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ABSTRACT

Vibrational spectroscopic imaging has become an emerging platform for chemical
visualization of biomolecules and materials in complex systems. For over a century, both Raman
and infrared spectroscopy have demonstrated the capability to recognize molecules of interest by
harnessing the characteristic features from molecular fingerprints. With the recent development of
hyperspectral vibrational spectroscopy imaging, which records the chemical information without
sacrificing the spatial-temporal resolution, numerous discoveries has been achieved in the field of
molecular and cellular biology. Despite the ability to provide complimentary chemical information
to Raman-based approaches, infrared spectroscopy has not been extensively applied in routine
studies due to several fundamental limitations: 1). the poor spatial resolution; 2). inevitable strong
water absorption; 3). lack of depth resolution.

Mid-infrared photothermal (MIP) microscopy overcame all the above mentioned problems
and for the first time, enabled depth-resolved in vivo infrared imaging of live cells,
microorganisms with submicrometer spatial resolution. The development of epi-detected MIP
microscopy further extends its application in pharmaceutical and materials sciences. With the
deployment of difference frequency generation and other nonlinear optical techniques, the spectral
coverage of the MIP microscopy was significantly enhanced to enable chemical differentiation in
complex systems across the broad mid-infrared region. In addition to the efforts to directly improve
the performance of MIP microscopy, a novel quantitative phase imaging approach based on
polarization wavefront shaping via custom-designed micro-retarder arrays was developed to take
advantage of the highly sensitive phase measurement in combination with the photothermal effect.
Besides, the extended depth-of-field and multifocus imaging enabled by polarization wavefront

shaping could both improve the performance of MIP microscopy for volumetric imaging.
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CHAPTER 1. INTRODUCTION

1.1 Label-free chemical imaging based on vibrational spectroscopy

Ever since Robert Hooke invented one of the first compound microscopes and discovered
what he later called ‘cells’ in 1665, biological science has entered the era of cell biology, which
aims to reveal the secret of life by understanding the elemental unit of organisms. Over the
centuries, there has been an increasing demand for advanced microscopic techniques to investigate
the morphology of subcellular structures and organelles. The invention of Kéhler illumination,?
phase contrast microscopy,>® differential interference contrast microscopy* and fluorescence
microscopy® enabled numerous discoveries based on the high quality morphological information.
In the meantime, advances of in vitro analytical tools and methods in analytical chemistry and
biochemistry have also resulted in many milestones in the field of molecular biology.5® However,
cell is a complex micro-factory instead of a vial of molecules, where thousands of organelles,
enzymes, and signaling molecules work collectively to transform elemental molecules to essential
products that sustain the activity of cells and the whole organisms.® To better understand the
intracellular and intercellular biochemical reaction networks, analytical tools that are capable to
extract the chemical information while retaining spatial temporal resolution with minimal invasion
to cells are in need.

Chemical imaging became an emerging field to address the abovementioned problem since
the discovery of green fluorescent protein which revolutionized the fluorescence microscopy and
enabled targeted investigation of certain biochemical reactions in organisms.1%2 From late 90", a
multitude of far-field super-resolution microscopic technique including STED,*15 GSD,*7
RESOLF,'®1° etc. have enabled chemical imaging at nanoscale resolution. Furthermore, efforts
dedicated to the development of novel fluorescent probes have contributed to the rapidly growing
discoveries in oncology,?® neuroscience,?* and microbiology?® related to specifically labeled
proteins and nucleic acids. Despite all the scientific advances enabled by the fluorescence-based
super-resolution microscopy, there are several limitations remaining in the labeling approaches: 1)
the relatively large fluorescent labels are unable to be used to study small molecules such as lipids,

amino acids, and neurotransmitters; 2) labeling could perturb the normal functions of a
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biomolecule or structure; 3).delivery of fluorescent probes to the targeted receptors could be
difficult; 4). external labels can have potential toxicity which hinders applications in in vivo studies.

To circumvent these barriers, label-free chemical imaging based on vibrational spectroscopy
emerged as a promising platform for in vivo studies.?® By harnessing the characteristic features in
vibrational spectra, molecules can be recognized distinctively from others without external labels.
Although both mid-infrared (mid-IR) and Raman spectroscopy can record the “fingerprints” of
molecules, only Raman has been extensively utilized to study live cells or tissues, because the
strong water absorption hampered the application of mid-IR in aqueous mediums. The transition
from vibration spectroscopy is not only integrating a spectrometer to a conventional microscope
but also a continuous pursuit of higher signal-to-noise ratio and faster electronic components in
order to achieve decent performance. Spontaneous Raman microscope, which detects the weak
frequency-shifted scattering photons generated from excited molecules, has come a long way to
achieve millisecond per pixel imaging speed.?* More recently, coherent Raman microscopy such
as coherent anti-Stokes Raman scattering®® and stimulated Raman scattering®® has both
demonstrated video rate imaging by taking advantage of the nonlinear optical processes. In
particular, stimulated Raman scattering has enabled further understanding of the mechanism of
cholesterol ester accumulation in aggressive prostate cancers.?’ However, the extremely small
cross section of the Raman scattering (10°%° cm?/sr) determines that the limit of detection of such
techniques is hard to break through the physical limit. As a complementary approach to probe
chemical bond vibrations, mid-IR spectroscopy, which directly measures the linear absorption of
chemical bonds, has a much larger cross section (102? cm?/sr).?® The resolving power for low
concentration analysis could be improved significantly if mid-IR absorption is utilized as a contrast

mechanism in the investigation of living systems.

1.2 Mid-infrared spectroscopic imaging

Infrared (IR) was first discovered by Frederick William Herschel when he observed that the
temperature increase of a thermometer was the largest when it was illuminated by the far-red
invisible portion of sunlight split by a prism.?° Centuries later, IR spectroscopy has been widely
used to characterize various molecules and W.W. Coblentz built the first high-quality mid-IR
database using a home-built IR spectrometer.3® With the development of molecular orbital theory

in physical chemistry, it was realized that the mid-IR absorption directly represents the vibrations
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of chemical bonds which are the elemental units of all molecules. After the development of Fourier
transform IR spectrometer®® and focal plane array detector,® the applications of mid-IR
spectroscopic imaging has extended to numerous fields including cell biology,*® biomedical tissue
diagnostics, polymeric, forensic samples, and plants.>*3® Most recently, the rapid development of
high quality mid-IR laser source, such as quantum cascade laser (QCL) and optical parametric
amplifier (OPA) laser, has allowed for fast IR measurements with high signal-to-noise ratio.
However, several fundamental limitations have long been hindering the broad applications of mid-
IR spectroscopic imaging in biological and biomedical sciences. First, the long wavelength of mid-
IR provides no better than 5 um spatial resolution, which is already half the diameter of most cells.
Second, strong water band has been a barrier for all direct measurements of mid-IR absorption.
Finally, the linear absorption mechanism results in the loss of depth resolution, which prelude the
mid-IR spectroscopic imaging techniques from multidimensional imaging. To address the
abovementioned problems, a novel mechanism is needed to enable subcellular mid-IR

spectroscopic imaging for live cells and organisms with extraordinary sensitivity.

