absorption coefficient y;, and MIR-phase Ap of a PSOM image is
linearly correlated using eq. 3-1 to eq. 3-5 (the deduction follows Zhang’s work in (52)):

21E; (16 + nlp)
1A cp Hie = APy eq. 3-6

2TMER: (15+nip)

Here, the term — is system dependent, and the term is sample dependent. For a given sample

2nEz (16+nlpB)

at a given system, ——

is a constant (can be denoted as s) and eq. 3-6 can be written as a linear

relation sy, = Ag,,. Therefore, the MIR-phase is only wavelength dependent, and the MIR absorption

spectrum can be obtained from MIR-phase image, by changing the MIR wavelength.

To estimate magnitude order of OPD in eq. 3-4. Taking into account the typical values of organelle size

(~ 1 um), thermos-optic coefficient (-1.2x10* [1/°C], for water), and thermal expansion coefficient (6.9
%107 [1/°C], for water), the OPD due to the MIR absorption can be calculated to be in the scale of few

nanometers per degree (1 - 10 nm/°C).
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Chapter 4 Development of probe systems

In addition to the wide-field illumination, an important module in wide-field optothermal microscopy is
a phase imaging system (see Fig. 3-1), for the purpose of probing the phase difference introduced by
MIR absorption (i.e., MIR-phase). This chapter introduces the development of two custom-made phase
image methods that will be used in the next two chapters for detecting MIR-phase: Condenser-free

Zernike phase contrast microscopy (CF-ZPC) and phase-shifting microscopy (PSM).

4.1 Condenser-free Zernike phase contrast microscopy (CF-ZPC)

In a theory proposed by Ernst Abbe, the image of the microscope is considered as the interference effect
of a diffraction phenomenon. The two bunches of interference beams originate from the interaction of
microscopic illumination and sample. Here, the illumination beam is split into two types — the light rays
that travel through the sample are deviated by the sample (termed deviated light) and the light rays that
travel through the surrounding of the sample keep their original direction (termed surrounding light).

Sample Back focal
Condenser plane plane (BFP) Image plane
diaphragm
1
1
Condenser 3
Objective |
> Deviated light
( /_\\ Sorrounding light
\
Phase /»/ hetim/2

plate \\/ 1

Fig. 4-1. Diagram of the light propagation in a traditional Zernike phase contrast
microscopy for a finite length corrected objective. The light from the ring shaped light source is
collimated by a condenser, creating the Kohler illumination for the microscope. On the sample plane,
the ray that interacts with the sample deviates away from its propagation path (dashed green rays,
for example), and is focused on the image plane. While the ray that does not interact with the sample
(surrounding light) keeps its propagation direction (dashed orange ray, for example), and is focused
at the back focal plane of the objective. The phase contrast enhancement is carried out by a phase
plate located at the back focal plane of the phase contrast objective. In this phase plate, a ring
structure is designed for attenuating the undeviated light intensity and retarding its phase. The
modified undeviated light and deviated light are overlapped and interfere on the image plane. The

interferogram produces the phase contrast image of the transparent sample.
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After the light traveling the whole optical system, it reach to the camera sensor or the human’s retina,
where the deviated light and surrounding light are overlapped and interfere with each other. The
interferogram forms an image of the sample. Exploiting this concept, Frits Zernike proposed a contrast
enhancement design for transparent samples, which otherwise invisible by the camera or eyes. This
imaging technique was later widely used in biology (69, 70). This contrast enhancement design works
by placing a phase plate on the Back Focal Plane (BFP) of the objective, where the deviated light and
surrounding light are spatially separated. The phase plate possesses a ring (in the case of ring
illumination) that covers the undeviated light to alter its intensity (c.a. 80% attenuation) and phase
(change the phase by +§or —g), to optimize (constructed or destructed) interference on the sample

plane (see Fig. 4-1). The working principle of Zernike phase contrast microscope hasn’t changed much
since it was invented. The main effort in developing new generations of ZPC has been focused on the
“halo” and “shade-off” artifacts, where structure illumination or special phase plates have been designed
for minimizing the artifact (71-73). Despite the variant design, phase contrast microscopy generally uses
a high NA (for instance, NA=1.25) condenser to create the Kohler illumination for the sample. Due to
the high numerical aperture, this condenser works extremely close to the bottom of sample, which is a
hinder to introduce extra illumination, for example, MIR illumination. This problem can be

circumvented by adopting the condenser-free illumination as shown in Fig. 4-2.

b Camera
Sample Phase
plane plate Image of the sample

Phase illumination Objective

~
-

( - -—~\l

~ Phase objective
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18 cm Sample

P27, Deviated light

{ \\‘ ‘ Undeviated light 4 g, Phase illumination
1
\\s _a”

Fig. 4-2. Condenser-free phase contrast microscope. a, Diagram of the light rays propagation
in CF-ZPC. b, 3D cartoon drawing of CF-ZPC. Compared with traditional ZPC, the condenser lens
is replaced by a phase illumination - a ring of white LEDs. The LEDs ring is located at 18 cm away
from the sample on a conjugate plane of the phase ring. On the back focal plane, the image of LEDs

is projected on the phase ring of the phase plate.

The condenser-free phase contrast microscope (CF-ZPC), applies a distance (18 cm away from the
sample plane in our case, as shown in Fig. 4-2) phase illumination for the microscope. The phase

illumination consists of discrete point sources (white LEDs in our case, Aura Phase Contrast Illuminator
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(74, 75)) with a ring of 20 cm in diameter. And the illumination ring was placed on the conjugate plane

of the phase plate.

Compared with the conventional Zernike phase contrast microscopy, the substitution of condenser
would not change much the phase contrast image of the sample. This is because: Firstly, in the
conventional Zernike phase contrast microscopy, the phase illumination — the ring of condenser
diaphragm — is an illumination plane consisting of constituent non-coherence point sources. The
reduction from an illumination plane to a limited number of point sources only reduces the image
intensity since the illumination points from the plane are incoherent. To compensate for the intensity
loss, one can increase the intensity of LEDs. Secondly, the large distance from the illumination source
and sample ensures the illumination is nearly collimated, so that the surrounding light is focused on the
BFP to fulfill the working condition for ZPC. In our case, for example, the divergence of the light in the
FOV is around 0.83 mrad (calculated from the FOV of 150 um and the LEDs distance of 18 cm).

Besides the mechanical modification (substitute the phase illumination), this thesis also analytically
develop the phase-intensity relation (conversion relation of the phase information to intensity

information by the system) and numerically simulate the phase imaging characteristic of CF-ZPC.

4.1.1 Thin sample phase-intensity relation

To understand the conversion between phase image and intensity image in ZPC (phase-intensity
relation), we first consider a one dimensional periodic phase object on the sample plane that alters the

transmitting light according to:

F = el eq. 4-1

Where x denotes the position in one-dimension, and ¢ (x) is a periodic function describing the phase of
the object in the sample plane. When a plane wave (which can be denoted as unit 1, since its phase is
constant regarding position) travels through this sample. eq. 4-1 describes the optical field just behind
the sample. If this optical field is projected into the image plane, no contrast will be observed since its
intensity is constant (|F|? = 1) everywhere. Considering the biological sample (for a thin sample such
as a monolayer cell) retard the phase really small, Zernike made the approximation that the real part of
F has unit value and is independent of location x. That is, F can be expressed by approximation of its

Taylor expansion (69):

F~1+i¢(x) eq. 4-2
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Where the unit 1 represents the surrounding light that travels directly to the sample plane, without phase
and amplitude change. When the light field of eq. 4-2 travels through the objective, Fourier transform
of eq. 4-2 can be used to calculate the optical field on BFP. Therefore, surrounding light will be focused
in the BFP (This can be understood by: Fourier transform of 1 is a § function). Zernike proposed a
design to place a wave plate on BFP, altering the surrounding light by a factor of he*™/2 (see Fig. 4-1).
Where h indicates the factor for changing the optical field’s vibration amplitude, +7/2 indicates the
phase change (+m/2 corresponding to positive phase contrast, —mr/2 corresponding to negative phase
contrast). So in the image plane, instead of an identical optical field, it becomes (consider magnification

of microscope = 1):
F' =~ he'™? + i¢(x) eq. 4-3

Taking the square of eq. 4-3, we obtain the intensity of this one-dimensional “image”, which states

phase-intensity relation (neglected the high order term ¢? since ¢ is small):
|FI|2 ~ —h? — 2h¢(x) eq. 4-4

One notice that after using the phase plate, intensity is linearly related to the phase variation ¢ (x).
Where the parameter h can be carefully chosen so that the intensity of surrounding light h? is

comparable with the intensity of deviated light 2h¢ (x), to enhance the image contrast.

4.1.2 Thick sample phase-intensity relation

Zernike phase contrast microscopy provides high contrast for the small phase variation in the sample
since it aims for imaging small phase variation at the beginning. However, the linear phase-intensity
relation of eq. 4-4 doesn’t hold in practice, especially for thick samples that Zernike’s approximation
failed (in eq. 4-2). Here we look for a phase-intensity relation by considering all the higher-order terms
in Taylor expansion. And validate this relation by simulation and experiments of thick samples. Firstly,

here we write F as its full Taylor expansion, instead of eq. 4-2:

LN
F=1+ ;Td)(x) eq. 4-5

As discussed in the previous section, the unit 1 is multiplied by a factor of he™? to represent the

modification of amplitude and phase of the surrounding light. The optical field in the image plane is:
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F' = hein/2 4 ) %qb(x)"
n=1

One can obtain the following by adding and subtraction unit 1:

. 10k
F'=he™?—14+1+ %qb(x)"

n=1

And wrap up the Taylor series at the end, we get:
F' = he™? — 1 4 ¢
An analytical phase-intensity relation can be obtained:
|F'|? = (cos p(x) — 1)? + (h + sin ¢p(x))?
Similarly, the negative phase plate provides the following relation:

|F'|2 = (cos p(x) — 1)? + (—h + sin ¢p(x))?
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Fig. 4-3. Phase-intensity relation of Zernike phase contrast microscope. a,b, Positive

contrast. c,d, Negative contrast. (b) and (d) are zoomed in region of (a) and (c), respectively, as

marked by the red dashed areas. In this figure, we let h = 0.3.
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The plots of eq. 4-9 and eq. 4-10 are shown in Fig. 4-3, using h = 0.3. According to the relations, for
positive contrast, as shown in Fig. 4-3a,b, when ¢ is around -0.3 rad (phase retard of 0.3 rad), the
intensity reaches its minimum. The minimum intensity is less than the intensity of surrounding light, in
which the phase is not retarded (¢p = 0). Moreover, when ¢ is in the range of [-0.6 0] rad, the microscope
renders the corresponding intensity darker than the surrounding area. When the phase is further retarded
so that ¢ < -0.6, the microscope renders the image brighter than the surrounding area. This can be
observed from a positive phase contrast image of cells and triglyceride (TAG) drops as shown in Fig.
4-4,

Fig. 4-4. CF-ZPC images of Hela cells and TAG drops via positive contrast objective. a,
CF-ZPC image of Hela cells. b, CF-ZPC image of TAG drops. The cells illustrate weaker intensity
(darker) compared with the background, since the cells are thin and the phase retardation localized
between [-0.6 0] rad. For the TAG drops, the small ones are darker than the background due to small
phase retardation while the bigger ones are bright in the center with a black region surrounded due
to the large phase retardation.

4.1.3 Wavefront propagation simulation

To better understand the condenser-free Zernike phase contrast microscopy, we simulate the wavefront
propagation of a CF-ZPC. This is performed by taking the advantage of its limited number of
illumination point sources instead of unlimited point sources in conventional ZPC microscopy. In this
simulation, we consider the point sources to be lighting from infinite, generating plane waves reaching
to the sample plane. The monochromatic plane waves from each point source are independent (therefore,
no interference between the plane waves), and obliquely propagate through the sample plane. The phase
perturbation due to the sample (phase retardation by TAG droplet or phase advance by optothermal lens
of water) is modeled based on the geometric and refractive index of the sample (see Fig. 4-5). The
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wavefront along the traveling path is simulated by PROPER based on Fresnel approximation diffraction
theory (76).
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Fig. 4-5. Simulation of condenser-free Zernike phase contrast microscopy. (a) Diagram of
the CF- ZPC. (b) The model of the sample (side view, blue shaded area). A micro lens model with
a diameter of 30 um, a curvature R of 0.002 um, is used to mimic a TAG (triglyceride) droplet.
The micro lens model is part of a virtual sphere with diameter r. When a wavefront from the left
travels through the micro lens, the phase of the wavefront retards according to the thickness of the
micro lens. The light passing through the micro lens travels a longer optical path length (n — 1)d
compared to which passing through the surrounding area, where n is the refractive index of micro
lens, and d is the traveling distance. This optical path difference corresponds to phase retard of

w, where A is the wavelength of light, configurated as 500 nm in the simulation. The micro

lens only retard the phase propagation wave, without intensity loss. (c) Phase retardation map of the
micro lens of (b). (d) The intensity image of the back focal plane during the simulation, illustrating
the image of point sources and their locations in the phase plate. (¢) A phase contrast image of the
sample model (b,c) (77).

The key in this simulation is to construct a phase plate in the BFP of the objective. In the simulation, the
effect of the phase plate exerting on the wavefront is considered as a multiplication operation of the
wavefront to a complex number A(x,y)e?™) where A(x,y) denotes the transmission factor of 2D
phase plate, and ¢(x,y) denotes the phase perturbation of the 2D phase plate. According to previous
discussions about the ZPC microscope, the phase ring should be designed as an attenuation ring to
reduce the intensity of surrounding light, which is focused on this ring. So the transmission factor on the
ring area is less than 1, determined by the parameter “h> discussed in section 4.1.1 and 4.1.2. The area
outside the phase ring (complementary area) is preferred to transmit all the light, corresponding to the

transmission factor of 1.
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It is found that the transmission factor of the phase ring is preferred to be in the range of 0.3473 to 0.5
(corresponding to an intensity transmission ratio of 0.12 to 0.25, intensity ratio between transmit light
and incident light) (78). We use a transmission factor of 0.39 (intensity transmission ratio 0.15) for our
simulation. The positive and negative phase plate is classified based on the sign of phase perturbation
from the phase ring: For a positive phase plate, the value of ¢(x,y) in the phase ring is a positive value:

+§, while in a negative phase plate, it is negative value: —g. The value of ¢(x,y) in complementary

area is O for both positive and negative phase plates, as shown in Fig. 4-6.
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Fig. 4-6. Positive and negative phase plates. a,b, Transmission and phase perturbation of
positive phase plate, and the line profile crossing the ring. ¢,d, Transmission and phase perturbation
of negative phase plate and the line profile crossing the ring. Gray color indicates a transmission
factor of 1, which means the light doesn’t change its intensity when propagating through it. The
black color indicates the intensity transmission factor of 0.15, which indicates that the propagating
wave changes its intensity by a factor of 0.15 after traveling the phase plate.

Fig. 4-7 shows the simulation results when imaging the micro lens of Fig. 4-5b. The simulations with a
positive phase plate, negative phase plate, and without phase plate are illustrated and compared. The
intensity of the light in the back focal plane is shown in Fig. 4-7a-c, for the case of positive phase plate
(@), negative phase plate (b), and no phase plate (c). The corresponding phase contrast images of the
micro lens are shown in Fig. 4-7d-f. Fig. 4-79 illustrates the phase map of the sample. Fig. 4-7h plots the
line profiles of the phase contrast image (d), (), and the phase value in (g). Both positive phase contrast
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(d) and negative phase contrast (e) give a clear image of the micro lens, which is unobservable under a

bright field image (f), since the micro lens does not attenuate the light that travel through it.
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Fig. 4-7. Characterization of CF-ZPC by simulation. a,b, Intensity images of the back focal
plane (location of phase plate) as the point source illuminating the microscope. (a) Positive contrast
phase plate. (b) Negative contrast phase plate. c, Intensity image of the back focal plane when there
is no phase plate (in a bright field microscope). d-f, Intensity images of the image plane using
positive phase plate, negative phase plate, and no phase plate. g, The phase of the sample under this
simulation, corresponds to a phase perturbation map caused by a micro lens sample as shown in Fig.
4-5b. h, Line profiles crossing the center of (d), (e), and (g), illustrating the intensity and phase

perturbation.

The intensity of the phase contrast images can be understood according to ZPC’s phase-intensity
relations (eg. 4-9 and eq. 4-10) and its plots show in Fig. 4-3. On the edge of the micro lens, where the
phase retardation is less than 0.6 rad, a lower intensity (compared with the surrounding) is observed in
the positive phase contrast image (Fig. 4-7d). This lower-intensity area forms a dark ring surrounding
the object. Outside this ring, a bright halo is found, which corresponds to the well know “Halo” artifact.

We do not observe the dark ring from the image acquired with a negative phase objective (Fig. 4-7¢).
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This is because the phase-intensity relation given in Fig. 4-3c,d gives no minimum point in the phase
retardation range (¢ < 0). When we compare the line profiles from positive and negative phase
objectives. The negative contrast profile shows higher intensity, this can be explained by the right-shift

of the phase-intensity curve of Fig. 4-3c compared with Fig. 4-3a.