1.3 Wavefront shaping for enhanced optical imaging

In addition to efforts dedicated to developing new contrast mechanisms for vibrational
spectroscopic imaging, researchers in the field of label-free chemical imaging have also been
exploring innovations to enable lower detection limit, higher sensitivity, and larger throughput.
Wavefront shaping has shown its potentials to improve the performances of optical microscopic
modalities. For instance, wavefront shaping using an optimized phase pupil mask has been
demonstrated to extend the depth-of-field of the imaging system to achieve higher throughput for
multidimensional imaging.3” It is especially useful for nonlinear optical imaging, such as
stimulated Raman scattering, two-photon fluorescence, second harmonic generation, etc., since the
depth-of-field is much smaller compared to that of single photon process. In another example,
active wavefront shaping was performed in real-time with a spatial light modulator to image
through scattering media.® This opens the opportunity for deep tissue imaging which has been
problematic due to strong scattering and deformation of the wavefront induced by the refractive
index mismatch of tissue contents. The field of wavefront shaping has generated numerous creative
approaches to tackle various problems. This dissertation, however, will introduce a wavefront

shaping approach based on polarization spatial modulation to achieve quantitative phase imaging,
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extended depth-of-field, and multifocus imaging by fully exploiting the encoded polarization
information. All of the demonstrations enabled by polarization wavefront shaping have the
potential to benefit the performance of mid-IR spectromicroscopy to provide complementary
approaches to unveil the unknown mysteries in biological systems.

1.4 Dissertation overview

The following chapters of this dissertation includes a collection of works on the development
of the mid-infrared photothermal microscopy (MIP) as well as its applications in biological and
pharmaceutical sciences. This novel infrared spectroscopic imaging approach was demonstrated
in both transmittance and back-reflectance configurations. Attempt to extend the spectral coverage
by implementing new laser source was also covered. Apart from efforts that are directly relating
to the photothermal microscopy, this dissertation introduces several innovations enabled by
polarization wavefront shaping including quantitative phase imaging, depth-of-field extension,
and rapid multifocus imaging, which all have the potential to improve the performance of the MIP
microscopy.

Chapter 2 illustrates the state of art of the depth-resolved MIP microscopy, which achieved
in vivo mid-IR spectroscopic imaging with submicrometer spatial resolution for the first time.
Detailed contrast mechanism as well as the schematics The MIP approach was successfully
demonstrated through selective imaging of endogenous biomolecules and drug molecules
including lipid contents, proteins, and lipase inhibitor in live cells and microorganisms. It also
covers an in-depth discussion of the potential future works to further improve this technique.

The work illustrated in Chapter 3 was based on the fundamental framework in Chapter 1
but moved a step further to achieve the epi-detected MIP microscope for chemical imaging of
opaque samples. Pharmaceutical tablets were used as the testbed to demonstrate multispectral
chemical mapping of active pharmaceutical ingredient as well as abundant excipients with
submicrometer spatial resolution. It promises potential applications of such technique in
pharmaceutical industry for quality control, process analysis, online monitoring, and etc.

Chapter 4 is another extended work on the basis of Chapter 2, which introduces a strategy
to extend the spectral coverage in high-wavenumber region by utilizing differential frequency

generation pumped by existing femtosecond lasers. Such amendment enabled mid-IR
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spectroscopic imaging of deuterated molecules to facilitate the investigation of lipogenesis or
proteogenesis in cells.

The works enabled by polarization wavefront shaping for the enhancement of the
performances of optical microscopy were illustrated in Chapter 5, 6, and 7. Among them, Chapter
5 introduces a novel quantitative phase imaging approach which enables per pixel based optical
phase analysis in a common path scheme by generating multiple axially offset foci. More
importantly, the presented method is compatible with almost any existing optical microscopes,
which opens the opportunity for broad applications in numerous well-developed microscopic
techniques. In particular, its capability to quantify the optical phase (refractive index) with high
sensitivity could potentially be deployed in MIP microscopy to achieve much lower detection limit.
To improve the throughput of multidimensional optical imaging systems, Chapter 6 illustrates a
simple approach to extend the depth-of-field of microscopes via polarization wavefront shaping.
Such approach was demonstrated in a beam-scanning nonlinear optical imaging platform for large
batch crystal screening. The compatibility of this technique should enable its implementation in
various of optical imaging modalities including bright-field, fluorescence, and multiphoton
microscopes. As another demonstration of utilizing the multiple foci generated by polarization
wavefront shaping, Chapter 7 proposes a method for multifocus imaging that could potentially be
beneficial to some community in the field of multiscale imaging. A mathematical framework to
demultiplex the bright field images from three focal planes was built and validated. The illustrated
approach could potentially be applied in more complex imaging modalities such as two photon

excited fluorescence and second harmonic generation microscopy.
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CHAPTER 2. DEPTH-RESOLVED MID-INFRARED
PHOTOTHERMAL IMAGING OF LIVING CELLS AND ORGANISMS
WITH SUBMICROMETER SPATIAL RESOLUTION

A version of this chapter has been published by Science Advances. Adapted with permission
from Zhang, D., Li, C., Zhang, C., Slipchenko, M. N., Eakins, G., & Cheng, J. X. (2016). Depth-
resolved mid-infrared photothermal imaging of living cells and organisms with submicrometer
spatial resolution. Science advances, 2(9), e1600521. Copyright 2016 American Association for
the Advancement of Science.

Label-free chemical imaging of complex samples in biological and materials sciences has
been sought for years. Although mid-infrared spectromicroscopy has made numerous progresses
towards in vivo or in situ imaging, the technique is still restricted to the applications in dehydrated
tissues due to the broad water band across the infrared region. In addition ,direct infrared
transmittance measurement results in the lack of depth resolution making it impossible to perform
multidimensional imaging. Last but not the least, the spatial resolution of conventional mid-
infrared imaging is poor due to the long wavelength. Herein, we report an approach that overcomes
the abovementioned limitations by probing the photothermal effect induced by infrared absorption
using a visible laser. The present mid-infrared photothermal (MIP) microscopy achieved 10 uM
detection limit and submicron lateral resolution, enabling sensitive three-dimensional label-free
chemical imaging. Visualization of lipids, proteins, and drug molecules inside single cells and

living microorganisms were demonstrated.

2.1 Introduction

Infrared (IR) spectromicroscopy has enabled discoveries in various fields including
materials science, oncology, histology, etc.!™* Ever since the early 20th century when the first IR
spectrum database was established by W. W. Coblentz,® IR spectroscopy has come a long way to
achieve diffraction limited chemical imaging with the development Fourier transform infrared
(FTIR) spectrometer,®” IR sensitive focal plane array detectors,® and better IR sources such as
quantum cascade laser (QCL)%'% and synchrotron radiation.!*"*> Among all the advances, QCL
enables rapid wavelength scanning with sub-wavenumber spectral resolution across a broad

bandwidth, which significantly increases the imaging speed without sacrificing the underlying
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chemical information.’® However, several fundamental limitations have hindered IR
spectromicroscopy from further applications in in vivo imaging of complex biological systems.
First, the spatial resolution of conventional IR imaging has not exceeded several micrometers due
to the long excitation wavelength. Second, the broad bandwidth of IR sources results in
wavelength dependence in spatial resolution. Third, light scattering fluctuations induced by sample
heterogeneity as well as broad IR bandwidth have been found to bring inevitable baseline
artifacts.™® Furthermore, the direct measurement of IR transmittance does not provide depth-
resolution. Last but not the least, the strong water absorption across the IR region prohibited the
technique being used for the analysis of biological functions of molecules in living organisms.

These limitations were overcome by introducing the mid-IR photothermal (MIP) microscopy,
in which IR absorption at the focus is probed with a visible light. In particular, the absorbed IR
photons excite vibrational resonances of chemical bonds resulting in a local temperature jump that
alters the refractive index, which affects the divergency of the probe beam. As a consequence, an
intensity fluctuation of the probe beam can be sensitively detected through a dark-field geometry.
Since our MIP scheme utilizes a single wavelength visible laser as the probe beam, it gets rid of
the wavelength dependent artifacts and spatial resolution. The spatial resolution of the microscopy
is only determined by the diffraction limit of the visible probe beam, which is ~10-fold
improvement compared to that of the mid-IR excitation beam. In addition, the pump-probe
mechanism of the MIP approach enables optical sectioning for three-dimensional (3D) imaging,
which is not available by conventional IR imaging that measures the linear-absorption. Since the
attenuation depth in water for both the mid-IR and visible beams are over 100 pm, it is feasible to
apply MIP microscopy in in vitro and in vivo imaging in cell culture medium. Last, owing to the
small temperature dependence of the refractive index'* and relatively large heat capacity, water
generates low MIP signal which improves the signal-to-background ratio for the study of living
cells and small organisms in aqueous medium.

The report of photothermal experiment dates back to the 1960s, in which Gordon et al.
discovered the long transients of refractive index gradient when a liquid cell filled with various
chemicals were illuminated by a He-Ne laser.’®® The photothermal contrast was then
demonstrated using both electronic and plasmonic absorption of visible photons to reveal
subcellular structures.!’” The detection limit of the photothermal approach has also improved to

single nanoparticle!® and single molecule!® level. More recently, with the deployment of a QCL as
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the excitation laser, Furstenberg et al.?® demonstrated chemical imaging of microscale crystals and
polymer coating on microdevices. Mértiri?1-?? and colleagues further performed selective imaging
of proteins (Amide I band) in a dehydrated tissue slice by probing the mid-IR absorption with a
near-IR fiber laser. Later, Li et al. presented photothermal imaging of polystyrene microspheres
(~1.1 pm diameter) and studied the impact of heat capacity of surrounding mediums to the
photothermal signal intensity by conducting the couterpropagation apparatus.?® In the meantime,
there have been some reports on improving the signal-to-noise ratio (SNR) of the MIP spectra
including investigating the nonlinear photothermal process®* and utilizing asymptotic analysis of
the probe power.? In our work, although based on the same contrast mechanism and pump-probe
scheme, we have pushed the performance of the MIP microscope to a historical high that enables
in vivo bond-selective imaging with submicrometer resolution. In the following sections, we report,
to our knowledge, the first demonstration of photothermal imaging of intracellular molecules and
Caenorhabditis elegans (C. elegans) with 0.6 pm spatial resolution and microsecond pixel dwell

time based on IR absorption.

2.2 Methods
2.2.1 Origin of the MIP contrast

In our MIP microscope, the thermal effect is generated from the linear absorption of the mid-
IR photons that are resonant with the vibrational frequencies of endogenous chemical bonds in the
sample. Meanwhile, the heat dissipation to the surrounding medium counter reacts with the heating
process at the focal spot which suppresses the refractive index gradient. Therefore, several physical
property of the molecules and mediums contribute to the refractive index gradient Z—'Tl, including
the absorption cross section o, number density of molecules N, heat capacity of the sample C,, heat

conductivity of the medium «, and the power of the IR beam at the sample P,z. The photothermal

. . . . . . . AP
signal is typically measured as the fluctuations in the intensity of detected probe beam ”T/ D
pr

which can be derived as?®:
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If the power of the probe beam is fixed, the MIP signal can also be written as the modulation

of the probe beam:
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Eq. 2 indicated that the MIP signal is proportional to three independent variables: the number
density of molecules, the power of probe beam and pump beam. For a determined system, in which
the power of each laser beam is known, the MIP microscope is capable to measure the
concentration of a certain molecule quantitatively. It is noteworthy that the relatively large heat
capacity of water [4.18 ] /g - K, compared to that of protein (2.04 /g - K) or lipid (2.02 ] /g - K)
at 303 K 2] results in minimal nonresonant water background in MIP imaging, enabling decent

signal-to-background in aqueous mediums.

2.2.2 Strategies to improve the SNR

Despite the small absorption cross section of mid-IR compared to that of visible photons,
three strategies were used in the present work to improve the SNR of the MIP microscope. First,
the microscope was built in a dark-field geometry to reduce the background level and maximize
the intensity fluctuation of the detected probe beam as shown in Figure 2-1 A and B. Second, we
modulated the mid-IR pump beam and deployed phase-sensitive synchronized detection using a
lock-in amplifier to filter out-of-phase noises. Third, a high-Q factor resonant amplifier (Figure 2-
1 C) was designed and fabricated to selectively amplifies the modulated probe intensity fluctuation
at the QCL repetition rate while suppressing electronical noises with different frequencies. The
resonant amplifier was based on a previous work in our group demonstrating a narrow-band
amplifier at the frequency of a few megahertz for stimulated Raman scattering imaging.?® In order
to determine the resonant frequency of the circuit for optimized MIP microscope, we first
measured the frequency dependence of the laser noise and MIP signal level. As shown in Figure
2-1E, the SNR increases as the modulation frequency decreases. However, lower frequency results
in longer data acquisition time. We chose a modulation frequency of 100 kHz as a trade-off
between SNR and imaging speed. The manufactured resonant circuit has a central frequency at
102.5 kHz and a bandwidth of 1.44 kHz, leaving the Q factor as 71.2 with tunable gain ranging
from 10 to 1000 (Figure 2-1 D). The abovementioned strategies collectively ensured high-
performance MIP microscopy.
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Figure 2-1 Strategies for improved SNR of MIP microscopy. (A) Probe beam propagation through
the sample via a dark-field objective (not to scale; condenser was omitted for simplicity). PD,
photodiode; IR, infrared. (B) The probe beam propagation is perturbed by the addition of an
infrared pump beam due to infrared absorption and the development of a thermal lens. (C)
Photograph of the resonant amplifier used for MIP imaging. Coin is placed for reference. (D)
Frequency response of the tunable resonant amplifier. The -3 dB bandwidth indicated by the
arrows is measured to be 1.44 kHz. The calculated Q-factor is 71.2. (E) Frequency dependence of
MIP signal, laser noise, and signal-noise-ratio. Arrow indicates the frequency chosen to fabricate
the resonant amplifier.

2.2.3 Schematic of the MIP microscope

The schematic of the MIP microscope is shown in Figure 2-2. The mid-IR pump laser is a
QCL operating at 102.5 kHz repetition rate with an average power of 2 mW delivered to the sample
plane (Block Engineering, LaserTune LT2000). The QCL output ranges from 1345 cm™ to 1905
cm with 0.2 cm™ spectral resolution. A pair of off-axis parabolic mirrors were used to expand the
mid-IR beam to match the back aperture of the objective lens to maximize the numerical aperture
(NA). The visible probe laser is a continuous-wave diode laser with an output wavelength at 785
nm (Thorlabs, LD785-SE400). After beam expansion, the mid-IR and visible beams were
combined at a silicon-based dichroic mirror (Edmund Optics, #68654) and sent to an inverted
microscope (Olympus, 1X71). A small portion of the QCL power was reflected by the dichroic
mirror to a mercury-cadmium-telluride detector (Vigo Inc., PVM-10.6) to monitor the wavelength-

dependent mid-IR laser power in real time, which serves as the reference for IR spectra
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normalization in quantitative analysis. A Cassegrain objective lens with gold coating (52> NA
0.65, Edmund Optics #66589) was used to focus both the IR and visible at the sample plane without
chromatic aberration. The samples were placed on a sample scanning stage (Mad City Labs, Nano-
Bio 2200) with a maximum scanning speed of 200 ms per pixel. The probe beam was collected
through a condenser lens (NA 0.55) with tunable aperture and directed to a silicon-based
photodiode (Hamamatsu, S3994-01), whose signal was selectively amplified by the resonant
amplifier. The pre-amplified photothermal signal was then sent to a digitized lock-in amplifier
(Zurich Instruments, HF2LI) for phase-sensitive detection of the MIP signal. The inset of Figure

2-2 shows the electronic communications for synchronized measurement.