Fig. 4-8. Phase contrast imaging simulated from different illumination points. Top row (a-
c): Intensity image of the back focal plane, in the case of 2-point sources, 4-point sources, and 20-
point sources. The point sources illuminate the system independently so they do not interfere with
each other. Bottom row (d-f): phase contrast images when using 2-point sources, 4-point sources,
and 20-point sources. The phase contrast image is the summation of phase contrast images from
each point source illumination. For example, (d) is the summation of two phase contrast images

from 2-point sources in (a). The positive phase ring is used in the simulation.

Now we move on to study the effect of different light sources on CF-ZPC images. As shown in Fig. 4-8,
the image of the micro lens does not change when using different numbers of point sources, varying
from 2-point sources to 20-point sources. However, the surrounding area was rendered by an anisotropic
pattern when a small number of point sources were used (Fig. 4-8d,e). This anisotropic pattern is mainly
caused by the diffraction of the sample due to the inclined incident beam. The pattern is canceled out as
the number of point sources increases and it is almost invisible under the illumination of 20-point sources.
To further reduce this pattern, we used 36-point sources in our later results, and use 100-point sources
in our real system. Corresponding experimental results as shown in Fig. 4-8 were also carried out by
others (74, 75).
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Fig. 4-9. Examination of micro lens with different thicknesses and comparison between
simulation and experimental results. (a-b), The optical path length of two micro lenses under
simulation. (c-d), Phase contrast images generated by simulation using a positive phase plate. (e-f),
Experimental results of two TAG droplets from the condenser-free Zernike phase contrast
microscope (77). Scale bar of (a-d): 10 um.
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Fig. 4-10. Examination of the thick sample with phase wrapping, and the comparison
between simulation and experimental results. (a-c) Simulation results of a micro lens with
curvature of 6.67x10* um™. (a) Phase retardation map. (b) The wrapped phase by setting the phase
of the background as reference point 0 rad. (c) Simulation phase contrast image (positive phase
contrast). (d) CF-ZPC experimental image of a TAG drop that is comparable with the simulation
(d). (e-g) Simulation results of a micro lens with the curvature of 9.1x10* um. (e) Phase retardation
map. (f) The wrapped phase by setting the phase of the background as reference point 0 rad. (g)
Simulation phase contrast image (positive phase contrast). (h) CF-ZPC experimental image of a
TAG drop that is comparable with the simulation.

To validate the CF-ZPC, we carried out a comparison between the simulation and experiment. In the
simulation, the thickness of the micro lens can be changed by reducing the curvature of micro lens in
Fig. 4-5b. The optical path length of two micro lenses with curvatures of 0.002 um* and 0.001 um* are

shown in Fig. 4-9(a,b). For their corresponding phase contrast images (Fig. 4-9c,d), we observed that the
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thick micro lens has higher intensity in the center and smaller dark ring. The dark ring can also be
observed in the experimental results as shown in Fig. 4-9(e,f), which are obtained by imaging the TAG
drops of different sizes from CF-ZPC. As the thickness of the micro lens increased, we observed the
intensity wrapping from both simulation and experimental results (as shown in Fig. 4-10c,d and Fig.

4-10g,h), which can be expected from the plot of Fig. 4-3a.
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Fig. 4-11. ZPC imaging of the thin sample. a, The intensity image of the back focal plane
during simulation. b, The phase map of the micro lens, with maximum phase retardation of 0.175
rad. ¢, Positive phase contrast image. d, Negative phase contrast image. e, Line profiles from the

phase perturbation image (b), phase contrast images (c) and (d).

To simulate the thin sample, we adjust the thickness of the micro lens so that the optical path length
difference of the micro lens is similar to the optical path length of the cells. Fig. 4-11b shows the phase
perturbation map of the micro lens in thin sample condition. Fig. 4-11c,d depicts the positive and negative
phase contrast images of this micro lens. Fig. 4-11e shows the line profiles crossing (b), (c) and (d). As

we can observe in (c) and (d), the positive phase contrast gives dark contrast for the thin sample, while
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the negative phase contrast image gives bright contrast. This observation consist with most of the cells
measurement by ZPC microscopy. We also observe a bright “Halo” in the positive contrast micrograph,
and the dark “Halo” in the negative phase micrograph (marked by the arrows in (c), (d), and (e)). This
“Halo” artifact is clearer when using a larger phase ring (in this case, more deviated light travel through

the phase ring).

The "Halo" artifact arises from the fact that a portion of deviated waves, experiences weak deviation as
they pass through the sample. As the result of weak deviation, this portion of light mistakenly falls into
the phase ring and keeps the n/2 phase shift relative to the surrounding wave. Since the relative phase
between this portion of deviated light and surrounding light has not been changed, constructive or
destructive interference cannot be produced in the imaging plane. The absence of interference creates a
localized reversal contrast — a “Halo” surrounding the image of the object. The “Halo” artifact is bright

in a positive phase image, and dark in a negative phase contrast image.

4.2 Phase-shifting microscopy (PSM)

The interference of the CF-ZPC microscopy is given by two components of illumination: deviated
component and surrounding component, as shown in Fig. 4-2. The deviated component and surrounding
component begin to deviate from each other after passing through the sample plane (due to the
diffraction of the sample), and become well-separated on the back focal plane (BFP) of the objective.
Here, in the BFP, the surrounding component is focused into a spot (or a ring, depending on the shape
of illumination) and the deviated component distributes over the whole BFP. The two components are
later overlapped to create an interferogram on the sensor plane —a microscopic image. Taking advantage
of the separation on BFP, the surrounding component can be altered (on BFP) to maximize the
constructed or destructed interference in the sensor plane. In CF-ZPC, the two interference components
travel through the common optics (objective, or tube lens), forming the common path microscopy that
is very robust against environmental vibration. However, since the CF-ZPC relies on the scattering
property of sample, an un-scattering sample (for instance, a flat cell) usually illustrates weak image
contrast. This is because one of the interference components from the sample — deviated component —
is weak. Moreover, CF-ZPC does not provide an exact phase value according to the image it obtains.
And its sensitivity to the optical path change is weak especially for the positive phase contrast phase
microscope, since the phase-intensity conversion relation begins from a valley, where the slope is small
(Fig. 4-3).

To overcome the above challenges, | proposed a new design for phase imaging as a follow-up work of
using CF-ZPC as probe. In this design, the illumination light is divided into two components (sample
beam and reference beam) before traveling through the sample plane of the microscope. Therefore, the

interference does not rely on the scattering of the sample, and a quantitative phase-intensity relation can
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be constructed. To maintain the advantage of the common path, we used a polarization phase-shifting

interferometer (PSI), in which both the sample beam and reference beam travel through the same optics.

4.2.1 Polarization phase-shifting interferometer
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Fig. 4-12. Diagram of polarization phase-shifting interferometer. The polarization phase-
shifting interferometer uses a monochromatic coherent light (532 nm) as input. The input light is
45° linear polarized light (Hereinafter refer to polarization angle as the polarized direction relative
to x-axis). A birefringent crystal (beam displacer, BD) divides the beam into two paths with
orthogonal polarization directions: the sample beam (SB) with x-axis polarization, and the reference
beam (RB) with y-axis polarization. Afterward, the two beams travel through a haft wave plate with
fast axis of 45°, which rotates the polarization of both beams by 90°. Then the sample beam travels
through the sample so that a phase difference between the sample beam and the reference beam is
introduced. Then the two beams travel through a birefringent beam combiner (BC) to be combined.
Finally the combined beam travel through a quarter wave plate and an analyzer. FA: Fast Axis; TA:

Transmission AXis.

As shown above in the polarization phase-shifting interferometer, a 45° linear polarization beam is
separated into two orthogonally polarized beams by a birefringent beam displacer (BD). The ordinary
beam (Reference Beam, RB) travels straight through the BD, resulting in a beam linearly polarized at
90° relative to the x-axis. While the extraordinary beam (Sample Beam, SB) exits the BD crystal in
parallel with the RB but is 2.7 mm separated. SB is linearly polarized at 0° relative to x axis. The two
beams then travel through a half-wave plate (fast axis: 45°), for the purpose of compensating the static
optical path difference between the two beams. The polarization angles of the two beams are both 90°
rotated after passing the half-wave plate. The two beams then travel through the sample plane and a
beam combiner (which is an identical birefringent crystal as BD). Due to the 90° rotation of both beams,
the beam combiner combines the beams in a symmetric way as they were divided, to compensate for
static optical path length difference in the dividing path. Therefore, the optical path difference (i.e.,
phase retardation) is introduced only by the sample on the sample plane. The combined beam then
travels through a quarter wave plate (with its fast axis: 45°) and an analyzer (a polarizer with a rotation

motor), for the purpose of converting the OPD to intensity variation. Here we denote the transmission
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axis angle of the polarizer as 8, which can be adjusted by controlling the rotation motor. By using the
Jones vector (79, 80), here we derive the relation between the phase retardation introduced by the sample

and the intensity of the interferogram.

4.2.2 Jones calculus interpretation

Using complex representation, the electric field of a linear polarized light can be expressed (Customarily,

the equal sign here takes only the real part of the complex representation):

E_x)(Z, t) — ’)ZEeri(kZ—wt) eq. 4-11
Where X is a unit vector perpendicular to the propagation direction; E,,, is amplitude; k is wavenumber;
z is propagation distance; w is the angular frequency. According to eg. 4-11, the electric field of a linear
polarized light always points along a defined direction (defined by a unit vector) with its magnitude or
sign changing over time.
Imaging there is another collinear electromagnetic field (with angular frequency w) traveling toward the
same direction as the wave described by eq. 4-11, but vibrating in another direction perpendicular to
both the x-axis and propagation direction, denoted as the y-axis:

E—y)(z, ) = yEyOei(kz—wHe) eq. 4-12

Where € is a phase difference between the two waves. The resultant of the electric fields of eq. 4-11 and

eq. 4-12 can be expressed as a two-dimensional vector:

E(zt) = Ex(z,t) + Ey(z,1)
Exoei(kz—wt)
= (Eyoei(kz—wt+e)> eq. 4-13

— Exoie ei(kz—wt)
Eype

The Jones vector of the resultant wave is defined as the two-dimensional vector representing the

amplitude and phase in the x and y directions:

ExO
Eyoeif eq. 4-14
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The Jones vector can be used to express the electric field of an elliptical polarization light, in which the
special case is circular polarization light (when € = §+ 2nn,wheren = ---,—2,-1,0,1,2, ...). Contrary

to linear polarized light, where the electric field vibrating along a defined direction, the electric field

direction of an elliptical polarization light rotates in the x-y plane when the light propagates forward.
A polarizer or phase retarder acting on the light is a projection from a two-dimensional Jones vector to
a new two-dimensional Jones vector, so the effect of these optical elements on the light can be

represented by multiplication of a 2x2 matrix (Jones matrix) to the Jones vector.

Table 4-1. Jones matrix of typical optical elements

Optical element Jones matrix
Linear polarizer (TA: 45°) (_11//22 _11//22)
Linear polarizer (TA: 8 °) (COSC(OJ)ZS(;)(H) Coss(ii)zs(gl)(é’))
Quarter-wave plate (FA: 45°) %e_i% (1 t i 1 ; i)

T 2 . . 2 _ . .
Quarter-wave plate (FA: 6 ) o~ ( cos“0 +isin“60 (1 L)smecose)

(1 —i)sinfcosh sin?6 + icos?6

co -iZ/0 1
Half-wave plate (FA: 45°) e 2 ( 1 O)
.TT 2 . 2 .
Half- late (FA: 6 © -i= (cos“0 — sin“0 2sinfcos0
alf-wave plate ( ) ¢ ( 2sinfcosO sin®6 — cosZG)

TA: Transmission Axis; FA: Fast Axis. The angle takes x-axis as reference.

In Fig. 4-12, assuming the electric field amplitude of input beam I, as unit 1, we present the input beam
(location (1)) as a Jones vector of:

1
V2 (1) eq. 4-15
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From (1) to (2), the input beam is separated into two orthogonally polarized beams: 0° polarization (SB)
and 90° polarization (RB), respectively. We consider this process as traveling through two orthogonal

polarizers respectively: polarizer with a transmission axis of 0° and polarizer with a transmission axis

of 90°. According to Table 4-1, these two polarizers can be expressed using the Jones matrix of ((1) 8)

0 0
0 1

polarizers and Jones vector of input beam:

and ( ) The beams in location (2) can be expressed as the production of the Jones matrix of

Reference beam,

1 1
(8 2) ﬁ(i) - ﬁ(g) eq. 4-16
Sample beam,
1 1
(é 8) ﬁ(i) - ﬁ((l)) eq. 4-17

Since the Jones matrix of half-wave plate at 45° is e 2 ((1) (1)

half-wave plate, the beams in location (3) can be expressed as:

), after the two beams travel through the

Reference beam:

A0 ) H0-550
Sample beam,
A0 9 70-510

After the sample, in location (4), we assume that a phase difference & is introduced to the sample beam:

We have the sample beam multiplied by e?%,

%9_"7 e’ (2) eq. 4-20
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Reference beam keeps the same notation as before sample plane,

% ez ((1)) eq. 4-21

ﬁe_ig e’ ((1)) + \/_156_.% ((1)) - \/_15 _'% (elizS) eq. 4-22

1+ 1—i),

In location (6), since the Jones matrix for the 45° quarter wave plate (QWP) is: %e“? (1 i 14

the combined beam become:
1 m1+i 1-¢y 1 & 1
2e (12 1+i)'ﬁe ? () eq. 4-23

1 7 1+i+ 1 —i)e'
=——¢ 4e 2 .
2v/2 1—i+1+1i)e®

In location (7), the Jones matrix for the linear polarizer with the transmission axis angle 8 can be

expressed as:

( cos?6 sin@cos@)

sinfcos®  sin?0 eq. 4-24

By ignoring all the light attenuation due to the optical elements, the electric field at output beam can be

expressed as:

E= ( cos?0 sin@cos@) . 21 oo s (1 +i+(1- i)ei5>

4e .
sinfcos®  sin’0 V2 1—i+(1+0)e' eq. 4-25

The intensity is:
1
[ |E|? = E(l + sin(20 + 8)) eq. 4-26

Where 8 is the polarization angle, and § is the phase difference introduced by the sample. eq. 4-26 states
the relation between the phase retardation introduced by the sample, and the intensity of the

interferogram.
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4.2.3 Light polarization states in PSI

In this section, we discuss the polarization states of the beam as it travels through PSI, and understand
how the phase-shifting mechanism can be carried out by PSI. According to whether there is phase
perturbation on the sample beam, two situations (unperturbed case and perturbed case) will be discussed.

2
, wave plate Analyzer

Fig. 4-13. Light polarization states in unperturbed case. a, 3D view of PSI with illustrations
of electric waves. b, Illustrations of electric waves of SB and RB before beam combiner. SB: 90°
polarized (on the y-axis); RB: 0° polarized (on the x-axis). c, Electric wave illustration of the
combined beam after beam combiner. Polarization: 45°. d, Electric wave illustration of the beam
after quarter-wave plate. Polarization: 45°. e, Electric wave illustration of the beam after analyzer.

Polarization: 0°.

When both beams, SB and RB, travel the same optical path length (i.e., no optical perturbation on the
sample plane) the combined probe beam out of the beam combiner is a 45° linearly polarized beam (Fig.
4-13c). This is because the vibration azimuth of the electric fields of both components are in phase. The
combined beam then passes through a quarter-wave plate (fast axis: 45°; slow axis: 135°). Here, the
polarization of the beam is not affected by the quarter-wave plate, since the beam does not have
component in the direction of the slow axis of the quarter-wave plate (i.e., polarization of the beam is
orthogonal to slow axis of quarter-wave plate). Therefore, the probe beam after the quarter-wave plate

is still a 45° linearly polarized beam (Fig. 4-13d). If a single-point photodetector is placed just after the
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quarter-wave plate, it would detect the same light intensity as the input beam, since the beam is identical
to the input. However, if a polarizer (termed analyzer) with a transmission angle of 0° is placed just after
the quarter-wave plate, before the single-point detector, the single-point detector will detect the x-axis
polarization component of the light (Fig. 4-13e), the detected intensity following the Malus's law (which
states that the intensity of linear polarization light that passes through an analyzer varies as the angle
between the light’s polarization plane and the transmission axes of the analyzer).

Fig. 4-14. Light polarization states in perturbed case. a, 3D view of PSI with illustrations of

electric waves. A phase perturbation &, is introduced to the SB from the sample plane. The black
waves after A/4 plate and analyzer illustrate polarizations of the probe beam in unperturbed case
that have been discussed in Fig. 4-13. The orange wave illustrates the polarization of the beam in
perturbed case. b, Electric wave illustration of SB and RB before beam combiner. The phase of SB
is retarded by §,, which is a negative value denoting the phase retardation and positive value
denoting the phase advance. SB: 90° polarized; RB: 0° polarized. ¢, Electric wave illustration of the
combined beam after beam combiner in perturbed case. Polarization: elliptically polarized. d,
Electric wave illustration of the beam after quarter-wave plate. Yellow and purple illustrate the two
decomposition components along fast axis and flow axis of quarter-wave plate. Polarization: linear

polarized at 45° — 8,/2. e, Electric wave illustration of the beam after analyzer. Polarization: 0°.