Figure 2-2 Schematic of the MIP microscope. A pulsed mid-infrared pump beam is provided by a
QCL, and a continuous probe beam is provided by a visible laser, both of which are collinearly
combined by a silicon dichroic mirror (DM) and sent into a reflective objective. The residual
reflection of the infrared beam from the dichroic mirror is measured by a mercury cadmium
telluride (MCT) detector. The probe beam is collected by a condenser with a variable iris and sent
to a silicon PD connected to a resonant amplifier (RA). Inset: The photothermal signal is
selectively amplified by the RA and detected by a lock-in amplifier (L1A). A computer is used for
control and data acquisition. OAPM, off-axis parabolic mirror.
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2.2.4 Materials and sample preparation

All samples were sandwiched between calcium fluoride (CaF.) windows (&2 mm, Eksma
Optics, 530-6121) to ensure the transmittance of mid-IR photons. For spectral fidelity experiments,
a polystyrene IR standard film (International Crystal Laboratories, 0009-8181) and a bottle of olive
oil were used to compare the spectra acquired on both the MIP microscope and an attenuated total
reflection FTIR (ATR-FTIR) spectrometer (Thermo Nicolet).

For the limit-of-detection (LoD) evaluation, we designed a flow cell which consists of two
borosilicate capillary tubes sandwiched by two pieces of the CaF, widows. The boundary was
confined by #1 cover classes stitched by silicone encapsulant (Dow SYLGARD 182). The flow
cell was mounted on the sample stage to investigate the LoD of the MIP microscope. We used a
syringe to inject y-valerolactone (Sigma-Aldrich, W310301-1KG-K) at carbon disulfide (CS»)
solution with a flow rate at 1 mL/min. The concentration of y-valerolactone was calculated based
on the volume of solvent and analyte used for sample preparation. The MIP signal intensities for
each measurement were calculated using the integrated area of the 1775 cm™ peak after baseline
(solvent spectrum) subtraction.

To determine the spatial resolution of the MIP microscope, 500 nm PMMA microspheres
(Phosphorex, #MMAS500) were dispersed in deionized water and spread on the surface of CaF>
window for MIP imaging. The concentration of the PMMA suspension was controlled at ~0.1%
wt/wt to obtain isolated microspheres. To measure as many data points as possible, the step size
was set at 10 nm and the pixel dwell time was 50 ms.

Live cell imaging on the microscope were performed with two types of cell lines, PC-3 and
MIA PaCa-2 respectively. All cells used in the present work were cultured on our home-built petri
dishes modified with CaF.-bottom. The PC-3 cells were cultured for 1 day before MIP imaging.
The MIA PaCa-2 cells were cultured in normal medium for the first 12 hours before adding the
inhibitor for monoacylglycerol lipase, JZL-184, and maintain the concentration as 20 uM for
another 12 hours. All cell culture dishes were rinsed with phosphate buffered saline for three times
prior to MIP imaging. To achieve higher SNR, the saline can be replaced by 0.9% NaCl/D20
solution. In practical experiments, the pixel dwell time was set as 1 ms for PC-3 and 500 ps for
MIA PaCa-2 cells.

Wildtype C. elegans was cultured in liquid medium until mature. For MIP imaging, live C.

elegans was treated with 200 mM sodium azide solution for anesthesia. Then the worms were
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transferred to the CaF>-bottom petri dishes and sandwiched between the #0 cover glass and CaF2
widow. To maintain the worms alive, phosphate buffered saline was added in the dish during the
whole experiment. The pixel dwell time was set as 500 ps to achieve a relatively higher imaging

speed.

2.2.5 Image analysis

We utilized ImageJ (National Institute of Health) to analyze all MIP images. For the spatial
resolution analysis, both the horizontal and vertical line profiles of MIP signal intensities were
plotted at the center of the PMMA microsphere. The intensity profiles were fitted to a Gaussian
function in OriginLab to determine the full-width at half-maximum (FWHM) of the microsphere,
which was considered as the spatial resolution of the system. The 3D reconstruction of the PC-3
cells was generated by importing the z stack to the 3D viewer plugin in ImageJ.

For the multivariate analysis of multispectral MIP imaging of MIA PaCa-2 cells, the x-y-A
stack was saved as raw data and analyzed in MATLAB (MathWorks Inc.) using the multivariate
curve resolution-alternating least squares (MCR-ALS) toolbox. The output of the MCR-ALS
analysis were the concentration map and the spectrum of each component exhibited in two
matrices. The concentration matrix was refolded as a stack of images while the spectral matrix was
plotted at corresponding frequencies.

The chemical imaging of C. elegans consisted of 18 individual images with 200>200 pixels.
We used the Mosaic plugin in ImageJ to stich elemental images together. To improve the visual
clarity, random noise, which has the same mean and standard deviation as that of the background

of the elemental images, was added to the blank area in the stitched image.

2.3 Results
2.3.1 Spectral fidelity and LoD of the MIP spectromicroscopy

The spectral fidelity of the MIP spectromicroscopy was assessed by comparing the MIP
spectral profiles to that of the reference spectra acquired using an ATR-FTIR spectrometer. As
illustrated in Figure 2-3 (A-C), all raw MIP spectra were normalized by the laser power of the
QCL at each wavenumber across the spectral window. To achieve optimal SNR, purging dry N>

prior to the measurement suppresses the ambient water absorption significantly (Figure 2-3D). The
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MIP and FTIR spectra of polystyrene and olive oil were shown head-to-head in red and black lines
in Figure 2-3 E. The MIP spectra of both samples exhibit good consistency with that acquired with
conventional FTIR.

To know the LoD of our MIP approach, we measure the strong carbonyl band (C=0, peak
appears at 1775 cm™1) vibration of y-valerolactone/CS; solution. The analyte was prepared by serial
dilution ranging from 10 uM to 100 mM. As the calibration curve shown in Figure 2-3 F, the LoD
of our MIP approach for carbonyl band was 10 uM with ~2 mW mid-IR power and ~10 mW probe
power delivered to the sample. Note such LoD is out of the reach of the complementary vibrational
spectroscopy technique, Raman scattering. To the best of our knowledge, the detection limit of
stimulated Raman scattering was no less than 200 uM with a laser power of 120 mW for the pump
and 130 mW for the Stokes beam.?® By comparison, the MIP approach is roughly 10° times more
sensitive than techniques based on Raman scattering.