On the other hand, when a phase retardation &, is introduced to the SB (Fig. 4-14b), the resulting
combined beam after the beam combiner is elliptically polarized (Fig. 4-14c). This is because after the
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beam combiner, the vibration azimuth of the electric fields of both components are out of phase (Fig.
4-14b), and the direction of resultant of electric vector deviates away form 45° and the resultant draws
an ellipse in the x-y plane (as shown in Fig. 4-14c). The larger the phase retardation §, on the SB, the
smaller is the eccentricity of the polarization ellipse, until the SB phase retardation is 90°; in which case,
a circularly polarized probe beam (eccentricity = 0) is generated. The direction of major/minor axis of
the polarization ellipse will be always 45° regardless of the phase retard value §,. When the elliptical
polarized beam enters the quarter-wave plate (which, as mentioned, has its slow axis at 135°), it is
converted to linear polarization beam because the slow axis of the quarter-wave plate is orthogonal to
major axis of the polarization ellipse. The linearly polarized beam—after the quarter-wave plate—has a
polarization angle of 45° — §,/2 (green arrow in Fig. 4-14d). This beam has been rotated by —6,/2
relative to the no optical perturbed case (45°). Again, if a single-point photodetector is placed just after
the quarter-wave plate, it would detect the same light intensity as input beam. However, if a analyzer
with transmission angle of 0° is placed just after the quarter-wave plate, before the single-point detector,
the single-point detector will detect an intensity change (compared with unperturbed case) due to the

angle rotation &, /2, according to the Malus's law (as shown in Fig. 4-14e).

Following the Malus's law, the same phase intensity relation as eq. 4-26, can be deduced:

1
I= E(l + sin(20 + &) eq. 4-27

Here I is the intensity of the output light can be measured by the single-point detector, &, is phase retard
on SB, and 6 is angle of analyzer. According to eq. 4-27, the intensity does not only dependent on the
unknown phase perturbation &, (which we want to measure), it also dependent on a known and
controllable “phase-shift” — 26 (termed global phase), which can be read/set from the analyzer of the

system. Therefore, a phase-shifting mechanism is achieved, in which a controllable phase shift is added

4—50

Intensity

| Analyzer angle (0) ]

Fig. 4-15. The phase-intensity fitting curves. By rotating the analyzer, the phase-intensity

relation is shifting along the 8-axis.
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upon a phase perturbation of interested (81, 82). Benefiting from the phase-shifting mechanism, the
phase perturbation can be measured with high accuracy using the data acquired during a controlled phase
shifting. For instance, to quantitatively obtain the phase perturbation &y, one can acquire multiple data
points (at least 4 points) at different analyzer angles (i.e., shifting the global phase), and fit the data
points to eq. 4-27. The phase perturbation §, can be obtained from the shift of fitting curves as shown
in Fig. 4-15.

4.2.4 Construction of phase-shifting microscopy

A phase-shifting interferometer with a single point detector only provides a single intensity value I
according to the global phase retard on sample plane, lacking the capability of detecting localized phase
retard in the sample plane (e.g. obtaining a phase image). For the purpose of detecting localized phase
retard, an objective, a tube lens, and a camera are incorporated into PSI to construct a Phase-Shifting
Microscopy (PSM, Fig. 4-16). Where in PSM, the objective and tube lens form a 4-f system, projecting
the sample plane to the camera sensor.

a Objective Camera
Tube Lens
+
Dish Analyzer
b
Beam N4
Displacer
"
C

Dish Objective  Analyzer Camera

e

Beam N4 Tube Lens
Displacer

Fig. 4-16. Construction of Phase-Shifting Microscopy (PSM). a, An infinite microscopic
system, constructed by an objective, a tube lens, and a camera. b, Phase-shifting interferometer. c,

Integration of microscope with phase-shifting interferometer.

In Fig. 4-16, an infinite microscopic system is integrated into PSI. In the infinite microscopic system, the
objective is supposed to project the sample plane to infinite distance, and a tube lens is used for

converging the light to form an image on the camera sensor. Therefore, a parallel light space exist
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between the objective and tube lens. PSM takes the advantage of this parallel light space for inserting

the quarter-wave plate and analyzer to minimize the optical aberration.

As discussed in section 4.2.3, a controllable phase-shifting process is needed for achieving high accuracy
phase measuring. This can be achieved, for example, continuously rotating the analyzer using a rotation
stage (termed free polarizer implementation, as shown in Fig. 4-17a). To circumvent the mechanical
rotation, one can also apply a camera with polarizer grid integrated on the sensor (termed integrated
polarizer implementation, as shown in Fig. 4-17b) to simultaneously capture multiple phase-shifting
images. Fig. 4-17b shows an example of integrated polarizer implementation that the camera sensor is
integrated with polarizer grid of 315° (or -45°), 0°, 45°, 90° micro-polarizers.

a N2 Dish Objective Analyzer Camera L

o L

: O

| HEH R

Beam Beam M4 Tube Lens F R
Probe Beam  pjsplacer Displacer
Lo Microlens e

b : y : ? =1

; ’ c<% / Aray ; Tube Lens ‘T

i 5 7 C, < : : i Q

z _////////// c< o i f |
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Fig. 4-17. Two implementations of PSM. a, Free polarizer implementation. b, Integrated

polarizer implementation.

With a camera as our detector, PSM is able to collect an intensity image I, based on the localized
phase retard ¢y, in the image plane, where (x, y) indicates the coordination. The relation of intensity

image I,y and phase retard ¢y, follows:

10 .
I(x,y) = E (1 + SlTl(Z@ + (]So(x,y))) eq. 4-28
When using PSM for measuring the living cells, the local phase change of ¢y, is mainly contributed
from the cells’ refractive index or the cells’ thickness. We call this type of phase as “intrinsic-phase” in

this thesis to distinguish it between the phase perturbations generated by the MIR illumination.
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Fig. 4-18. Intensity images of the beam profile. a, PSM images of the beam profile (i.e., the
whole FOV without any sample) when analyzer angle 6 varying from 90° to 420° with step of 30°.
Scale bar: 1000 um. b, Sine fit of the data points obtained from the beam profile (as indicated by
arrows in first image of Fig. a), and comparison with plot (labeled by “simulation”) of eq. 4-28, by

letting ¢o(xy) = 0, and I = 1.

To experimentally validate sine function of eq. 4-28, we first capture the probe beam profile by changing
the analyzer angle, as shown in Fig. 4-18a. This beam profile is captured when there is no sample on the
FOV. Fig. 4-18b plots the intensity of a pixel obtained from the center of the FOV, together with its sine
fit curve (red). For comparison, the intensity of a point from background (green), as well as eq. 4-28 are
also plotted. It is observed that when the analyzer angle is around 165°, the light intensity of the FOV
drop down to minimum of 0, and when the analyzer angle is around 255°, the intensity reach to
maximum 1 (normalized value). Since the analyzer is a linear polarizer, this observation suggests that

the light before entering the analyzer is a linear polarized light in angle of 255° (or 75°), indicating a
phase retard of -60° (calculated from equation: 45° — % = 75°) existing on SB paths. This static phase

perturbation is system related, probably caused by the unperfected alignment of the system or

unperfected optics due to manufacture.

PSM’s capability of imaging phase objects can be validated by measuring a thin (~30 nm) and
transparent phase target. Fig. 4-19a,b show two intensity images of a phase target with thin Indium-Tin-
Oxide (ITO) structures, captured at analyzer angle of 150°. Due to the phase retardation in the ITO
region (marked by “ITO” in Fig. 4-19a and Fig. 4-19b), the PSM renders its intensity darker than the
background, where ITO is absent (marked by “BG”). Therefore, PSM provides higher image contrast
compared with ZPC microscope (Fig. 4-19c and Fig. 4-19d), where the ITO structures have similar

intensity compared to the background.
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Fig. 4-19. Intensity images of Indium-Tin-Oxide (ITO) structure (analyzer angle: 150°). a,
Intensity image of an ITO ring. b, Intensity image of 5 ITO stripes. (a,b) Acquired captured under a

1x objective and 11 um pixel size camera. c,d, Corresponding image of (a,b) under a Zernike phase
contrast microscope. The phase retard in the ITO region shows lower intensity compared to

background (BG).
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Fig. 4-20. Intensity images of ITO acquired by varying analyzer angle of PSM. a, ZPC image
of the ITO structure. It is ITO layer with a gap (without ITO layer). b-d, PSM intensity images for
analyzer angles of 90°, 170°, and 200°. e, Intensity images tack for analyzer angles from 90° to
440°, with step of 10°. f, Plot of pixel intensity varying with analyzer angle extracted from two

points as indicated in (e), i.e., from ITO and gap respectively.

Measurement of the ITO phase target can be used to validate the phase-intensity relation given by eq.
4-28. In Fig. 4-20, we acquired intensity images of ITO by varying angle of analyzer from 90° to 200°,
with step of 10°. The sample is two ITO layers separated by a gap as shown in Fig. 4-20a. Because of
the phase difference between the gap region and ITO region, their corresponding intensity are different,
as illustrated in Fig. 4-20b-d, where the ITO region is brighter than the gap region. By rotating the
analyzer, one can obtain the image stack (Fig. 4-20e) where both intensity of ITO and gap are varying
according to sinusoidal relation as given in eq. 4-28. As discussed before, one can fit the intensity of
pixels to a sinusoidal function, to study the phase retardation. For instance, Fig. 4-20f plot intensity of

two pixels from gap and ITO respectively (marked in Fig. 4-20c,e), the phase difference between these
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two sinusoidal curves indicates the optical path difference of the light that travel through the gap and

the ITO, which is c.a. 0.3 rad.

['n"e] Ajisusjuj "wioN
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Fig. 4-21. Intensity images of HeLa cells and LS147T Cells imaging under PSM. a, Zernike
phase contrast image of HelLa cells. b, PSM image of the same FOV as Fig. (a). (b) Captured by a
1x objective and 11 um pixel size camera. ¢, PSM image of LS147T cells. (c) Captured by a 10x

objective and 4.5 um pixel size camera.

4.2.5 Quantitative phase reconstruction

In previous section, we already got some intensity images from a phase target using PSM. But the
intensity image provided by PSM is not linearly related to the phase of the sample. Instead, it is a
sinusoidal relation follows eq. 4-27. One straight forward method for acquiring a quantitative phase
image (QPI) is to acquire the whole image stack from a range of analyzer angles (as shown in Fig. 4-20),
and fit the sine curve for each location of the image. The quantitative phase value can be obtained the

sine curves of every single pixels.

To demonstrate this idea of quantitative phase imaging, we reconstruct a quantitative phase image using
the image stack acquired at Fig. 4-20. Here, we fit the z-profile of the imaging stack to a sine function:
P,sin(P, * 6 — P3) + P,. With this method, each pixel on the FOV generates 4 parameters, corresponding
to 4 parameters of the fit function. Collecting values from all pixels of the FOV, these 4 parameters
construct 4 images, as illustrated in Fig. 4-22a-d. The parameter P1 is amplitude of the sine function,
corresponding to the localized light intensity of the illumination. Parameter P2 is the factor in from of
the analyzer angle, which is supposed to be 2 according to the eq. 4-27. Parameter P3 is the phase retard
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caused by the sample, showing the localized phase retardation in the FOV. Therefore, acquiring image
of P3 can be our aim: a quantitative phase image. Parameter P4 is the baseline intensity related to the
dark noise of the camera. The similar measurement was also performed on a ring shape structure of the
ITO target (Fig. 4-23). One can observe that the optical phase retardation of the light that travels through
the ITO ring is around 0.366 rad (Fig. 4-230), corresponding to ITO thickness of around 35.2 nm
(considering the refractive index of ITO as 1.88).

Scale bar: 100 um
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Fig. 4-22. Quantitative phase image reconstruction by sine fit. a-d, 4 Parameter images
obtained by fitting the image stack of Fig. 4-20e to sine function: P, sin(P, * 6 — P;) + P,, where
the parameter P3 indicates a QPI image. e, Line profile of the QPI image from the ITO background
and the gap respectively. f, QPI image rendered by “Phase” color code. g, 3D view of the QPI

image.

In the sine fit method above, a robust fitting requires an image stack with as many images as possible.
While the acquisition of multiple images is time consuming due to the rotation of analyzer. During the
time of measurement, ambient vibration might be introduced to the interferometer to increase the noise.
To reduce the imaging time, here we introduce 4-step phase-shifting method for QPI imaging, where
only 4 intensity images from analyzers of 315°, 0°, 45°, 90° are needed.

According to the phase-intensity relation given in eq. 4-28, 4 frames of MIR off intensity images at

analyzer angle of 315°, 0°, 45°, 90° can be expressed as:

Lixyy = Io/2 (1 + sin (6300 + ¢0(x,y))) eq. 4-29

Lyxyy = 1o/2 (1 + sin (0° + ¢0(x,y))) eq. 4-30
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Ly = 1o/2 (1 + sin (90° + ¢0(x,y))) eq. 4-31

Ly = 1o/2 (1 + sin (180° + q;o(x,y))) eq. 4-32
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Fig. 4-23. Quantitative phase image of a ring shape ITO structure. a-l, Intensity images of
ring shape ITO structure when polarizer angle € (analyzer) varying from 90° to 420° with step of 30
°. m, Sine fits of two points from the ITO structure (indicated by “Ring”), and background (indicated

by “center”). n,0, 3D illustration of the phase retard. p, Quantitative phase image of the phase ring

(i.e., phase retardation map).

Tangent of intrinsic-phase can be obtained using the above 4 intensity images.

IZ(x,y) - 14(x,y) _ 10/2 (1 + sin (¢0(x,y)) —1+sin ((bO(x‘y))) _ sin (¢0(x,y))

B =t o2 (1 + 05 ((ogy,y) ) = 1+ cos (‘bO(x.y))) c0s (o)

— tan (¢0(x'y)) eq. 4-33

Therefore, we have:

IZ(xy) B 14(xy)
0} =tan~?! (— _
0(xy) Litey) — hioey) eq. 4-34
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One can notice that the initial intensity /,/2 is canceled out from eq. 4-33. With this cancelation, the
intrinsic-phase obtained by eq. 4-34 is not affected from the Gaussian profile of the probe beam, where
in the Gaussian beam I, is location dependent. However, since the codomain of the arctangent function
is limited in range of (—m/2,/2), the intrinsic-phase obtained using eq. 4-34 is wrapped to the range

of (—m/2,m/2). Therefore the phase unwrapping method is used.
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Fig. 4-24. Intensity images and QPI image of 3T3-L1 cells from small FOV. a-d, Intensity
images of cells at analyzer angle of 315°, 0°, 45°, and 90°. e, Phase-wrapping intrinsic-phase image
reconstructed according to eq. 4-34. f, QPI image reconstructed from (e) by applying quality guide

phase unwrapping method (83, 84).

7.25

[peJ] aseyd oisuuyu|

-5.70

Fig. 4-25. QPI phase of 3T3-L1 cells from large FOV (500%437 um). a, ZPC image of the
FOV. b, Wrapped phase image obtained by eq. 4-34. ¢, Unwrapped QPI phase (intrinsic-phase)

image.

To validate the 4-step phase-shifting QPI method, we performed the measurement on the 3T3-L1 cells
using PSM. Fig. 4-24 and Fig. 4-25 show two measurements of 3T3-L1 cells in a small FOV for
illustrating single cell (Fig. 4-24) and a large FOV (Fig. 4-25) for covering a large number of cells. Fig.
4-24a-c show the PSM intensity images from analyzer angles of 315°, 0°, 45°, 90°. By applying eq. 4-34,
a phase wrapping image is obtained as shown in Fig. 4-24e (Fig. 4-25b in the case of large FOV). QPI
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images can be further reconstructed using quality guide phase unwrapping method (83, 84), as shown
in Fig. 4-24f and Fig. 4-25c.

4.3Summary

Phase contrast imaging modality is capable of converting a phase image to an intensity image, where
the intensity is linearly or non-linearly related to the phase. This chapter mainly discussed two phase
contrast imaging methods: Condenser-free Zernike phase contrast (CF-ZPC) microscopy and phase-
shifting microscopy (PSM).

In the discussion of CF-ZPC microscopy, we analytically developed a phase-intensity relation of CF-
ZPC in the scenario of thin sample and scenario of thick sample. To explore the imaging characterization
of CF-ZPC, we established a wavefront propagation simulation of CF-ZPC, and simulated the imaging

performance and compared with the experimental results.