2.3.2 Characterization of the spatial resolution of the MIP microscope

The spatial resolution of the MIP microscope was evaluated by extracting the point spread
function from single color MIP imaging of a PMMA microsphere (2500 nm) at 1730 cm™ as
shown in Figure 2-4. The measured FWHM along horizontal and vertical directions were 0.63 um
and 0.61 pm respectively. It is noteworthy that the excitation 1730 cm™ mid-IR beam has a
diffraction limit of 5.5 um through the same Cassegrain objective (NA 0.65) lens, which is the best
spatial resolution that can be achieved with a conventional far-field mid-IR microscope. Such a

result indicated a 9-fold improvement in spatial resolution enabled by the MIP approach, which
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will provide the opportunity for chemical imaging of nanoscale materials and subcellular structures

with vibrational spectroscopy.

A (& E 4l ——MPint.
i ——FTIR abs.}0.2__
0.03] . ﬂ"lﬂ““’hf( ‘} = o 3
_ 3 000 IMUIR| 3 Polystyrene -
2 Il = e W L) +0.04
g 002 Il | 3 "‘w;‘”,% ‘A{‘IH < 04 ©
. | ol Al I =
3 {1l g ooos | |7 I .W" 250+ =
© oo || £ I\ i s 25
| 1 — \/
YA A b . Olive oil
WA AN . AN 0.000 25
0.00- N Lo
1400 1500 1600 1700 1800 1400 1500 1600 1700 1800 0, T T y v
Wavenumber (cm™) Wavenumber (cm™) 1400 1500 1600 1700 =4 1800
Wavenumber (cm™)
B D F
40] 4
i~ 10+
35/ :\ ,I _oots /‘/ ~ 0 0.0
~ 30 4 ¥ 3
e 25 ,' ‘ I g ooy M \ E »
& 201 ||| 2 P d \ / o 10%4
s 1] | 2 o005 “\ =
s 10{ |||l i £ \ / 10"
o5y ULl W F - \/
0ol ot i AN AL 0.000 10°1
sl . i ‘ i ' . i . i : . ; . .
1400 1500 1600 1700 1800 1400 1500 1600 1700 1800 0.01 0.1 1 10 100
Wavenumber (cm™) Wavenumber (cm™) Concentration (mM)

Figure 2-3 (A) Raw MIP spectrum of polystyrene film. (B) Infrared power across the spectral
window, recorded by the MCT detector. Negative spikes in the curve are due to water vapor
absorption. (C) MIP spectrum after power normalization. The power drop at around 1629 cm™ are
due to the gap between two laser tuners. (D) Infrared power profile when the system is being
purged by dry nitrogen. This step can eliminate the errors caused by the water vapor absorption.
(E) Spectral fidelity. Comparison of MIP spectral profiles (red) and FTIR spectra (black) of
polystyrene film (top) and olive oil (bottom). The FTIR spectra were acquired by an attenuated
total reflection FTIR spectrometer. The spectra are offset for clarity. The MIP signal was
normalized by the QCL power measured simultaneously via the same lock-in amplifier. Note that
the unit for FTIR spectra is percent absorption, rather than the conventional absorbance, so that it
is proportional to the infrared energy absorbed by the sample. int., intensity; abs., absorption; a.u.,
arbitrary units. (F) Sensitivity. MIP signal of y-valerolactone in carbon disulfide at various
concentrations. Inset shows the molecular structure. The limit of detection is found to be 10 uM
when the SD is equal to the solution-solvent difference. The time constant of the lock-in amplifier
was set to 50 ms, and the spectral scanning speed was set to 50 ms.
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Figure 2-4 Spatial resolution. MIP imaging of a 500-nm PMMA bead. The horizontal and vertical
intensity profiles are plotted at the bottom and on the right side of the image. The measured FWHM
is 0.63 and 0.61 mm, respectively. Pixel dwell time, 5 ms.

2.3.3 Multiscale MIP imaging of lipids in live cells

Based on the characterization of the MIP microscope, we further demonstrated label-free
chemical imaging of endogenous intracellular molecules in live PC-3 cells. Since intensified
lipogenesis has been reported as one of the biomarkers for aggressive prostate cancer,*® we
performed 3D MIP imaging of lipid droplets to evaluate the lipid storage in PC-3 cells. The optical
sections from three selected focal planes are shown in Figure 2-5(A-C). We also measured the line
profile of a single lipid droplet showing a FWHM of 0.83 um (Figure 2-5D), which was consistent
with the hypothesis that the MIP microscope could remain submicrometer resolving power in live
cell imaging. The 3D reconstruction of the investigated PC-3 cell was produced from a z-scanning
stack with the excitation wavelength fixed at 1750 cm™ (Figure 2-5E), showing spatial distribution
of individual lipid droplets. In addition, we showed that no MIP contrast was observed when the
QCL was tuned off the resonant frequency (1850 cm™) of endogenous chemical bonds in cells
(Figure 2-5F). This is by far the first report of 3D chemical imaging of living cells via mid-IR

spectroscopy contrast mechanism.
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Figure 2-5 3D MIP imaging of lipids in live cells. (A to C) Depth-resolved MIP imaging of PC-3
cells at the 1750 cm™ C=0 band at different Z positions. (D) The line profile indicated in (A),
showing an FWHM of 0.83 pum of a small lipid droplet. (E) The reconstructed 3D view of the same
cell, showing individual lipid droplets over the cell body. (F) Off-resonance image at 1850 cm ™,
showing no contrast. Pixel dwell time, 1 ms. Scale bars, 20 um.

2.3.4 Multispectral MIP imaging of intracellular molecules

We also demonstrated multispectral MIP imaging of living cells to visualize the drug
molecules and lipids by taking advantage of the rapid spectral tuning capability of the QCL. The
drug being studied was a monoacylglycerol lipase inhibitor JZL184, which was found to be
capable to suppress the migration of cancer cells in previous reports.3! However, the intracellular
uptake, transportation, and metabolism was not investigated. The infrared spectrum of JZL184
indicates three characteristic peaks at 1420, 1480, and 1720 cm™ (Figure 2-6A, top curve). The
MIA PaCa-2 cells were treated with JZL184 for 12 hours and maintained in D20 saline solution
prior to MIP imaging. A total of 9 MIP images were acquired at the following wavenumbers: 1380,
1400, 1480, 1700, 1720, 1724, 1750, 1800, and 1850 cm™. We implemented the MCR-ALS
algorithm to perform quantitative analysis and retrieve the spectral profiles and the concentration
map of both JZL184 and the lipids (Figure 2-6B, C). The retrieved spectral points from MCR
analysis showed excellent agreement with the corresponding FTIR spectra (Figure 2-6A). As
expected, the JZL. 184 concentration map were distinctively different from that of the lipid droplets.
The drug molecules were concentrated at the nucleoplasm since its intracellular receptor,

monoacylglycerol lipases locate mainly in the cell nucleus. On the contrary, the lipid droplets are
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mostly distributed in the cytoplasm to assist cell metabolism. The visualization of JZL184 in MIA
PaCa-2 cells provides spatial-temporal information of the drug-cell interactions, enabling more

insights into the understanding of anti-cancer drugs based on lipogenesis pathway block.
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Figure 2-6 (A). IR spectra of JZ-184 (top) and lipid content (bottom). A stack of MIP images
acquired at 9 different frequencies were analyzed with MCR-ALS to generate the intracellular
distribution of the drug molecule (B) and lipid droplets (C).

2.3.5 Invivo MIP imaging of living C. elegans

As the last demonstration, we explored the potential of the MIP microscope in in vivo
chemical imaging of microorganism (Figure 2-7). The lipid contents were imaged with the
excitation wavelength at 1750 cm™ (Figure 2-7A) corresponding to the carbonyl band, whereas
the proteins were mapped using the 1645 cm™* (Figure 2-7B) amide | band. We also collected the
single point MIP spectra at 3 marked locations in the map. Point 1 represented lipid droplet and
the spectrum showed a strong peak at 1750 cm™ (Figure 2-7C). Although the profiles of IR spectra
of protein and water are alike in the amide | region, significant intensify difference was observed
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in the MIP spectra at 1650 cm™ (Figure 2-7E, F). We further investigated the imaging depth of the
MIP microscope in C. elegans to be 80 um by performing depth-resolved MIP imaging. All these
results proved the capability of MIP microscopy for in vivo mid-IR imaging of small organisms

collectively.
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Figure 2-7 In vivo MIP imaging of lipid and protein in C. elegans. (A) MIP imaging of the worm
body at the 1750-cm™* lipid C=0 band. 1, Lipid droplet. (B) MIP imaging of the same area at the
1655-cm™? protein amide | band. 2, Worm body; 3, medium. (C to E) Pinpoint spectra of locations
1, 2, and 3, as indicated in (A) and (B). Blue and red lines indicate the wavelengths used in (A)
and (B), respectively. Pixel dwell time, 500 ps. Scale bar, 200 um.

38



2.4 Discussion

Vibrational spectromicroscopy has become an emerging field in the branch of biomedical
imaging since it utilizes the endogenous vibrational fingerprint as the signal and preserves the
biofunctions of intracellular molecules.®? In this chapter, a novel mid-IR spectroscopic imaging
system based on photothermal contrast was demonstrated. The micromolar LoD, submicrometer
spatial resolution, as well as depth resolving power, collectively enabled label-free imaging of
endogenous biomolecules and drug molecules in living cells and microorganism. With the
development of advanced mid-IR laser sources, the MIP approach is capable to cover a broader
spectral window to utilize the established mid-IR spectrum database in the past century. The
abovementioned advantages promise numerous applications in both fundamental sciences and
industrial productions including research fields of biological, pharmaceutical, and materials.

Identifying the experimental factors that could affect the spatial resolution of the system has
been an eternal topic in the field of optical microscopy, including photothermal imaging. One of
the well-studied factors is the density of hot spots in the focal volume, since the thermal dissipation
accounts for most resolution degradation in photothermal measurements. Baffou et al. have
reported a model by investigating patterned metallic nanostructures with designed intervals.33* In
their experiments, both the pump and the probe beams were visible lasers which have similar focal
volumes, whereas the photothermal lensing effect was mainly induced by the medium that was
heated by the dissipated thermal flux from the focus. By defining a dimensionless parameter ¢ =
p?/(PR) describing the situation where N particles with an average diameter of R and distance of
p were distributed in the range of P, the model predicted that the thermal gradients generated from
adjacent heat spots start to overlap and result in worse spatial resolution when ¢ <« 1. In the case
of our MIP microscope, the model lacks universality due to the fact that the mid-IR pump beam
focal spot is about 10 times the size of the visible probe beam spot. In our case, water is the
dominating medium in the samples studied by MIP microscope while its weak photothermal
contribution minimizes the interference signal generated from environment and the adjacent heat
spots. Thus, the spatial resolution of the MIP microscope is hardly affected by the same effects.
Experimental evidence has been found in Figure 2-5 and Figure 2-7 where the lipid droplets in the
field of views were well resolved with the ¢ value of both 0.81 and 2.16.

It is worthwhile to discuss the potential strategies to further improve the imaging speed and

LoD of our MIP approach. First, the imaging speed of the current scheme is limited by both the
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scanning speed of the sample stage and the SNR. The sample stage has a minimum pixel dwell
time of 200 ps which is far from enough for video rate imaging. We expect a significant speed
boost with the implementation of beam scanning apparatus. In addition, wide-field MIP imaging
has been demonstrated by Bai et al. when this chapter is written.®® To enhance the SNR of the
current system, the most intuitive approach is to increase the laser power delivered to the sample
plane since the pump and probe power in our MIP microscope was only ~2 mW and ~10 mW
respectively. With new laser sources providing much higher power and broader spectral window,
the MIP microscopy can be deployed to study much more biological processes in cells. Such work
is described in Chapter 4.
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CHAPTER 3. MID-INFRARED PHOTOTHERMAL IMAGING OF
ACTIVE PHARMACEUTICAL INGREDIENTS AT SUBMICROMETER
SPATIAL RESOLUTION

A version of this chapter has been published by Analytical Chemistry. Reprint with
permission from Li, C., Zhang, D., Slipchenko, M. N., & Cheng, J. X. (2017). Mid-infrared
photothermal imaging of active pharmaceutical ingredients at submicrometer spatial resolution.
Analytical chemistry, 89(9), 4863-4867. Copyright 2017 American Chemical Society.

Chemical imaging with sufficient spatial resolution to resolve microparticles in tablets is
essential to ensure high quality and efficacy in controlled release. The existing modalities fall short
in either time consuming, poor spatial resolution, or low chemical specificity. Here, we
demonstrate an epi-detected mid-infrared photothermal (epi-MIP) microscope at a spatial
resolution of 0.65 pm. Providing identical spectral profiles as conventional infrared spectroscopy,
our epi-MIP microscope enabled mapping of both active pharmaceutical ingredients and excipients

of a drug tablet.

3.1 Introduction

Pharmaceutical tablets, as one of the most consumed oral solid dosage forms across the
world,! are composed of active pharmaceutical ingredients (API) that have biological activities
and excipients that are inert but assure the pharmacological performance of API. The potency of
medicine mainly depends on the formulation, particle size, and content uniformity. So far, it is still
hard to control these properties at a low dosage of contents.? The bioactivity of APl could be
altered by inhomogeneous distribution or deformation of pharmaceutical particles, not to mention
drug counterfeiting, which may be deleterious to patients. To produce high-quality medicines, it
is essential to monitor and visualize the API and excipients in tablets in the quality control process.
Specifically, as controlled release becoming an emerging trend in pharmacy, the size of API and
excipients particulates are being made from the order of 100 pm down to submicrometer and
nanometer scale, making the current bulk imaging methods unable to cope with the new trend in
the production line.3* As an example, high resolution chemical mapping of amlodipine besylate
tablets from different vendors5 revealed heterogeneity differences in submicrometer scale between

Pfizer and Ethex tables (Note the Ethex tablets was later recalled by FDA due to quality issues).
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Therefore, an increasing demand for high resolution imaging methods with chemical selectivity
has arisen.

Various non-optical imaging methods have been developed to address the above-mentioned
challenge. Time-of-flight secondary ion mass spectrometry imaging ionizes and analyzes
molecules over a spot of ~1 pm, which has excellent chemical specificity and limit of detection.®
X-ray powder diffraction analysis’®and X-ray microtomography® provides crystalline properties
and element mapping, with a limit of detection sensitivity at the level of typically 1%. Nuclear
magnetic resonance imaging is a noninvasive method elucidating the structure of molecules,® with
a long analysis time (order of 10 minutes). Terahertz imaging measures the thickness of tablet
coating with a penetration depth of 0.45 mm but low spatial resolution 0.15 mm.! These imaging
approaches were not adopted by industry due to low throughput.