To discuss phase-shifting microscopy, we first introduced the polarization phase-shifting interferometer
(PSI), and Jones calculus. Utilizing the Jones calculus, we were able to mathematically deduce the
phase-intensity relation of PSI. We later discussed the polarizations of the beam at each stage of system
to understand the phase-shifting mechanism carried out by PSI. We later incorporated the PSI with an
infinite correct microscope to build a phase-shifting microscope. The experimental validation of phase-
shifting microscopy was achieved by imaging phase sample ITO target and the living cells. Finally, we

introduced the quantitative phase imaging (QPI) capability of PSM.
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Chapter 5 Implementation of wide-field optothermal microscopy by
CF-ZPC

This chapter mainly demonstrates the application of CF-ZPC for achieving wide-field optothermal mid-
infrared microscopy (WOMIiM). As a pilot study, we firstly validate the imaging concept that has been
discussed in section 3.1, and study the process of optothermal effect in water. Finally, we move to

imaging the vibrational contrast of TAG drops.

This Chapter contains the adapted text, figures from the publication by Tao Yuan et al. [Anal. Chem.
2021, 93, 46, 15323-15330]. Copyright [2021] American Chemical Society (77).

5.1 Methods

5.1.1 Experimental setup

As shown in Fig. 5-1a, WOMIiM is pump-probe system, where an optical parametric oscillator (OPO)
laser generated MIR pump light, and a CF-ZPC microscope was used for detecting the phase difference
introduced by MIR absorption. A triggers generator was used to generate the triggers pulse to
synchronize the pump light, probe light (microscopic illumination) and the camera of the microscope.

a
— Data

Camera <— Trigger

Sample
PH VS Condenser-

Objective [""] . 4 free ZPC

C—— e CMOS

a

L fan AE —— AT——>AOPL—> Ap —— AI
Phase
illuminator

| |
PM i oPO  —
PL GW

Fig. 5-1. CF-ZPC-based wide-field optothermal mid-infrared microscopy (WOMiM) and
evolution of process denoted by physical quantities. a, Diagram of WOMiM. GW: germanium
window; PL: MIR polarizer; PM: parabolic mirror; PC: computer. b, Illustration of physical process
in WOMIM. A mid-infrared laser pulse with energy AE is absorbed by the sample. The absorption
leads to a temperature increase AT due to optothermal effect; the temperature increase results in an
optical path change AOPL of the probe beam (phase illumination) due to thermo-optics effect and
thermal expansion. The optical path change relates to a phase change can be detected as intensity

change Al by the camera (CMOS sensor) of CF-ZPC microscope.
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The pump beam was a 1 kHz pulse light generated from a MIR OPO laser (NT277, EKSPLA; 9 ns pulse
width). The OPO output beam first passes through a germanium window (GM) to filter out the visible
signal beam (generated by the parametric process inside OPO). The MIR beam —idler beam from the
OPO - traveled through a MIR linear polarizer, which can be rotated to adjust the MIR transmission
power. After the polarizer, the MIR beam was reflected by a parabolic mirror (#37248, Edmund Optics
Ltd.; NA = 0.062) to the bottom of the sample, generating a MIR excitation spot of around 186.2 um in
diameter on the sample plane. To facilitate the MIR penetration, the sample was held on a custom-made
petri-dish, the bottom of which was made by a ZnS window (4ZNS F2505, Crystal GmbH).
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Fig. 5-2. MATLAB user interface of WOMIiM.

The probe light was white light generated from an annular illuminator (Aura, Cairn Research Ltd.); and
the illuminator was fixed on a plane conjugated to the phase plate of objective (20%, Nikon; NA = 0.4)
so that the Zernike phase contrast can be generated properly. A hole in the middle of the annular
illuminator permitted the perpendicular transmission of MIR light through the illuminator, to irradiate
the sample vertically. On top of the microscopy, a high-speed camera (PCO.dimax cs4, PCO AG) was
installed to capture the phase images (MIR-ON/MIR-OFF).
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The high-speed camera, OPO laser were connected to a programmable microcontroller (MSP430, Texas
Instruments Inc.), which worked as a trigger generator. High time-precision trigger pulses were
generated using timer interrupt of the microcontroller. The high-speed camera and the microcontroller
were connected to the computer to work collaboratively. The whole system was operated by a custom-
made MATLAB user interface (coded by Appdesigner, see Fig. 5-2).

5.1.2 Synchronization

In proof-of-concept measurements (will be discussed in section 5.2), the camera was synchronized with
ON/OFF states of the MIR OPO laser (refer to as “ON-OFF-level synchronization”). In ON-OFF-level
synchronization as shown in Fig. 5-3, switching frequency of OPO was c.a. 0.117 Hz (period: 8.5 s), and
the camera captured images at frame rate of 0.235 Hz (period: 4.25 s, the capture frequency was double
of MIR switching frequency). An exposure delay of 4 s existed between camera exposure time and OPO
state toggle time (see Fig. 5-3b) to allow sample to be heated up or cooled down, so that a true “Hot”
image, and “Cold” image can be acquired. The exposure time of MIR-OFF and MIR-ON image were
both 250 ms. Despite its slow switching frequency of MIR, ON-OFF-level synchronization provided a

straightforward method for characterizing and demonstrating the working principle of WOMIiM.
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Fig. 5-3. ON-OFF-level synchronization. a, Trigger connection of WOMIM. b,

Synchronization logic of ON-OFF-level synchronization.

For the measurements of single-pulse characterization, and hyperspectral imaging (will be discussed in
section 5.3), the camera was synchronized with every single MIR pulse (refer to as “single-pulse-level
synchronization”). In single-pulse-level synchronization, both MIR-ON and MIR-OFF images were
captured at a frame rate of 1 kHz (see Fig. 5-4b), with an exposure time of 5.5 ps. With pre-designed
sequence that have been programmed in microcontroller, 50 of MIR-OFF images and 50 MIR-ON

images were acquired. A subtraction image was obtained by subtracting the average of 50 MIR-ON

63



images from the average of 50 MIR-OFF phase images. As one can see from Fig. 5-4b, an exposure
delay existed between the MIR trigger and camera trigger to properly capture the optothermal signal at
the time when MIR pulse hit the sample. This exposure delay can be adjusted to obtain the time
dependent optothermal signal.

Master trigger 1ms
| | | | | | | | MIR Ex. Trig. 1k Hz
1k Hz | | | | MIR pulse
MIR Vis. K K k [\ OT signal
laser beam !
H H ” ” ” ” ” I-I_ Camera Exp. 2k Hz
Exp. Delay
Camera 2kHz

MIR ON cycles
MIR OFF cycles

Fig. 5-4. Single-pulse-level synchronization. a, Trigger connection of WOMIM. b,

Synchronization logic of single-pulse-level synchronization.

5.1.3 Sample

We used triglyceride (TAG) as our testing sample, which has abundant CH, and CHs groups in its
chemical structure. The CH bond vibrational information from these two groups can be studied by tuning
the MIR excitation wavenumber to around 2850 cm™ or 2920 cm™. TAG drops were prepared by
dissolving 1 mg of 1,2-dioleoyl-3-palmitoyl-rac-glycerol (Sigma-Aldrich Inc.) solution in 100 pL of a
chloroform-methanol solution (2:1), and then placing 2 uL of the prepared solution on custom-made
Petri dish (with a ZnS window as bottom). The TAG drops with size around 1 um to 20 um can be
obtained after the evaporation of chloroform-methanol.

5.2 Proof-of-Concept measurement

Using ON-OFF-level synchronization (discussed in section 5.1), imaging concept in Fig. 5-5b can be
validated experimentally in Fig. 5-5c-e, where a MIR-OFF image (Fig. 5-5c), a MIR-ON image (Fig.
5-5d) (MIR at 2850 cm™), and a subtraction image (Fig. 5-5e) of TAG drops on petri-dish are shown.
One can observe from the subtraction image (Fig. 5-5e) that center of TAG drops shows positive value
(red) due to the intensity increase in the MIR-ON image, whereas subtraction value of background

(region where there is no TAG drop) is close to zero since the background does not absorb MIR light.
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Fig. 5-5. 3D representation of WOMIM and its imaging acquisition. a, 3D presentation of
WOMIM. b, Cartoon demonstration of how WOMIiM generates an image. c-e, Experimental
demonstration of the WOMIiM image generation: Firstly, a MIR-ON and a MIR-OFF image are
acquired respectively (c,d); then a WOMIiM image (e) is obtained by subtraction of the two images,
illustrating the difference caused by MIR absorption. f, The subtraction does not show contrast if
both images are MIR-OFF. Sample in (c-f): Triglyceride (TAG) drop in open air. The figure is
adapted from ref. (77).

Fig. 5-5f shows a subtraction image from a control experiment, where both phase images were acquired
without MIR (MIR-OFF images). The control experiment shows no TAG drop, suggests that the image
contrast of Fig. 5-5e is related to MIR illumination only. The standard deviation (STD) of the all image
pixels of Fig. 5-5f is calculated as 1.02 in grayscale, serving as the STD of optical noise. Since the STD
of noise is close to grayscale unit of 1 (analog to digit conversion resolution), the optical noise might

bellow the detection ability of camera.

To characterize the resolution of WOMIiM, Fig. 5-6a,b show two zoomed in subtraction images of a FOV
with a smallest observed TAG drop, as marked by red dashed squares in Fig. 5-5e,f. Fig. 5-6¢ plots the
line profiles crossing center of the TAG drop, as well as a line profile of the same location in Fig. 5-6b.
As indicated in Fig. 5-6¢, the line profile of the TAG drop gives a Full-Width-at-Half-Maximum (FWHM)
of 1.85 um, which is close to Abbe diffraction limit of 1.75 um when using a high NA MIR objective
(d =M2NA, where NA = 1 and A = 3.508 um). WOMIiM approaches this limit with low NA optics (i.e.,
a MIR parabolic mirror with NA = 0.062 and a visible objective with NA = 0.4). WOMIiM achieves high
resolution MIR image with low NA optics by using the pump-probe detection, where the resolution of
a MIR absorption image is determined by the wavelength of visible light instead of wavelength of MIR
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light itself (WOMIiM uses white light as probe light which has wavelength range: 400-800 nm, and
wavelength of MIR light is 3.5 um in experiment of Fig. 5-5/Fig. 5-6).
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Fig. 5-6. WOMIiM imaging resolution characterization. a,b, Imaging FOV of a smallest TAG
drop from Fig. 5-5e (marked by the red dashed square), and a corresponding area of Fig. 5-5f. c,
Line profiles crossing the center of TAG drop from (a) and (b) were plotted respectively. The figure

is adapted from ref. (77).
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Fig. 5-7. Linear relation of subtraction image intensity and the pump Power Flux Density
(PFD). a-f, Subtraction images as pump PFD increasing from 0.039 pW/um? to 1.97 pW/um?. g,
Plot of the subtraction intensity varying according to the pump PFD (values obtained from two
locations as indicated in (f). The figure is adapted from ref. (77).

To understand the relation between the MIR pump power and the imaging contrast of subtraction image,
we acquired subtraction images under different MIR pulse energy (achieved by rotating the MIR
polarizer in Fig. 5-1a), i.e., under different MIR Power Flux Density (PFD, radiant energy per unit time
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per unit area). Fig. 5-7a-f depict six subtraction images acquired as the MIR PFD increasing from 0.039
to 1.97 uW/um?. From Fig. 5-7a-f, it is observed that the imaging contrast enhances as the increase of
MIR power flux density. The subtraction values of a TAG drop (red arrow in Fig. 5-7f) from these 6
images is observed to be linearly correlated with MIR PFD, as shown in Fig. 5-79. For comparison, the
background (blue) stays near 0 during the increasing of pump PFD. Importantly, the image contrast can
be observed at a low power flux density of 0.39 uW/um? (Fig. 5-7b), which is ~5 orders of magnitude
lower than the pump power flux density of Raman microscopy (15 mW/um?) (85) because Raman
microscopy focuses light on a small spot (as shown in Fig. 3-1d) to irradiate the sample. The low MIR
flux density provides an advantage of reducing photodamage to living cells, which has been observed

in Raman scattering base microscopies (40, 41).
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Fig. 5-8. Simulation of the WOMIiM?’s imaging acquisition. a,b, Two images of micro lens
acquired by simulation of CF-ZPC, simulating the imaging of TAG drop. The refractive index is
1.4726 and 1.473 respectively. The diameter of the micro lens is 30 um. ¢,d, Subtraction image and
profile of micro lens from simulation (Fig. b minus Fig. a). e,f, Subtraction image and profile of
TAG drop by experiment. RI: refractive index; TAG: triglyceride.

As observed in the subtraction images in Fig. 5-5 to Fig. 5-7, the absorption of MIR light leads to a

positive center and negative “Halo” for each TAG drop. One can understand this phenomenon using the
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simulation discussed in section 4.1.3. As shown in Fig. 5-8, the TAG drop in MIR-ON and MIR-OFF
states are modeled by a virtual micro lenses with different refractive indexes, and their corresponding
ZPC images were obtained using simulation of CF-ZPC. Consider the negative thermo-optic coefficient
of TAG (see Table 3-1), the refractive index of MIR-ON is configurated as 1.4726 (as shown in Fig. 5-8a);
the refractive index of MIR-OFF is configurated as 1.473 (as shown in Fig. 5-8b). With this configuration,
the refractive index difference of these two cases (MIR-ON/MIR-OFF) corresponding to temperature
change of around 1 °C (tacking into account the thermo-optic coefficient of TAG in Table 3-1). Fig. 5-8C
shows a subtraction image obtained by subtracting Fig. 5-8b (MIR-OFF) from Fig. 5-8a (MIR-ON).
Similar to the experimental result, the subtraction image illustrates a positive center surrounding by a
negative “Halo”. The negative “Halo” is created due to the fact that in the phase-intensity relation of a
positive phase contrast objective (Fig. 4-3a), a positive slope exists on the region near phase retard of 0
rad (that is, the phase retard range of [-0.3 0] rad). Using this information, one can quantitatively assign
the phase of [-0.3 0] rad to the halo region of a ZPC image, although ZPC is known as a qualitative

phase contrast method.
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Fig. 5-9. Heating up and cooling down process of TAG drops. a, The image FOV, with the
TAG drop marked by the blue arrow, and background marked by the orange arrow. b, Intensity of
the TAG drop and background (marked in Fig. 5-9a) plotted over observation time. The MIR laser
was off at beginning, and was turned on at time = 1 s to demonstrate the heating up process. c,
Intensity profile of TAG drop and background plotted over time. The MIR laser was on at beginning,
but was turned off at time = 1 s to observe the cooling down process. Sample: Triglyceride (TAG)

in open air. The figure is adapted from ref. (77).

Study of the heating up and cooling down process of optothermal transition can be achieved by
monitoring the sample during the switching of MIR laser. Fig. 5-9 shows an experiment demonstrating
the heating up and cooling down process during the time course of MIR switching. In this measurement,
the camera kept running over a time course of 5 s, and captured video on a FOV as shown in Fig. 5-9a.
The heating up measurement started with MIR off state; and the MIR laser switched on attime=1s. In

the cooling down measurement, the MIR switched off at time = 1 s. Fig. 5-9b,c shows the two
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measurements respectively, plotting the intensity of a TAG drop and intensity of background over time.
As we can see in Fig. 5-9b, the intensity of TAG increase immediately as the MIR switching on. The
temporal profile of the intensity of TAG can be fitted to an exponential curve with time constant of 0.48
s. For comparison, the temporal profile of background stays at a stable level over time. In the cooling
down experiment of Fig. 5-9c, the intensity of TAG decrease immediately as the MIR switching off. The
exponential fit of the cooling down process gives a time constant of 0.79 s. Both time constant of heating
up and cooling down are much less than the exponential delay (4 s) of ON-OFF-level synchronization
(as shown in Fig. 5-3).

5.3 Optothermal signal characterization and hyperspectral imaging

Since the cells are living in agueous environment, optothermal signal characterization in water is
fundamental for applying this technology for imaging of cells. Knowing that the water has the highest
specific heat capacity among the liquids, the optothermal signal time course in water should be much
shorter than in open air condition. Therefore the slow ON-OFF-level synchronization is not suitable for
observing the optothermal signal in water. To achieve the aim of observing optothermal signal in water,
we take the advantage of pulse MIR laser, and designed single-pulse-level synchronization for WOMiM
(Fig. 5-4).
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Fig. 5-10. Single-pulse-level synchronization and optothermal signal characterization in
water. a, Diagram of trigger trains for single-pulse-level synchronization. b-g, WOMiM images of
optothermal signal in water at exposure times ranging from 181.2 to 222.2 us (MIR wavenumber:
3510 cm). h, Plot of OPO external trigger, optothermal signal obtained from the WOMIiM images,
and an optoacoustic single. The figure is adapted from ref. (77).

As shown in Fig. 5-10, the microcontroller generated 1 kHz external trigger trains to drive the OPO laser,

resulting in a 1 kHz output of MIR pulses. A similar 1 kHz external trigger was also generated for
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activating the high-speed camera to capture the phase images. Due to the internal electric delay, the MIR
pulse was not immediately generated upon receiving an external pulse. A delay (referred to as “exposure
delay”’) was introduced to the camera exposure trigger pulse to synchronize the exposure time with the
MIR generation time. As the pre-determined number (for instance, we used 50) of MIR-ON images
obtained, the OPO external trigger stops, and the camera continues to acquire same number of MIR-
OFF images. Then the average of 50 MIR-ON images subtracted the average of 50 MIR-OFF images
for a WOMIM image.

To characterize the temporal profile of the single-pulse optothermal signal, we varied the exposure delay
so that different stages of the optothermal signal development could be captured. As shown in Fig. 5-10b-
g, six WOMIM subtraction images acquired at exposure delay of 181.2 us, 189.4 us, 197.6 s, 205.8 ps,
214.0 ps, and 222.2 ps are depicted (MIR wavenumber: 3510 cm®). No optothermal signal can be
observed at an exposure delay of 181.2 us (Fig. 5-10b) since the MIR pulse has not yet reach the sample
when the camera started exposing (i.e. pre-excitation stage). The first subtraction image with
optothermal signal was observed at exposure delay of 189.4 us (Fig. 5-10c), illustrating a hot spot. And
the signal reached maximum at exposure time of 189.4 us, and decreased afterward. At exposure delay
of 222.2 ps, the FOV returned back to the pre-excitation stage as Fig. 5-10b, in which no optothermal
signal can be observed. The above observation suggests that the optothermal signal last around 32.8 ps
(222.2-189.4 ps) in water. This is time course much shorter than the open air case in Fig. 5-9b,c, which
have time constants of 0.48 s and 0. 79 s. The optothermal signal lasted shorter due to the large specific
heat capacity of water, which any heat increase can be dissipated away in a very fast way. As the
optothermal signal reach its maximum, the hot spot spanned a circle area with diameter of 186.2 um
(Fig. 5-10d). The area is the effective optothermal FOV of WOMiM, which can be expanded by

vertically changing the position of parabolic mirror (see Fig. 5-5a).

Beyond the six frames presented in Fig. 5-10b-g, further measurement was performed by changing
exposure delay from 9 us to 238.6 us, with step of 8.2 us, obtaining a subtraction image stack with total
29 images. As shown in Fig. 5-10h, intensity of a location (as indicated in Fig. 5-10c) from the whole
subtraction image stack is plotted over time. A cubic spline interpolation was applied to the data points
in Fig. 5-10h for further analysis. The FWHM of optothermal time course was observed to be ~20 pus.
For comparison, the optoacoustic signal was also acquired by substituting the objective by a transducer,
and using data acquisition card to acquire the signal of transducer. As we can see, the optoacoustic signal
(around 200 ns) was much shorter than the optothermal signal. Moreover, the optoacoustic signal was
around 7.6 us behind the optothermal signal, this is because the optothermal signal was probed by the
visible light, and the light speed was much faster than acoustic wave in water (Consider the working

distance of transducer: 1 cm, the acoustic wave need to travel 1 cm to reach the transducer).
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In the above single-pulse optothermal signal characterization, 50 of MIR-ON image have been acquired
and averaged for WOMIiM image, corresponding to a time course of 50 ms. During this time course, the
energy of 50 MIR pulses keep accumulating in the water. Although the energy of a single pulse
dissipates locally in a fast way (32.8 ps) as shown in Fig. 5-10, the global heat of the water keep
increasing until a thermal equilibrium established. To demonstrate the heating process within this 50 ms
time course, Fig. 5-11 presents the intensity variation of the excitation area from the 50 MIR-ON images,
and 50 MIR-OFF image (2.9 s after excitation). The experiment was performed at MIR wavenumber of
3530 cm?, 3300 cm?, and 3100 cm™ respectively. Fig. 5-11a shows a MIR-ON image, and Fig. 5-11b
plots the time profile of intensity in a circle indicated in Fig. 5-11a.
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Fig. 5-11. Image stack of 50 MIR pulses and its corresponding intensity variation. a, One
image from image stacks. Scale bar: 100 um. b, Z-profiles of an area marked by the white circle in
(a). Here, three z-profiles from three stacks are shown, corresponding to wavenumber of 3530 cm,
3300 cm™ and 3100 cm™. The z-profile value is average intensity of the white circle. In this
measurement, the OPO was turned on for 50 ms to acquire 50 MIR-ON images. After the MIR-ON
image acquisition was complete, the OPO was turned off. The camera was turned on again 2.9 s
after MIR-ON image acquisition; 50 MIR-OFF images were acquired without MIR illumination.

In Fig. 5-11b, a difference of around 125 greyscale between MIR-ON and MIR-OFF is observed for
measurement at wavenumber of 3530 cm*. The intensity reached its maximum at 12th ms after MIR
switched on. Afterward, the intensity slightly dropped down but was still higher than MIR-OFF. For the
measurement at wavenumber of 3300 cm™, the intensity maximum was also observed around 12th ms.
After that, it dropped down to MIR-OFF level at the end of MIR-ON time course. For wavenumber of
3100 cm?, MIR-ON and MIR-OFF were found to have same intensity probably due to the low phase

sensitivity of ZPC microscope.

To understand how the WOMIM image (subtraction image) contrast changing regarding to the
wavenumber of excitation beam, we fixed the exposure delay to the maximum value found in Fig. 5-10,
which is 197.6 ps, and varying the excitation wavenumber from 2800 cm™ to 3500 cm™ (as shown in

Fig. 5-12) to acquire a hyperspectral stack of water. In Fig. 5-12a, three spectra were extracted from three
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different locations of the hyperspectral imaging stack. An absorption peak around 3500 cm? was

observed, coinciding with the OH asymmetric stretching absorption peak around 3500 cm? (59).
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Fig. 5-12. Wavenumber dependent of WOMIiM image contrast. a, Water spectra obtained
from two MIR illuminated locations and a reference point. b, Locations where the spectra were
extracted. Scale bar: 50 um. For point A, absorption peak at wavenumber of 3500 cm was observed.
While for the center point B, we saw a wrap of the peak at around 3500 cm™. This is probably caused
by the phase wrapping when phase advance (consider thermo-optics coefficient of water) more than

m — 0.3 rad, as shown in Fig. 4-3a.
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Fig. 5-13. Hyperspectral imaging of TAG drop in water. a-c, Three WOMIiM subtraction
images acquired at MIR wavenumber of 2920 cm™, 2850 cm, and 2830 cm™, respectively. d,
Hyperspectral imaging stack. e, Spectrum of TAG extracted from the hyperspectral imaging stack
and compared with spectrum of TAG acquired from Fourier-transform infrared spectroscopy
(FTIR). The figure is adapted from ref. (77).
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To validate WOMIiM’s chemical-contrast imaging ability, a hyperspectral imaging measurement was
performed using TAG drops in water, as shown in Fig. 5-13. Fig. 5-13a-c depicts three WOMIiM images
from wavenumber 2920, 2850, and 2830 cm™, respectively. TAG drops were observed at wavenumber
of 2920 and 2850 cm™, invisible at wavenumber of 2830 cm™. This can be understood since both 2920
cm* and 2850 cm™ are absorption peaks of TAG, corresponding to the CH, asymmetry stretch vibration
and CH, symmetry stretch vibration. The three images in Fig. 5-13a-c were obtained from the
hyperspectral imaging stack of 13 images Fig. 5-13d, covering the wavenumber range of 2950 to 2830
cm. It is worth noting that benefiting from the high imaging speed, the net acquisition time of the stack
only took around 0.26 s. In Fig. 5-13 the comparison of spectrum from Fourier-transform infrared
spectroscopy (FTIR) and WOMIiM agree well with each other, both show two absorption peaks around
2920 and 2850 cm™.

5.4 Summary

This chapter mainly focuses on an approach for implementing wide-field optothermal microscopy based
on CF-ZPC microscope. As discussed in Chapter 3, the wide-field optothermal microscopy is a pump-
probe system where the mid-infrared (MIR) light works as the pump beam, and the visible phase
imaging system serves as probe system. To achieve snapshot of a large FOV, the MIR beam illuminates
the sample on a very large area instead of focusing on a single spot. As the wavenumber of MIR light
matches the vibrational absorption band of specific chemical bond, the localized temperature increase.
Taking the advantage of thermo-optics effect (temperature change induces refractive index change), the
corresponding optical path length difference can be observed by a phase imaging system. Therefore, a

vibrational contrast image can be obtained by subtracting a MIR-OFF image from a MIR-ON image.

With the working principle introduced, a pilot study of a wide-field optothermal microscopy based on a
CF-ZPC microscope is presented in Chapter 5. Here we firstly introduced the building block of whole
system, and the external trigger pulses used for synchronizing the pump and probe (section 5.1). Using
the described setup, we were able to proof the imaging concept by an MIR-ON/OFF measurement (see
Fig. 5-5). Later, we were able to characterize its imaging resolution by imaging triglyceride (TAG) drop
(see Fig. 5-6), and demonstrated that this imaging contrast is linearly correlated with the MIR pump
power (see Fig. 5-7). With the aid of a simulation discussed in Chapter 4, the imaging contrast of
optothermal image of TAG drop can be explained. Furthermore, we also explored the heating up and
cooling down process during the switching of the MIR laser (see Fig. 5-9), as well as single pulse
optothermal signal (see Fig. 5-10). Although the cells are living in the water environment, single pulse
optothermal characterization on water has not been carried out by the recent studies, instead, it was
performed using oil film (or beads in DMSO). The study of thermal process in water provides an
experimental foundation for making use of the optothermal mechanism for imaging, and for

understanding the imaging speed potential of the imaging concept. For instance, according to the single
73



pulse optothermal signal characterization in Fig. 5-10, the minimum time interval between an MIR-ON
(Fig. 5-10c) and MIR-OFF (Fig. 5-10g) image can be as short as 32.8 ps. It suggests that a pair of MIR-
ON and MIR-OFF image can be obtained within 32.8 ps, corresponding to frame rate of c.a. 30 kHz.
One can approach this frame rate by increasing the repetition rate of MIR pulse, and frame rate of camera,
both are technically feasible. Later, we also shown the hyperspectral imaging capability using this setup.
The OH asymmetric stretching absorption peak around 3500 cm™ (59), and CH stretching absorption
peak around 2920 cm™ is observable in the measurement of water and TAG drops, as shown in Fig. 5-12
and Fig. 5-13. However, due to the detection sensitivity of CF-ZPC microscopy, this setup only able to
detect large TAG drops, and lack the sensitivity for small target such as lipid droplets in living cells.
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Chapter 6 Implementation of wide-field optothermal microscopy by
PSM

Since the CF-ZPC microscope uses common path design and applies incoherent light as light source, it
is very stable against the environment disturb and its image is speckle free. The CF-ZPC microscope
has been used for proofing the imaging concept of wide-field imaging in Chapter 5. However, it cannot
measure quantitative phase change caused by MIR absorption (i.e., MIR-phase), and its image usually
suffers from the “Halo” and “Shade-off” artifact. Moreover, its sensitivity to the optical path change is
weak, since the phase-intensity conversion relation begins from a valley, where the slope is small (Fig.
4-3). In this section, we apply the PSM (have been discussed in section 4.2) as phase imaging system
for high sensitivity detection of the MIR-phase, hereinafter refer as Phase-Shifting Optothermal
Microscopy (PSOM), as shown in Fig. 6-1. This Chapter contains the adapted text, figures from the
publication by Tao Yuan et al. [Sci. Adv. 2024, 10(8), eadj7944]. Copyright [2024] American

Association for the Advancement of Science (86).
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Fig. 6-1. Wide-field optothermal microscopy based on PSM.

Here, a new phase-shifting mechanism for measuring MIR-phase will be introduced in section 6.1.
Using this phase-shifting mechanism, measuring MIR-phase independent to intrinsic-phase can be
achieved, the proof-of-concept measurement of the new system will be demonstrated in section 6.3, and
later, the system will be characterized and move to measure the living cells as shown in section 6.4, and

section 6.5.

6.1 Phase-shifting mechanism under MIR excitation

In the PSM, without MIR light illuminating the sample, a MIR-OFF intensity I, can be written as
(from eq. 4-28):
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I
If(x,y) = 50(1 + Sln(z@ + ¢0(x,y))) eq. 6-1

When the sample is irradiated by MIR light with wavenumber k (generated by MIR pump laser as shown
in Fig. 6-1), absorption of MIR light by the sample creates a localized temperature change ATy, x)

according to eq. 3-1 (Here use Cartesian coordinates x,y to denote the location).

4 Q(x,y,k) _ Hxyk) E(xJ’)

Moy =" = cap eq. 6-2

The temperature increasing results in a local phase perturbation Ag ,, ) (as see in eq. 3-6, termed MIR-
phase) that superimposes to the intrinsic-phase ¢ y). Therefore, the MIR-ON intensity image I,y

can be expressed as:

Iy .
Ly =5 (1 + 5in(20 + pouy) + A‘P(x.y,k))) eq. 6-3
I Iy )
I= 2 (1 + sm(S))
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Fig. 6-2. Positive and negative contrast of sinusoidal phase-intensity relation. Here the
sinusoidal phase-intensity relation (see eq. 4-27, by letting phase sum § = 26+ §,) is plotted.
Considering the negative thermo-optic coefficient (dn/dT) for triglyceride (67), the increasing of
temperature causing a decreasing of phase sum §, i.e., MIR-phase 4¢ is negative. If initial phase
sum & locates in range (2km—m/2, 2km+m/2), a dropdown of intensity can be expected. While if
initial phase sum & locates in range (2km+m/2, 2km+3m/2), an increase of intensity can be
expected. If § locates close to intensity peak value 2km+m/2 or intensity valley value 2km+3m/2,

little change of intensity can be observed.
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To obtain the intensity change image Al ), the system subtracts the MIR-OFF intensity image from
the MIR-ON intensity image:
Alixy) = Incey) = Iry) eq. 6-4

Here we discuss how the image contrast of Al ,, can be affected by the intrinsic-phase: Since the
phase-intensity relation eq. 4-28 is sinusoidal relation, the imaging contrast provided by a single
subtraction image Al relies on the sum of intrinsic-phase &, and the analyzer angle ¢ (See Fig. 6-2).
Depending on whether the sum § = 20 + §, is located on positive slope or negative slope of the curve,
the subtraction can be positive contrast (increase of intensity) or negative contrast (decrease of intensity)
(see Fig. 6-3). Although the analyzer angle & is controllable within the sum § = 26 + §,, the intrinsic-
phase 8, always varies according to different types of sample, which cannot be controlled. Therefore
the image contrast of Al ,, cannot be used to quantitatively determine if the sample absorb the MIR

light.
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Fig. 6-3. Intensity images of TAG drops and MIR-ON/OFF subtraction. a, MIR-ON
intensity image at MIR wavenumber of 1740 cm™*. b, MIR-OFF intensity image of the corresponding
FOV as (a). ¢, Subtraction image (MIR-ON minus MIR-OFF). d, Line profiles of two TAG drops
and background (as indicated in Fig. c). e, Spectra acquired from three locations in (c), in the range
of 1550-1800 cm™. L1 shows positive contrast, and L2 shows negative contrast. The contrast
difference is due to whether their intrinsic-phase locate in the positive contrast/negative contrast
region as shown in Fig. 6-2.
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To quantitative obtained the MIR-phase, multiple intensity subtraction images are needed under
different analyzer angles. By changing the analyzer angle, the sum § = 26 + §, can be shifted to a new
location of the phase-intensity relation. Here, the phase-shifting mechanism is achieved by rotating the

analyzer to angles of 315°, 0°, 45°, or 90° to acquire four intensity subtraction images: Al x y), Aly(xy),

Alz(x,y), Aly(x,y)- These four subtraction images can be expressed by (Let I, = 1):

AlL(xy) = sin (qbo(x,y) + Ago;” )> sin (A(p;x,y)> eq. 6-5
Aly(xyy = cos <¢o(x,y) + Aq);’”) sin <A(P;x,y)> eq. 6-6
Al = —sin <¢o(x,y) + A¢;x'y)> sin <A¢;x'y)> eq. 6-7
Aly(x,yy = —cOs (¢o(x,y) + Afpg'”) sin (A(p;x,y)> eq. 6-8

As we can see, all the above 4 subtraction images can be expressed by multiplication of two parts. First

Apxy).
2 b

. . . . ) A
one is sine or cosine function of the sum: ¢ + second one is a common term sin (%)

shared by eq. 6-5 to eq. 6-8. The first part is depended on intrinsic-phase ¢ x,,), while the second part

is independent on intrinsic-phase ¢y.,y- Here we take the square sum of these 4 subtraction images (as

shown in Fig. 6-4):

_ 2 2 2 2 _
Oy’ = BDligey)” + Blygryy” + B3y + Alygry) eq. 6-9
We have,
‘7(96,3')2 =
Ap(x Ay Ay
. ,Y) 2 xy) .2 xy)
2 [sm <(;b0(x,y) + > > + cos (¢o(x,y) + > sin — eq. 6-10

Using the relation: sin?(a) + cos?(a) = 1, one can easily cancel out the dependence of intrinsic-phase

®o(x,y) and obtain:

Ap
2 — 9cin2 *y)
Oxy)” = 2sin (T) eq. 6-11

78



Here a(x,y)z denoted the square sum of 4 subtraction images. We take the square root from both sides:

Ay,
Oxy) = V2 |Sln+y)| eq. 6-12

Because the cancelation carried out in eq. 6-11, the resulting o,y in eq. 6-12 is independent of the

intrinsic-phase image ¢ x.)-
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Subtraction max
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Fig. 6-4. Demonstration of a PSOM image acquisition. a, 4 shifted phase-intensity relations.