Alternatively, optical imaging has the potential to provide high speed, sub-micrometer
resolution, and chemical specificity. Toth et al. combined second order nonlinear optical imaging
and two-photon fluorescence to deliver fluorescent API imaging in powdered blends with common
excipients.’? Besides, vibrational spectroscopy based imaging, which probes the intrinsic
molecular vibration, provides rich chemical information and are widely used in industry.
Commonly used vibrational imaging modalities are based on Raman scattering, near-infrared
(NIR), or mid-infrared (MIR) spectroscopy.®* NIR and Raman imaging have been applied to
analyses of pharmaceutical formulations and/or counterfeit owing to advantages such as little/no
sample preparation, chemical selectivity, and nondestructive measurement.1*® However, the
spectral bands used in NIR spectroscopy, mostly overtone absorption, are broad, weak, and usually
severely overlapped, resulting in low chemical specificity.?® Spontaneous Raman scattering has
relatively high chemical specificity but is a feeble effect (Raman cross section on the order of 10-
30 cm?/sr), thus requires long integration time (>30 h per 500 > 500 hyperspectral image).?
Although recent progress of epi-detected coherent Raman scattering microscopy has demonstrated
fast imaging of tablet sections and dissolution of drug molecules,>??23 the cost and complexity,
along with small Raman cross section, limited further adoption of the technique. In contrast, MIR
imaging appreciates 100 million times larger absorption cross section (typ. 10-22 cm?/sr), and has
shown applications in pharmaceutics, including APl mapping and counterfeit tablet
investigation.?*?° Yet, the relatively poor spatial resolution and low reflectance of MIR light

prohibited its wide use for pharmaceutics.
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In this paper, we report a compact mid-infrared photothermal microscope for imaging tablets
at sub-micron spatial resolution. Photothermal microscopy, first reported in the early 1980s,%°
detects the photothermal lensing effect induced by the absorption of pump beam at focus using
another probe beam. Modalities based on electronic or plasmonic absorption have been
demonstrated for single nanoparticle and single molecule imaging.?’?® The deployment of a MIR
beam as pump and a visible or NIR beam as probe was realized lately. Furstenberg et al.?®
demonstrated a back-detected photothermal microscope pumped by a mid-infrared quantum
cascade laser (QCL). To further improve the spatial resolution, Li et al.*® adopted a counter-
propagation modality and applied a high NA objective for the visible probe beam. As a result, they
obtained photothermal images of 1.1 pm polystyrene beads in three different solvents. With an
increased signal to baseline ratio, Mé&tiri et al.3* performed photothermal imaging of dried tissue
slices. Nevertheless, the spatial resolution and sensitivity were not sufficient for detection of sub-
micrometer features within a cell.

We recently demonstrated a forward-detected mid-infrared photothermal (MIP) microscope
with 0.6 i spatial resolution and 10 M sensitivity, which allowed MIR imaging of living cells
and organisms.32 Our MIP micro-scope exploits a resonant amplifier that selectively probes the
photothermal signal at the repetition rate of the pulsed IR laser. We showed that the MIP signal is
linearly proportional to the number density of molecules and the power of each beam, which makes
MIP a quantitative approach.®> Herein, we demonstrate sub-micrometer imaging of API and
excipients microparticles in tablets by an epi-detected MIP microscope.

3.2 Methods
3.2.1 Components of the epi-detected MIP microscope

A pulsed quantum cascade laser (Block Engineering, LaserTune LT2000) operated at 100
kHz repetition rate and ~ 2 mW average power provided the tunable (ranges from 1345 to 1905
cm1) mid-infrared (MIR) pump beam. Meanwhile, a continuous-wave 785 nm laser (Thorlabs,
LD-785-SE-400) was used as the probe beam. Both beams were combined at a long pass dichroic
mirror (Edmund Optics, #68654) and, then, sent to an inverted microscope (Olympus, IX-71)
installed with a gold-coated reflective objective lens (52> NA, 0.65; Edmund Optics, #66589).

All samples were placed on a piezo scanning stage (Mad City Labs, Nano-Bio 2200) with a
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maximum scanning speed of 200 ps/ pixel. The residue of MIR beam generated at the dichroic
mirror was guided to a room temperature mercury cadmium telluride (MCT) infrared detector
(Vigo Inc., PVYM-10.6) to monitor the infrared power. To detect the backward propagated MIP
signal, a polarizing beam splitter (Thorlabs, PBS122) was placed in the path of probe beam to
transmit the linearly polarized light and reflect the polarization scrambled epi-MIP signal to the
detector. When the sample is reflective, such as samples on a reflective mirror, a quarter-wave
plate (Thorlabs, WPQO5M-780) is needed to induce a 90<polarization change to the backward
signal to be coupled out. The detector was a silicon photodiode (Hamamatsu S3994-1). The
photocurrent produced by the detector was amplified by a laboratory-built resonant circuit
(resonant frequency at 103.8 kHz, gain 100) and then sent to a lock-in amplifier (Zurich
Instruments, HF2LI) for phase-sensitive detection. The power spectrum of MIR beam was
acquired by MCT via another lock-in amplifier input channel. It was used to normalize the epi-

MIP signal to obtain the absorption spectrum of samples.

3.2.2 Fourier-transform infrared spectra measurement

To validate the spectral fidelity of the epi-detected MIP microscope, FTIR spectra of
chemicals were acquired using conventional IR spectrometer as well. Samples were measured on
an attenuated total reflection (ATR) FTIR spectrometer (Thermo Nicolet Nexus) with diamond as
the internal reflection element. The spectra were acquired after the internal baseline correction
with a blank sample. The spectra were recorded using the built-in software interface.

3.2.3 Samples

The polystyrene film was a standard FT-IR test film (International Crystal Laboratories,
0009-8181). The Tylenol tablet was Tylenol Extra Strength, 500 mg of acetaminophen each (~83
wt%/wt). The pure chemicals including acetaminophen (analytical standard), corn starch
(analytical standard), polyvinylpyrrolidone (analytical standard), and sodium starch glycolate

(type A, pharmaceutical grade) were all purchased from Sigma-Aldrich.
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3.3 Results and discussion
3.3.1 Schematic of the microscope

Figure 3.1 shows the schematic of our epi-MIP setup (details in the Experimental Section).
Being different from the setup in ref. 32, we placed a polarizing beam splitter to the probe beam
path to transmit the linearly polarized probe beam to the sample and reflect the backward
propagated signal to the photodiode. To acquire an epi-MIP image, a sample was raster scanned
on a piezoelectric scanning stage and the epi-MIP signal was recorded as a function of sample

position. A computer was used to synchronize QCL tuning, stage scanning, and data acquisition.
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Figure 3-1 Schematic of the epi-MIP microscope. A pulsed QCL source provides the MIR beam
and a continuous wave visible laser is used as the probe beam. Both beams are combined
collinearly by a silicon dichroic mirror, and then sent into a reflective objective. The residue of
MIR is monitored by a mercury cadmium telluride (MCT) detector. The backward propagated
probe beam is reflected by a beam splitter and sent to a silicon photodiode (PD).

3.3.2 Characterization

We first explored the spectral fidelity of epi-MIP signals by comparing the epi-MIP
spectrum of a 60 um polystyrene film to that from an attenuated total reflection (ATR) FTIR
spectrometer (Figure 3.2A). The epi-MIP spectrum showed good agreement with the FTIR
spectrum, notably for the phenyl ring semicircle stretching modes at 1450 and 1490 cm ™. The
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1450 cm* peak is also contributed by the backbone CH scissors deformation. Note the ATR-FT-
IR spectra require ATR correction to avoid the distortion of band shapes and relative peak
intensities induced by the ATR process. In contrast to ATR-FTIR, the epi-MIP spectra do not need
such baseline correction, which simplifies data processing and reduces calibration errors.