The arrows indicate the change of intensity caused by MIR absorption. b-d, MIR-ON and MIR-OFF

intensity subtraction (analyzer angle: 315°), with profiles crossing the three objects in the FOV.

Object A: absorption target; Object B: non-absorption target; Object C: absorption target at high
dynamic range. e,f, Illlustration of the square sum for a PSOM image. PSOM image (f) shows

quantitative MIR phase regardless of the dynamic phase range of the sample (86).

With phase-shifting mechanism, it is worth noting that even if the intrinsic-phase of the sample is

wrapped, we do not need to perform any phase unwrapping method. While the phase unwrapping

method is error-prone and may introduce error larger than the MIR-phase, which is very small. Large

phase range, and complicated phase wrapping usually arises from the image of large cells population,

especially when cells aggregate, stack, and produce large organelles. The method describe here detects

MIR-phase independent of the intrinsic-phase, which makes it able to distinguish the small MIR-phase

among a large intrinsic-phase background. Consider the MIR-phase-shift Ag, .,y is very small, we can

make the following approximation from eq. 6-12:
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V209 (x5

Ixy) = )

eq. 6-13

Note that the approximation is made when intensity image of MIR-ON/OFF were normalized to [1,0].

eq. 6-13 suggests that quantitative MIR-phase ¢y, can be obtained by multiplying o, to a factor
V2.

APy = |\/§‘7(x,y)| eq. 6-14

6.2 Methods

6.2.1 Experimental setup

As shown in Fig. 6-1, in the phase-shifting microscope, a green (wavelength: 532 nm) pulse laser (Coblt
06-Tor, HUBNER GmbH & Co KG, 2k Hz, 2-3 ns pulse width) was used to generate a linear polarized
probe beam (polarization: 90°; the angle is defined as clockwise angle around positive semi-axis of x).
The output of laser directly traveled through a linear polarizer (LPVISC050-MP2, Thorlabs, Inc., with
its transmission axis of 45°) to obtain 45° linear polarized beam (which is a decomposed polarization
component on the transmission axis). After the polarizer, the beam entered a birefringent beam displacer
(BD27, Thorlabs, Inc.); it was separated into two parallel beams with orthogonal polarization directions:
polarization of 0° and 90°, respectively. In the beam displacer, the 90° component (termed reference
beam, RB) traveled straightly through the whole beam displacer; while the 0° component (termed
sample beam, SB) deviated away from the RB. At output of beam displacer, the two parallel beams were
separated by a distance of 2.7 mm, and had the same intensity. Then both RB and SB traveled thought
a half-wave plate (WPHSMO05-532, Thorlabs, Inc) with fast axis of 45°. Thus, the half-wave plate
rotated polarizations of both beams 90° regarding to the fast axis, resulting a 0° polarization RB and 90°
polarization SB. Then they traveled through a sample plane where supposed to have sample only on the
side of SB. Afterward, they entered a symmetrically placed BD27 (termed beam combiner here), so that
the two beams were spatially combined again. When there is sample on the sample plane, the combined
beam will be elliptically polarized as discussed and illustrated section 4.2.3. After the beam combiner,
the combined beam entered an objective (MY 10X-803, Thorlabs, Inc), which had its focus on the sample
plane. A quarter-wave plate (WPQSMO05-532, Thorlabs, Inc) with fast axis of 45° was placed after the
objective to convert the elliptical polarized beam into linear polarized beam. After the quarter-wave
plate, the beam traveled through a linear polarizer (LPVISC050-MP2, Thorlabs, Inc, termed analyzer)
that mounted on rotational stage, so that the angle of polarizer can be controlled. A tube lens was then
used to focus the light to a high-speed camera (Dimax cs4, Excelitas PCO GmbH), forming an image

on camera sensor.
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The mid-infrared (MIR) pump beam was pulse laser generated from an Optical Parametric Oscillator
(OPO) laser (NT277, EKSPLA,; 1 kHz pulse repetition rate, 9 ns pulse width). A Germanium window
in front of OPO laser was used to filter out the visible “signal” beam generated by means of second-
order nonlinear optical interaction within OPO laser. The mid-infrared “idler” beam directly traveled
through the Germanium window, and then was focused by a low numerical aperture (NA) gold parabolic
mirror (#37248, Edmund Optics Ltd.; NA = 0.062) on the sample. The distance between the parabolic
mirror and sample can be adjusted to achieve desirable excitation FOV (ranging from 50x50 pm to
1000%1000 pm).

6.2.2 Synchronization

a b

Master trigger
| | | | | | | MIR Ex. Trig. 1k Hz

1k Hz K Hz | | | | MIR pulse
MIR Vis. . N N\ N OT signal
laser laser i
Lo ] vispuise
2k Hz
Camera i~ Exp. Delay MIR ON cycle
MIR OFF cycle

Fig. 6-5. System synchronization. a, Diagram of simplified PSOM, emphasizing the
synchronization relation and pump-probe mechanism. b, Diagram of the trigger pulse trains and its
corresponding MIR/Vis pulse output, and optothermal (OT) signal. MIR Ex. Trig.: MIR external
trigger. VIS Ex. Trig.: visible external trigger. The three synchronized trigger signals (MIR Ex.
Trig., VIS EX. Trig. and Camera Exp.) are generated by a master trigger, where the MIR EX. Trig.

is a 1k square pulse trains, both VIS Ex. Trig. and Camera Exp. are 2k Hz square pulse trains.

As shown in Fig. 6-5, a programmable master trigger generator (Texas Instruments, MSP430F5529
LaunchPad) was connected to MIR laser, VIS laser and high-speed camera to synchronize the pump-
probe detection. A 1 kHz pulse trains trigger was generated as external trigger to activate the OPO laser
(i.e. MIR laser), resulting in MIR pulse (9 ns pulse width) output at repetition rate of 1 kHz. While a 2
kHz pulse trains was generated as external trigger for VIS laser to produce the 2 kHz VIS pulse (2-3 ns
pulse width). The exposure of the camera was controlled by another 2 kHz trigger pulse to synchronize
the camera exposure with VIS pulse. Since the trigger frequency of VIS laser and camera was twice of
the trigger frequency of OPO laser, the three trigger signals could be configured in a way that half of
the images captured at the time of MIR pulse illuminating the sample (served as MIR-ON images), and

half of the images captured between two MIR pulses (served as MIR-OFF images). Besides, a delay
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(Exposure delay, Exp. Delay) was introduced to MIR external trigger and VIS external trigger so that
varying this exposure delay obtained the time dependent optothermal transient signal (will be discussed
in Fig. 6-14 and Fig. 6-20).

6.2.3 Sample preparation and sample holding

a

—» 2.7 mm
SB RB Medlum
refreshing
Sample Reference region

Float glass window
ZnS window

Fig. 6-6. Custom-made petri-dish. a, Cross section of the dish. The sample beam (SB) travels
through the region with sample, while the reference beam (RB) travels through a clean region

without sample. b, 3D illustration of the custom-made petri-dish (86).

To minimize the optical perturbation from the environment, an enclosed custom-made petri-dish was
designed for containing the sample, as shown in Fig. 6-6. The bottom of the dish was made of ZnS
window, for penetration of MIR light from bottom, and the top was a cover glass for protecting water
evaporation, and for minimizing optical path difference introduced by environment vibration. A
reference region without sample was intentionally created for the reference beam passing through. In
the TAG drops measurements, the dish was perfused with deionized water, maintaining 3 mm thick
water that covered the TAG drops. In the living cells measurements, the dish was perfused with culture

medium, and can be refreshed by two circulation tubes go into the dish.

For charactering the system and proof the imaging concept, the TAG drops were were prepared in the
same way as described in section 5.1. While for the living cells measurement, the cells were prepared
as follow: the pre-adipocytes (3T3-L1, ATCC: CRL-1658) were plated in the custom-made petri-dish
(Fig. 6-6) and cultured in growth medium - low glucose (1g I-1) DMEM (Merck) supplemented with 10%
FBS (Merck), and 1% penicillin-streptomycin (Merck). Once 100% confluence was reached, the cells
were differentiated to adipocytes. For this purpose, a differentiation medium, composed of high glucose
(4.5 g 1-1) DMEM (Merck), 10% FBS, 1% penicillin-streptomycin, 1pug ml-1 insulin (Sigma-Aldrich),
0.25 uM dexamethasone (Sigma-Aldrich), 0.5mM 3-isobutyl-1-methylxanthine (Sigma-Aldrich) and
1/1000 volume ABP (50 mg ml-1 L-ascorbate, 1mM biotin, 17 mM pantothenate (Sigma-Aldrich)) was
added to the cells on day 0 and day 2. On day 4, the cells were cultured with differentiation medium
supplemented only with 1ug ml-1 insulin and 1/1000 volume ABP. On day 6, the differentiation medium

was changed back to growth medium (low glucose). Cells were kept in an incubator at 37°C with 5%
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CO02 and measured by PSOM while the cells were in growth medium (low glucose). A cell-free region
for the reference beam (RB) was created by covering half of dish with a medical grade tape (ARcare
90445Q, Adhesives Research, Inc.), which was removed during PSOM measurement.

6.3 Proof-of-concept measurement

The PSOM image acquisition concept in Fig. 6-4b-f can be firstly validated by intentionally manipulating
the phase on the object plane, which can be achieved by translating a phase target with a thin indium tin
oxide (ITO) layer covered (Fig. 6-7). To mimic the phase change induced by MIR absorption, the phase
target was translated so that the ITO layer occupies half of the FOV, and a PSM intensity image captured
in this situation is considered as a “MIR-ON” image (Fig. 6-7a). Another PSM image was captured after
the ITO layer was moved away for mimicking a “MIR-OFF” image (Fig. 6-7b). An intensity subtraction
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Fig. 6-7. Proof-of-concept measurement of PSOM using an ITO phase target. a, A PSM
intensity image (at 315°) with half of the FOV covered by a ITO layer, mimicking MIR-ON. b, A
PSM intensity image (at 315°) after the ITO layer was removed out of the FOV, mimicking MIR-
OFF. c, A intensity subtraction image. (Fig. a minus Fig. b). d-g, 4 subtraction images from analyzer
angles 315°, 0°, 45°, 90°, respectively. h, A PSOM image obtained from (d-g), yields quantitative
phase that relate to the manipulated phase change by removing out the ITO. i, Line profiles crossing

the background (BG) and edge of the ITO layer. j, 3D surface plot of the ITO layer.
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image can be obtained by subtraction Fig. 6-7b from Fig. 6-7a, as shown in Fig. 6-7c. The same procedure
was repeated 4 times at 4 different analyzer angle: 315°, 0°, 45°, 90°, obtaining 4 subtraction images as
illustrated in Fig. 6-7d-g. A quantitative phase image relates to the phase change can be obtained using
eq. 6-14, as shown in Fig. 6-7h. The phase difference caused by the ITO layer is measured as around 200

mrad, as shown in Fig. 6-7i,j.

To further validate the imaging concept of PSOM, the TAG drops (in water) were prepared on our
custom-made dish (Fig. 6-6), and were measured under MIR excitation (at absorption wavenumber of
TAG: 2850 cm™). Fig. 6-8a and Fig. 6-8b show a MIR-ON image and a MIR-OFF image respectively,
acquired at analyzer angle of 315°. Fig. 6-8C depicts a subtraction image, illustrating the intensity
difference of TAG drops caused by MIR absorption. Since the phase-intensity relation given in eq. 4-28
is sinusoidal relation, the intensity difference value of the TAG drops can be positive, or negative, or
zero, depending on the intrinsic-phase of TAG drops (as discussed in Fig. 6-2). As the phase-shifting
mechanism applied (Fig. 6-8d-h), quantitative MIR-phase (phase induced by MIR absorption) map is
obtained (Fig. 6-8h), with the phase range of 0 — 15 mrad, which is 3 order of magnitude smaller than

the intrinsic-phase of cells (54).
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Fig. 6-8. Proof-of-concept measurement of PSOM using TAG drops. a-c, Intensity
subtractions of TAG drops images, at analyzer angle of 315°. d-g, 4 subtraction images from
analyzer angles 315°, 0°, 45°, 90°, respectively. h, A PSOM image obtained from (d-g), yields
quantitative phase that relate to the MIR absorption at 2850 cm™.
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Next, we validate the hyperspectral imaging capability that benefits from the linear relation between
MIR-phase and absorption coefficient, formulated by eq. 3-6. For this purpose, MIR wavenumber was
changing from 2960 cm™ to 2800 cm™, with step of 4 cm™. Fig. 6-9a depicts partial of the PSOM image
along the wavenumber axis (17 out of 41 images). It is observed that the imaging contrast of TAG drops
is enhanced around 2850 cm™ (MIR-phase: 52.8 mrad) and 2920 cm™ (MIR-phase 72.7 mrad), due to
the strong absorption of MIR light around this two wavenumbers (Corresponding to the CH, asymmetry
stretch vibration and CH, symmetry stretch vibration, similar as observed in Fig. 5-13). Once the
hyperspectral imaging stack is acquired, the spectrum of TAG drops can be extracted from the imaging
stack. For further validation, Fig. 6-9b plots spectra of TAG (the location indicated in Fig. 6-9a) extracted
from PSOM hyperspectral imaging stack, and compared with the TAG spectrum obtain from FTIR.

Both spectra are characterized by absorption peaks near 2920 and 2850 cm™.
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Fig. 6-9. Proof-of-concept for hyperspectral imaging. a, Hyperspectral imaging stack
acquired by varying the excitation wavenumber from 2960 cm™ to 2800 cm™ (Only partial of
hyperspectral imaging stack is shown due to the space limitation). b, Spectrum extracted from
hyperspectral imaging stack (marked by “TAG” in Fig. a), compared with TAG spectrum acquired
from FTIR.

6.4 Characterization of PSOM

To understand the imaging resolution of PSOM, and characterize the phase noise level, two PSOM
images of the same FOV (FOV with TAG drops) were acquired with or without MIR excitation. With
MIR excitation at 2850 cm?, the TAG drops can be observed as shown in Fig. 6-10a. Without MIR
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excitation, the PSOM obtains a homogenous background that illustrates the noise of the optical system
(Fig. 6-10b). The standard deviation of the noise is calculated as 0.33 mrad, which is later used for
calculating the signal to noise ratio (SNR) or contrast to noise ratio (CNR) (see Appendix B). Fig. 6-10c
shows a PSM intensity image at analyzer angle of 45°, obtained for purpose of comparing the imaging
resolution of pump-probe system (PSOM) and the probe-only system (PSM). Fig. 6-10d plots the line
profiles crossing a smallest drop found in the FOV. According to the plot of Fig. 6-10d, the Full-Width-
at-Half-Maximum (FWHM) of the PSOM profile is 2.0 um, and the FWHM of PSM is 3.1 um. The
smaller FWHM from PSOM may be caused by the fast thermal dissipation around the interface of TAG
drop and water, similar result has been observed in ref (52).
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Fig. 6-10. Resolution and shutdown noise characterization of PSOM. a, PSOM image of
TAG drops, at excitation wavenumber of 2850 cm. b, PSOM image of the same FOV as (a), but
shutdown the MIR laser during the measurement. c, A PSM intensity image at the same FOV as (a).

d, Line profiles crossing the smallest TAG drop as indicated in (a-c) (86).

It is also interesting to understand the temporal noise of the system over time. Since some of our
measurements can take few hours, especially monitoring the living cell in a long time. For this purpose,
we run the system for 1 hour without MIR excitation and plot the temporal profile, as shown in Fig. 6-11.
It is observed that during the measurement, the noise remain in a low level around 0.23 mrad to 0.27
mrad, this value is 1/4 of the state of art method (~ 1 mrad) (53), and the value corresponding to optical

path length of around 0.021 nm.
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Fig. 6-11. Characterization of temporal noise of PSOM. a, Temporal profiles at 5 different
locations of the FOV. b, A single MIR shutdown image with the 5 locations indicated. ¢, Standard

deviation of the 5 profiles.

To characterize the MIR excitation response of PSOM micrograph, and verify the linear relation given
by eg. 3-6, we changed the excitation pulse energy of the MIR light, and acquired PSOM micrographs
under different pulse energy. As shown in Fig. 6-12a-i, the visibility of TAG drops increasing as the
pulse energy increasing. It is observed that the MIR-phase value of a particular TAG drop (marked by

an arrow) is linearly related to the pulse energy, as shown in Fig. 6-12j. According to eq. 3-6, this linear

21 (la+nlp)

relation can be written as nEz = A@(;: k), Where the slope n = 4

Uy The spectra extracted from

the hyperspectral stack were also found to follow this linear relation as the excitation energy varying, as
shown in Fig. 6-13. Moreover, it is observed from Fig. 6-12j that the MIR-phase of 7.8 mrad
(corresponding to SNR of 23.6, which is evaluated by dividing this MIR-phase value by standard
deviation of MIR shutdown noise given in Fig. 6-10b) is obtained under MIR pulse energy of 11.3
w/pulse. Considering the MIR repetition rate of 1 kHz, and its irradiation area of 400x700 um? (elliptical
area) (see Fig. 6-16), we have excitation power flux density of 0.05 uW/ um?, which is 6 orders of
magnitude lower than the MIR flux density of Raman scattering microscopy, for instance, excitation
flux density of 15 mW/um? for Coherent Anti-Stokes Raman Scattering (CARS) (85). The low MIR
flux density provides an advantage of reducing photodamage to living cells, which has been observed
in Raman scattering base microscopies (40, 41). In living cells measurement, to enhance the signal, we

use maximum MIR pulse energy of 36.9 pJ/pulse.
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Fig. 6-12. Linear MIR excitation response of PSOM’s image. a-i, PSOM images with
different MIR pulse energy on the sample, ranging from 0 puJ to 36.9 pJ. j, Plot of the MIR phase
values at location of TAG and background (BG).
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Fig. 6-13 Linear MIR excitation response of PSOM’s spectrum. a, Measurement FOV. b,
Spectra of TAG drop (marked by arrow in a) under different excitation energy. c, Plot of contrast to

noise ratio at difference pulse energy.

Next, we characterized the time dependent optothermal response of a single MIR pulse, by varying the
exposure delay (introduced in the synchronization of method section 6.2). Fig. 6-14 shows the PSOM
micrographs of the TAG drops (Same FOV as Fig. 6-10 and Fig. 6-12), as we varying the exposure

delay. Fig. 6-14a-c depict three micrographs acquired at the exposure time (time = 0 ps) just before the
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MIR pulse arrive the sample, at the time of MIR pulse arrive (time = 1.64 ps), and at the time of thermal
relaxation (time = 80 ps). Fig. 6-14d plots the MIR-phase of a TAG drop (marked by arrow in Fig.
6-14b) changing over time, and the exponential fit of the thermal decay. Fig. 6-14e illustrates the
exposure delay that is changed to achieve single pulse response in this measurement. Here in Fig. 6-14d,
we observed that the optothermal signal reaches its maximum within 1.64 ps. At the optothermal signal
peak, we obtained maximum MIR-phase of 66.42 mrad (corresponding to image of Fig. 6-14b),
afterward, it exponentially decays with a time constant of 15.44 ps. During the decay process, the heat
dissipates into the water, which surrounds the TAG drops and has high specific heat capacity. At the
time around 80 ps, the signal is quite close to it’s pre-optothermal level that hard to be resolved from
the background, which suggests an optothermal cycle of around 80 ps. One can take the advantage of
this optothermal cycle to approach PSOM’s imaging speed limit. For example, using a MIR pump source
with repetition cycle of 80 s, and designing a corresponding trigger signal for the camera, one can
obtain a pair of MIR-ON and MIR-OFF images in 80 ps, and reach the frame rate of 12.5 kHz.
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Fig. 6-14. Time dependent optothermal response of single MIR pulse. a-c, PSOM image of
the FOV at exposure delay of 0 us, 1.64 ps and 80 ps. d, Plot of MIR phase value from location of
TAG and BG as marked in (b). e, The trigger pulse train used in this measurement. The single-pulse
optothermal signal profile (d) is obtained by varying exposure delay between the two trigger trains
(OPO trigger in and camera trigger in) to scan the optothermal signal in time (see Methods section
6.2).
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6.5 PSOM imaging for living cells

Compared with the focused excitation configurations (see Fig. 3-1d), which have been applied in CARS,
SRS, MiROM (37, 62, 87), MIR power flux density of PSOM is dramatically reduced. This is directly
benefits from the expanding of excitation beam from a diffraction limit spot (c.a. 1 um?) to the whole
imaging FOV (c.a. 500000 um?). Low excitation power flux density reduce phototoxic or photodamage
to living cells that occurs in focused excitation configuration, for instance, CARS and SRS (40, 41). It is
observed that cellular structure such as myelin sheath can be tore and split by the plasma induced
ablation of the focused spot (40). For the other side, the wide field excitation configuration of PSOM
provides a high-speed imaging scheme for large FOVs, relaxing the trade-off between large FOV and
fast imaging speed in point-by-point scanning scheme. This is because the imaging speed of PSOM
does not relay on the scanning speed, instead, it relays on the exposure time of camera as well as the
minimum time course of MIR-ON and MIR-OFF image. Exposure time of a commercially available
camera can reduce to 1 ps and the minimum time course of MIR-ON and MIR-OFF images can be

reduce to a optothermal cycle of around 80 ps (see Fig. 6-14).

Firstly, we demonstrate a proof-of-concept measurement of living cells on a small FOV, to verify the
single-cell analysis capability of PSOM. As shown in Fig. 6-15, three differentiated 3T3-L1 cells (day 6
after differentiation) in a FOV is measured by PSOM. Fig. 6-15a-d depict the PSM intensity images
(MIR-OFF image) at four analyzer angles: 315°, 0°, 45°, and 90° (intensity has been normalized to O -
1). Fig. 6-15¢,f illustrate a ZPC image and a quantitative intrinsic phase image constructed from Fig.
6-15a-d using eq. 4-34 and quality guide phase unwrapping method (83, 84). Fig. 6-15g-j show the
corresponding subtraction images at the four analyzer angles (MIR-ON image obtained at excitation
wavenumber of 2850 cm™). It is worth noting that the maximum intensity change is two order of
magnitude smaller than the intensity image (intensity range of subtraction image: -0.015 to 0.024;
intensity range of PSM intensity image: 0 to 1). The small intensity change indicates that MIR induced
phase change (i.e., MIR-phase) is extremely small compared with the intrinsic-phase. Fig. 6-15k shows
a PSOM micrograph constructed from Fig. 6-15g-j, by applying eq. 6-12. Different from the quantitative
intrinsic-phase image Fig. 6-15f, the PSOM micrograph here only illustrates high contrast for lipid
droplets (due to CH2’s strong vibrational absorption at 2850 cm™), which’s MIR-phase ranging from 0.1
to 31.9 mrad. Fig. 6-15] merges the MIR-phase (Fig. 6-15k) together with the quantitative intrinsic-phase
(Fig. 6-15f). It is observed that artifacts occurs in the location of lipid droplets, probably due to strong

phase wrapping that failed to recovered using quality guide phase unwrapping method.
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Fig. 6-15. Proof-of-concept measurement of 3T3-L1 cells. a-d, MIR-OFF intensity
images (obtained by PSM) of cells at analyzer angle of 315°, 0°, 45°, and 90°. e, Image FOV of (a-
d) acquired by Zernike’s phase contrast microscope. f, Quantitative intrinsic-phase reconstructed
from (a-d) using eq. 4-34, and applied quality guide phase unwrapping method (83, 84). g-j,
Subtraction images for analyzer angle 315°, 0°, 45°, and 90°. k, PSOM image constructed using eq.

6-14.

Then the other measurement was carried out to verify the large FOV imaging capability of PSOM, as
shown in Fig. 6-16. A Zernike phase contrast image of the imaging area is depicted in Fig. 6-16a,
illustrating a FOV fully occupied by 3T3-L1 cells (day 6 after differentiation), i.e., 100% confluency. It
is worth noting that acquiring quantitative phase image (QPI) of such a high confluency cells sample is
challenging due to the strong scattering, thus challenging the state-of-art QPI based optothermal
microscopies, such as bond-selective transient phase (BSTP) microscope (52), and molecular vibrational
guantitative phase imaging (MV-QPI) (51). However, measuring living cells at high confluency is
important because many cellular processes are substantially affected by high confluency; for instance,
the differentiation of myoblasts into myotubes and the differentiation of preadipocytes into adipocytes

(88), as demonstrated in this experiment.
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Fig. 6-16. Living cells demonstration of PSOM in large FOV and high confluency. a, ZPC
image of the imaging FOV. b, PSOM micrograph of the same FOV as (a), acquired at MIR excitation
wavenumber of 2850 cm™. ¢,d, Zoom in FOVs of the area marked by red dashed rectangles in (a)
and (b) (86).

To selectively imaging the lipid droplets of the cells, we tune the PSOM excitation wavenumber to 2850
cm? (CH streching vibration wavenumber), acquire a PSOM micrograph as shown in Fig. 6-16b. As
indicated by the white dashed line, the MIR illumination area is an ellipse with major axis of 700 um,
and minor axis of 400 um, given an effective chemical-contrast FOV with area of 2.2x10°% um?. For the
first time, such a large living cells imaging area at 100% confluency is achieved by mid-infrared
optothermal/photothermal microscopy. Fig. 6-16¢ and Fig. 6-16d depict two zoomed-in FOVs of the red
dashed area marked in Fig. 6-16a and Fig. 6-16b, for comparing the two micrographs. Without chemical
contrast, the lipid droplet in ZPC micrograph can only be recognized according to its morphology, which
is hard to be distinguish from the strong background that originated from all other content of the cell
body. This confusing background make lipid droplets hard to be segmented for automated quantitative
analyzed. In Fig. 6-16d, this background is effectively suppressed (benefits from the intrinsic-phase
cancelation carried out by eg. 6-10), and the dominated imaging contrast is provided by CH, stretching
vibration (mainly from lipid droplets). Furthermore, it is observed that compared with the low cells

confluency measurement in Fig. 6-15, where the cells do not tightly adhere to one another, the MIR-
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phase of lipid droplets in Fig. 6-16b reaches up to 113.0 mrad (CNR = 318:1). This high value is probably

caused by more efficient lipogenesis under higher confluency of 100%.

To examine the intrinsic phase wrapping under different confluencies, a comparison is carried out in
Fig. 6-17. As we can observed from day 2 (after differentiation) to day 6 (Fig. 6-17a-c), the cells occupy
more and more space, and contact more and more with each other. The phase wrapping can be observed
in all cases from day 2 to day 6, but are severe in day 6 (Fig. 6-17d-f). The strong phase wrapping
observed in day 6 is mainly caused by the thick cells and large lipid droplets, and the corresponding QPI
is failed to be reconstructed by quality guide phase unwrapping method (83, 84) due to severe phase
wrapping (Fig. 6-17g-i). PSOM circumvents this phase reconstruct problem by acquiring native MIR-

phase image—i.e., independently of intrinsic-phase.
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Fig. 6-17. Zernike’s phase contrast and quantitative phase contrast (intrinsic-phase) of
3T3-L1 cells at different day (day 2, day 4, and day 6) after differentiation. a-c, ZPC
micrographs. d-f, Wrapped phase for the corresponding FOVSs. g-i, Phase unwrapping using Quality
Guide method (83, 84). At high confluence (i), due to strong scattering of thick cells, the phase

unwrapping method failed.
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Fig. 6-18. FOV expanding and lipid droplets dynamic monitoring. a, lllustration of an
expending FOV (major axis: 934 pm; minor axis: 700 um). b-d, Three zoom in FOVs with
automated tracing paths of lipid droplets. e, Plot of velocity of tracked lipid droplets in the FOV
during the dynamic monitor of 4 h. f, Statistic analysis of lipid droplets in the first frame and last

frame of the dynamic monitoring measurement.
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Next, we demonstrate that larger FOV can be achieve by simply expanding the MIR excitation beam,
as shown in Fig. 6-18. Fig. 6-18a shows a PSOM micrograph (MIR wavenumber 2850 cm™) with effective
FOV of 5.18x10° um? (elliptical FOV with major axis of 943 um and minor axis of 700 um). Such a
large living cells imaging area (5.18x10° um?) at nearly 100% confluency is unprecedented in
optothermal microscopy—c.a. 50 times larger than state-of-art FOV of 1.0x10* um? (100x100 um?) by
computationally stitching 10 frames of 4.0x10° pum? FOVs (63x63 um?) (89) and c.a. 20 times larger
than the FOVs of 2.5x10* um? (180 pum in diameter) obtained by method discussed in Chapter 5 (77).

The capability of large FOV enable PSOM to statistically study large number of cells to minimize the
bias in analyzing single cells. Here, using wide-field optothermal microscopy, we are able to
demonstrate a (4 hours) dynamic statistical analysis of LDs in such a FOV (5.18x10° um?) as shown in
Fig. 6-18a. To study the overall activity over the whole FOV during the observation of 4 hours, all of the
LDs’ trajectories in the FOV is tracked, and the corresponding velocity is calculated. Fig. 6-18b-d depict
three areas of the monitoring FOV (as indicated in Fig. 6-18a), showing the tracking paths of the LDs in
three distant cells. Fig. 6-18e plots velocity over time for all of the tracked LDs, and statistic mean and
standard deviation. A stable mean velocity (~0.1 pm/min) suggests a stable activity of cells during the
measurement time course. Fig. 6-18f shows the MIR-phase (maximum value in the automated segmented
lipid droplets) histogram of the tracked lipid droplets in the first frame (Time = 0 min) and the last frame
(Time = 240 min) of the monitoring. It is observed that the number of lipid droplets with MIR-phase of
around 10 mrad dropped down at the last frame compared with the first frame. Moreover, in this
experiment, it is worth noting that the observation area of Fig. 6-18b is 600 um away from the area of
Fig. 6-18d, simultaneous monitoring of such two far area is usually challenge for raster scanning system,

but can be achieved by snapshot using PSOM.

In order to investigate how the PSOM micrograph varies with wavenumber and to capture a
hyperspectral imaging stack of living cells across a wide field of view, we adjust the excitation
wavenumber to selectively excite or not excite specific chemical bonds. Fig. 6-19a,b show two PSOM
micrographs of 3T3-L1 cells illustrates the CH, on-resonance wavenumber 2850 cm™ (the imaging
contrast mainly from lipid droplets), and CH, off-resonance wavenumber 2700 cm™ (b), without contrast
of lipid droplets. By tuning the wavenumber from 2950 to 2700 cm™ (step: 5 cm™*), PSOM is able to
obtain spectrum as plotted in Fig. 6-19c, where the spectrum is extracted from a selected lipid droplet
(marked as “LD” in Fig. 6-19a) of a hyperspectral stack (as shown in Fig. 6-19d). Similar to the FTIR
measurement of TAG (Fig. 6-19c), the spectrum extract from lipid droplet is characterized by two
absorption peaks near 2920 cm™ and 2850 cm™?, this is because the mainly composition of lipid droplet
is variant of TAG, where the molecular structure of TAG contain large number of CH; bonds. It is worth
noting that for such an imaging stack (consist of 51 images, each image has FOV of 2.5x10° pm?,
corresponding to 2.5x10° pixels for a single image), the actual acquisition time is around 41 s (Without

considering the time consumed by data transferring from camera to PC). For comparison, a point-by-
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point scanning vibrational microscopy usually takes hours for a similar hyperspectral imaging stack. For
instance, a hyperspectral imaging stack with FOV of 2.25x10* pixels took 3.125 h for a confocal Raman

microscopy (90).
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Fig. 6-19. Hyperspectral imaging of living cells by PSOM. a,b, PSOM images of 3T3-L1 cells
at lipid specific (CH, vibrational contrast) wavenumber 2850 cm? (a), and lipid unspecific
wavenumber of 2700 cm™ (b), respectively. They are two images selected from a hyperspectral
imaging stack. ¢, Spectra extracted from hyperspectral imaging stack, showing spectrum of lipid
droplet (LD) and spectrum from background (BG), where there is no cell. The fourier-transform
infrared spectroscopy (FTIR) measurement of triglyceride (TAG) is plotted together for comparison.
d, Hyperspectral imaging stack (illustrates 26 images out of a 51 images stack for simplicity) for a
selected area marked in rectangles in (a) and (b), illustrating chemical-contrast change of three lipid

droplets from wavenumber of 2950 cm to 2700 cm! (86).

To understand the how the imaging contrast of living cells evolving after a single MIR pulse illuminate
the sample, we continuously varying the exposure delay (See synchronization part of Methods 6.2) in a
sequence of 8 measurements (similar to the measurement discussed in Fig. 6-14). Fig. 6-20a-h show this
8 measurements, starting from exposure time point of 0.31 us before MIR pulse arrive (Fig. 6-20a, n=1)
to exposure time point of 0.96 us after MIR pulse arrive (Fig. 6-20h, n=8). In this measurement, the
actual arrive time of VIS pulse is recorded by photodetector as plotted in Fig. 6-20i, and compared with
the MIR pulse arrive time (Here takes MIR trigger as time reference). The MIR-phase of a selective
lipid droplet (marked in Fig. 6-20e) is plotted in Fig. 6-20j for demonstrating the changing of contrast. It
is observed that at the beginning of MIR pulse arrive, the large lipid droplets is observable with low
contrast (Fig. 6-20c). The lipid is clearer and clearer in the following frames (Fig. 6-20d-h). In the Fig.
6-20e, the cells body starting to show up. To capture both the lipid droplets and the cells body, in our
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measurements of living cells, we set the VIS pulse arrive time at 0.96 us after the MIR-pulse arrive

(which is 190.16 ps by taking MIR trigger as reference), as marked by the red arrow in (Fig. 6-20j).
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Fig. 6-20. Time dependent of LD contrast from single MIR pulse excitation. a-h, PSOM
micrograph at different exposure time points near the MIR pulse arrive time (The time indicated
here taking the MIR-arrive time as reference). i, Plot of VIS pulse arrive time and MIR pulse arrive
time, where the VIS pulse arrive time is consciously changing over the measurement time course
for acquiring the time dependent imaging contrast (The time here taking the MIR trigger as time
reference. MIR pulse arrive at 189.20 ps as marked by the dashed line). j, Plot of MIR-phase of a
particular LD (indicated in Fig. ) developing over the VIS arrive time. Red arrow marked the

configured VIS pulse arrive time used for living cell hyperspectral imaging.

As we observed in Fig. 6-20, the cells” body also illustrate weak contrast from the vibration of CH>
bonds, probably generates from the cytoplasmic membrane or intracellular membranes, which mainly
consist of phospholipid. In order to investigate this weak signal, we performed a measurement on HEK-
293 cells and 3T3-L1 fibroblast cells as shown in Fig. 6-21. Fig. 6-21a,b show a PSOM micrograph, as
well as a ZPC image of HEK-293 cells group at the wavenumber of 2850 cm. Fig. 6-21c shows a line
profile crossing the cells group illustrate the MIR-phase of the cells. Fig. 6-21d,e depict two micrographs
of 3T3-L1 fibroblast cells from PSOM and ZPC microscopy respectively, and Fig. 6-21f plots the
corresponding line profiles from the cells in PSOM micrograph. In Fig. 6-21f, it is observed that the

cells’ signal is around 2 mrad above the background signal, corresponding to optical path length of 0.17
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nm, which is 4.2 % of thickness of a single phospholipid bilayer (~ 4 nm) (91). PSOM is able to detect
this small optical path difference benefits from the advantage of low shot noise (STD of 0.021 nm, see

Fig. 6-11).
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Fig. 6-21. Imaging contrast at 2850 cm™ from cell body. a, PSOM image of HEK-293 cells
group at mid-1R wavenumber of 2850 cm™*. b, The same imaging FOV as (a) by ZPC. c, Line profile
crossing the cells and background illustrating the MIR-phase range. d, PSOM image of 3T3-L1
fibroblast cells, imaging at mid-IR wavenumber of 2850 cm™. e, the same imaging FOV as (e) by

ZPC. f, Line profile of the cell in the middle.
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Fig. 6-22. Viability test on HeLa cells under the MIR irradiation of PSOM.

Finally, we illustrate a viability test of living cells to understand the viability of the cells under the
illumination of PSOM, as shown in Fig. 6-22. In this test the Hela cells were imaged continuously for
2h, and repeated on three different dishes. The control was prepared and maintain in the same condition
(room temperature) as the test sample only without MIR irradiation. Each bar in Fig. 6-22 represents

the mean viability value of three different experiments from control and irradiated sample respectively.
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The error bars represent the standard deviation of the cell viability of the three measurements. For the

irradiated sample, the cells viability is 85.4%, while for the control, it is 83.8%.

6.6 Summary

In this chapter, we moved on to a wide-field optothermal microscopy based on Phase-shifting
microscopy. Here, a phase-shifting mechanism under MIR-phase perturbation is presented in section
6.1. In the mathematical deduction from eq. 6-5 to eq. 6-14, we demonstrated that the intrinsic-phase
can be canceled out using the phase-shifting mechanism. Later in section 6.2, we introduced the setup
of PSOM, and the synchronization of the probe laser, pump laser, and camera. A closed petri-dish was
designed for the purpose of holding the sample as shown in Fig. 6-6. To proof the imaging concept of
PSOM, an ITO measurement and a TAG drop measurement were performed as illustrated in Fig. 6-7
and Fig. 6-8. The hyperspectral imaging capability was validated in Fig. 6-9 by changing the wavenumber
of MIR laser, and the spectrum of TAG from PSOM was verified by the spectrum obtained by FTIR.
After carried out the characterization measurements from Fig. 6-10 to Fig. 6-14, we applied PSOM for
imaging the living cells. PSOM is not only capable of imaging cells in single cells level as shown in Fig.
6-15, it can also be applied to imaging the cells with high confluency (in our case 100 %), where the
thick cells and existence of large organelles give a challenge for the other imaging modalities. It is worth
noting that our imaging FOV (5.18x10° um?) can be expanded to 50 times of the state-of-art, and the
weak CH. vibrational contrast from the cells body (mainly from phospholipid) can be observed. This is
benefited from the extremely low shutdown noise (spatial noise: 0.33 mrad, temporal noise: 0.23 to 0.27
mrad) of the PSOM as characterized in Fig. 6-10 and Fig. 6-11.
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Chapter 7 Conclusion and outlook

7.1 Conclusion

In this thesis, an wide-field imaging modality was introduced to achieve high-speed, snapshot imaging
of the molecular vibrational contrast, based on mid-infrared optothermal effect (mid-infrared absorption
induces temperature increase) and thermo-optics effect (temperature change induces refractive index
change). Compared with the Raman scattering, mid-infrared absorption cross-sections is 10 orders of
magnitude larger (scattering cross-section around 10° cm?) (42). Taking the advantage of high
absorption cross-section, wide-field excitation (excitation area up to 5.18x10° um?) is implemented
instead of focused excitation (excitation area c.a. 1 pm?), and snapshot (acquisition time 10 ms without
considering data transferring time) of the vibrational contrast on a large FOV can be achieved.

To assist the reader in developing a fundamental comprehension of mid-infrared vibrational absorption
and the underlying principles of optothermal effect, Chapter 2 briefly reviewed the theory behind the
molecular vibration. After the introduction of the fundamental knowledge, in Chapter 3, the pump-probe
imaging concept of wide-field mid-infrared optothermal microscopy was introduced. In this pump-probe
imaging concept, a MIR pulse laser was used as pump for exciting the vibrational absorption at specific
wavenumber, and a phase imaging system was used as probe for detecting the phase change caused by

MIR absorption in the sample.

Chapter 4 addressed the need for precise phase change detection by focusing on two custom-made
methods - a CF-ZPC microscope and a phase-shifting microscope. In the discussion of CF-ZPC
microscope, the underlying principle of ZPC microscope was reviewed, and analytical relations between
phase of object and intensity of CF-ZPC image was provided. To introduce phase-shifting microscope
(PSM), we began by presenting the polarization phase-shifting interferometer (PSI) and reviewing the
Jones calculus. Using the Jones calculus, the mathematical relation between the phase and intensity of

PSI was provided. This relation was later validated by imaging ITO phase target and HelLa cells.

Chapter 5 and 6 demonstrated two wide-field optothermal mid-infrared microscopies based on two
phase imaging modalities discussed previously in Chapter 4. As a pilot study, Chapter 5 firstly proofed
the imaging concept of wide-field microscopy by a MIR-ON and MIR-OFF measurement, and explored
the optothermal process. Despite the low sensitivity of CF-ZPC microscope, which precludes imaging
of living cells, the investigation of thermal processes in water lays a crucial experimental foundation for
comprehending the imaging speed potential of wide-field imaging. In Chapter 6, the wide-field
microscopy was implemented by the second phase imaging system — Phase-shifting microscope (PSM).
Benefit from its intrinsic-phase cancelation, carried out by eq. 6-5 to eq. 6-11, the MIR-phase shot noise

was suppressed to sub mrad (c.a. 0.2-0.3 mrad, see Fig. 6-10 and Fig. 6-11). The low MIR-phase shot
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noise allowed the detection of weak signal from organelles of living cells (see Fig. 6-21). Moreover, we
demonstrated a large FOV up to 5.18x10° um? (see Fig. 6-18), and imaging of high confluency cells with
large organelles.

Comparing with the state-of-art wield-field optothermal/photothermal microscopy, where typical FOVs
of 3.1x10?t0 2.0 x10° pm? (20 to 50 um in diameter) were achieved, PSOM demonstrated a FOV around
260 times larger. These microscopes typically showed only 1-3 cells or few beads in the FOVs (50-52),
lacking the ability of statistical analysis. Furthermore, the demonstrated FOVs were characterized by a
Gaussian shape artifact, where middle of FOV shows high chemical-contrast and surrounding FOV
shows low chemical-contrast. This Gaussian shape artifact was mainly caused by the uneven intensity
distribution (2D Gaussian distribution) of excitation beam, and the artifact can be reduced by expanding
the excitation area. Although a FOV of 1.0 x10* pum? (100x100 pm?) has been achieved by
computationally stitching 10 frames of 4.0x10° pm? FOVs (63x63 um?) (89), the method has the trade-
off between larger FOV and fast imaging speed.

In the context of MIR-phase detection, for the first time, we introduced the phase-shifting mechanism
for intrinsic-phase cancelation. For comparison, the state-of-art methods extracted the MIR-phase by
subtracting a MIR-OFF guantitative phase image (QPI) from MIR-ON QPI image, where the QPI image
usually reconstructed from interferograms using postprocessing methods, such as Hilbert transform (92),
derivative method (93), and non-linear phase unwrapping method (94). Since the MIR induced phase
difference is 2-3 orders of magnitude smaller than the intrinsic-phase, these postprocessing methods on
the intrinsic-phase might generate noise that larger or comparable with the MIR-phase, lacking the
ability of detecting weak signal. Although the adaptive dynamic range QPI has been developed to bridge
the large phase gap between intrinsic-phase and MIR-phase (53), the intrinsic-phase dependency haven’t
been addressed, and probe light is needed for detecting weak signal. PSOM takes the advantage of phase-
shifting mechanism to obtain MIR-phase image, and it is capable of measuring MIR-phase independent
to the intrinsic-phase. Benefiting from intrinsic-phase indenpendency, PSOM is able to circumvent the

need for postprocessing, and measure MIR-phase low noise.

7.2 Outlook

PSOM can assistant the analysis of cells by chemical-contrast imaging, hyperspectral imaging, and long
term dynamic motoring. Comparing with Zernike phase contrast microscopy, a ubiquitous label-free
imaging technique, PSOM is able to further identify the target structure based on absorption peaks. For
instance, as shown in Fig. 6-16, the lipid droplets can only be identified according to experience as
spherical shape organelles. On PSOM, these spherical shape organelles are further confirmed as lipid
droplets since they demonstrate strong absorption in wavenumber of 2850 cm, which is the vibration

bond of CH,. Moreover, further chemical-contrast image can be easily obtain by tuning the MIR
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wavenumber to the other wavenumbers. For example, protein absorption wavenumber 1550 cm,

glucose absorption wavenumber 1034 cm™.

The microscopy examination of the cells can be benefited from hyperspectral imaging (as shown in Fig.
6-19), which is imaging stack from a MIR wavenumber range from 2950 cm™ to 2700 cm, to further
investigate the interesting target from multiple absorption bands. For example, the lipid droplet shown
in Fig. 6-19a (marked by “LD”) was further verified by its second absorption peak from 2925 cm™ (Fig.
6-19d), which is another absorption peak from CH. vibration. This verification is based on the knowledge
that lipid droplets mainly contains triglycerides, which have abundant of CH bonds. Once the
hyperspectral imaging stack is acquired, spectrum of every pixel can be extracted from the whole FOV,
therefore, spectral analysis can be extended to the whole FOV.

PSOM is a label-free technique that can be used for long term dynamic motoring of organelles. Long
term lipid droplets dynamic monitoring has been demanded for understanding the lipid metabolism (95,
96). Although fluorescence label has been applied for this study, photobleaching limits the number of
images that can acquired in this process (97), and using fluorophores run the risk of generating blue-
shifted intermediate molecule (2). In Fig. 6-18, we demonstrate lipid droplets continuous monitoring of
4.5 h without losing the imaging contrast. Using fluorescence labels, this long term, continuous and

frequent imaging on the lipid droplets is challenging due to photobleaching.

However, the current setup haven’t reach PSOM’s maximum imaging speed due to the technical
implementations. Firstly, to construct a PSOM image, we averaged 1600 images for a single PSOM
image, corresponding to data volume of around 1.2 G. Due to his huge data volume, ~ 1 minute is
required for transferring the data from camera to computer, although only 0.8 s is actually needed for
capturing the image. To overcome this limitation, one can simply use a camera capable of onboard
averaging. By this improvement, images can be averaged on the camera before transferring, thus
eliminate the data transferring time. Secondly, the current implementation mechanically rotates the
analyzer to acquire PSM intensity images from 4 different analyzer angles. The mechanical rotation
slow down the image speed from the other aspect. To address this limitation, a polarization camera can
be implemented to avoid the mechanical rotation to instantaneously obtained images from these 4
different angles. Thirdly, to approach the physical speed limit of optothermal microscopy, one can
shorten the time interval between MIR-ON and MIR-OFF images. As we demonstrated in Fig. 6-14, a
optothermal cycle was observed as around 80 pus, while the MIR-ON and MIR-OFF interval in our
system is 500 ps (calculated from repetition rate of visible laser and mid-infrared laser, see Fig. 6-5).
Therefore, one can increase the repetition rate of mid-infrared laser and the visible laser to approach the

speed limit.
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Moreover, the imaging resolution of the current set up can still be improved. As shown in Fig. 6-10, we
demonstrated resolution of 2.0 um, this imaging resolution is limited by the Numerical Aperture (NA =
0.28) of the current objective. Although we achieve a subwavelength resolution in the scope of mid-
infrared microscope (2.5 — 12 um), this imaging resolution is inadequate for imaging smaller cellular
organelles. Taking advantage of pump-probe design, where the imaging resolution is determined by the
visible optics, one can use a higher NA objective to improve the imaging resolution.
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Appendix A

A.1 List of symbols

|4 Potential energy

w Angular frequency

m Mass

n Reduced mass

h Reduced Planck's constant

q; Mass weight coordination g; = \/m;x;.

HO Higher order terms of expansion

Qx Normal coordination k

A Vibration frequency of the normal mode k

W Q1) Wave function of a normal mode k at quantum state n
CH; Methylene group

CHs Methyl group

U Internal energy

C,c Thermal capacity, specific capacity

T Temperature

q Heat flux (the rate at which heat is transferred per unit area, per unit time)
p Density

K Thermal conductivity constant

a Thermal diffusivity

dt Infinitesimal volume element

o Planar density

ZnS Zinc sulfide

U Absorption coefficient

D(r,¢,z) Energy volume density at cylindrical coordination (r, ¢, z)
n Refractive index

6 Termo-optic coefficient § = Z—;l

U Vibrational absorption coefficient at wavenumber k
A Wavelength

B Thermal expansion coefficient

E Energy

MA@ MIR-phase image, defined as the phase change caused by MIR absorption
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E_,g(z, t) Propagating electrical field, at propagation distance z, at time t

Iixy PSM intensity image

L (xy) PSM intensity image acquired without MIR illuminating the sample
Lngxy) PSM intensity image acquired with MIR illuminating the sample
Po(xy) Intrinsic-phase image

105



A.2 List of abbreviations

MIR-OM Mid-infrared optothermal microscopy

PSOM Phase-Shifting Optothermal Microscopy
PSM Phase-Shifting Microscopy

FOV Field-Of-View

OPD Optical Path Difference

mid-IR/MIR  mid-InfraRed

PFD Power Flux Density

CARS Coherent Anti-Stokes Raman Scattering
SRS Stimulated Raman Scattering

SERS Surface-Enhanced Raman Scattering
MiROM Mid-infraRed Optoacoustic Microscopy
SNR signal-to-noise ratio

QPI Quantitative Phase Imaging

RB Reference Beam

SB Sample Beam

TAG Triglyceride

CNR Contrast-to-Noise Ratio

FWHM Full-Width-at-Half-Maximum

BSTP Bond-Selective Transient Phase

FTIR Fourier-Transform Infrared spectroscopy
BG Background

ZPC Zernike’s Phase Contrast

NA Numerical Aperture

OPO Optical Parametric Oscillator

LDs Lipid Droplets

STD Standard Deviation

ITO Indium-Tin-Oxide

BFP Back Focal Plane

CF-ZPC Condenser-Free Zernike Phase Contrast microscopy
WOMiM Wide-field Optothermal Mid-infrared Microscopy
PSI Polarization phase-Shifting Interferometer
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Appendix B

B.1 MIR shutdown noise and contrast to noise ratio

The spatial MIR shutdown noise o, is defined as the standard deviation of pixels from a PSOM image acquired
without MIR laser, calculated by:

eq.B1

Where, @, ; is the MIR-phase at pixel index i from the PSOM image, and u is the average of MIR-phase among
N pixels of this PSOM image. Eq. B1 can also be used to calculate the temporal MIR shutdown noise, when ¢, ;

is temporal MIR-phase value of a pixel, from a PSOM video with totally N images.

The contrast to noise ratio (CNR) is defined as the MIR-phase difference between the signal and background
(@signar — Pr¢) divided by standard deviation of the spatial mid-IR shutdown noise o, which takes the value of

0.33 mrad according to Fig. 6-10. CNR is calculated according to:

_ Psignat — PBc
Os

CNR eq.B2
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