We then examined the spatial resolution of our epi-MIP microscope by measuring the sharp
edge response of a 1951 USAF test target. A thin film (<5 pm, determined by Newton ring method)
of olive oil was sandwiched by a CaF plate and the resolution target. The MIP signal from the oil
film, carried by the probe light, was reflected by the coating of the target, immediately at the oil
film, into the detector, which mimics the condition with real samples. Even though the infrared
light heated up a large area, only the small area of the probe light focus generated MIP signal. Note

the chrome coating did not generate MIP signal.
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Figure 3-2 Characterization of the epi-MIP microscope. (A). Comparison of epi-MIP spectral
profiles (red) and FT-IR spectra (black) of polystyrene film. The spectra were offset for visual
clarity. (B) Epi-MIP image of the element 5 of group 5 on a positive 1951 USAF test target. The
1st order derivative of the profiles of the horizontal (red) and vertical (blue) lines are plotted at the
bottom. The measured FWHM is 0.69 and 0.65 pum, respectively. Pixel dwell time: 1 ms. Scale
bar: 20 pm.

The result is shown in Figure 3.2B. We took the first derivative of the marked line profiles
in the MIP image and fitted the derivative data points with a Gaussian function. It is noteworthy
that the diffraction limit of 1742 cm™* MIR beam is 5.5 um focused by our 0.65 NA objective.
However, our measured full width at half-maximum (FWHM) was 0.69 um horizontally and 0.65
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um vertically. By comparison, even installed with a high NA (~2) germanium ATR-objective, the
ATR-FT-IR microscope can hardly resolve features smaller than 4 pm in tablet sections.® The 6-
fold improvement of spatial resolution enabled us to acquire MIR spectra of a single

pharmaceutical microparticle.

3.3.3 Tablet imaging

After the above characterizations, we deployed the epi-MIP microscope to identify and
visualize the API and excipients in real tablets. As one of the most consumed pain relief in the US,
the Tylenol tablet was used as a test bed. The API is acetaminophen, whose MIR spectrum has
characteristic peaks at 1500 cm™* (phenyl ring semicircle stretching modes) and 1666 cm™ (amide
). Besides, three of the most abundant excipients include corn starch, polyvinylpyrrolidone (PVP),
and sodium starch glycolate (SSG). As shown in Figure 3.3, the molecular structures indicate that
these three excipients show characteristic peaks at C—H bending mode (corn starch), amide | band
(PVP), and carboxylic acid C=0 stretching mode (SSG), respectively. On the basis of the
knowledge above, we can identify and differentiate those substances referring to the epi-MIP

signal at different excitation wavelengths within our QCL tunable range.
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Figure 3-3 The structures of selected molecules in Tylenol. (A): acetaminophen, (B): starch (corn),
(C): PVP and (D): starch glycolate (the acid form of sodium starch glycolate).
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We first performed single color epi-MIP imaging of the Tylenol tablet at 1502 cm™ to
visualize the API distribution. The tablet was sectioned at the center and mounted on scanning
stage for imaging without other preparation. Figure 3.4A shows that particles containing API
(bright spots) were uniformly distributed in the 190 x 190 um? region with some large clusters. In
general, the API particles should be closely surrounded by excipients particles, which means the
dark regions on our API map should be excipients dominant. To prove this hypothesis, we obtained
pinpoint epi-MIP spectra at three different positions as shown in Figure 3.4B. Points 1 and 2,
whose pinpoint spectra indicate that API is the dominant molecule, were selected from the bright
regions in Figure 3.4A. By comparison, point 3, which is the dark point on the APl map, shows a
distinct pinpoint spectrum from the other points, indicating that starch, PVP, and SSG are more
abundant than the API. To confirm the species assigned from pinpoint spectra, we collected ATR-
FTIR spectra of the API and excipients for comparison as shown in Figure 3.4C. The characteristic
peaks we employed for chemical identification were all in good agreement with the ATR-FTIR

spectra.
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Figure 3-4 ldentification of different species in Tylenol tablet. (A) Epi-MIP imaging of tablet
obtained at 1502 cm-1 API benzene band. (B) Pinpoint spectra of locations 1, 2 and 3, as indicated
in A. Red, blue and orange lines indicate 3 different substances’ characteristic absorbance bands
respectively. (C) ATR-FTIR spectra of pure chemicals we assigned in Tylenol® tablet. Pixel dwell
time: 500 ps. Scale bar: 50 um.

We further explored the capability of our epi-MIP microscope in integrated mapping of API
and excipients (Figure 3.5). We tuned the MIR excitation wavenumbers to 1413, 1502, 1656, and
1750 cm™t which correlate to the absorption bands of corn starch, API, PVP, and SSG, respectively

(Figure 3.5A—D). Each substance showed a unique spatial distribution and dosage in the region
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we observed. By merging images A—D, we obtained the overlaid image as Figure 3.5E exhibiting
the relative distributions of the four substances in Tylenol tablet. Most of the bright spots contained
more than one molecule, which implies that API and excipients were fully mixed before the tablet

compression process.

Figure 3-5 Epi-MIP images of API and excipients in a Tylenol tablet. (A-D) Epi-MIP image
obtained at 1413 cm™, 1502 cm?, 1656 cm™ and 1750 cm™ which correlates to corn starch,
acetaminophen (API), PVP and sodium starch glycolate respectively. (E) Overlaid image of A-D
showing the distribution of API (green), corn starch (red), PVP (cyan) and SSG (magenta). Images
were acquired by a raster scan. Pixel dwell time: 1 ms. Scale bars are 50 pm.

Note the dark area in the merged chemical map. This seemingly erroneous image was a result
of out-of-focus particles generating a lower MIP intensity, due to the surface roughness of the
tablet section. As an example, we tested epi-MIP imaging of the tablet at varying depth (Figure
3.6). The features and signal intensity varied dramatically as the focus changed by 20 pm.
Furthermore, by applying Isodata threshold (an unsupervised thresholding method) to four
different API maps, the average captured area in the binary map was calculated to be 82.6%, which

was consistent with the listed weight percentage of acetaminophen, 83.3%.
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The results above collectively demonstrate the potential of the epi-MIP microscope as a new
chemical imaging modality for pharmaceutical tablet manufacturing. The epi-MIP spectra are
identical to the conventional FTIR spectra, which simplifies the postprocessing of data and allows
users to take advantage of the wealth of FTIR spectra database collected in the past century. With
the excellent chemical selectivity, quantitative measurement capability, simple sample preparation
requirement, and the relatively low cost, our epi-MIP microscope could not only be useful for
manufacturing quality control but also enable the detection of high-quality counterfeit tablets.

-20 um +10 um +20 um

Figure 3-6 Epi-MIP imaging of acetaminophen at 5 different depth covering a 40 um range from
the surface. The intensity of 5 images are uniform. MIR excitation wavenumber: 1502 cm™. Pixel
dwell time: 500 ps. Scale bar: 20 um.

In our current setup, the QCL has a tunable range of 1345-1900 cm !, which covers many
important MIR absorption bands, and has successfully differentiated the APl molecule and three
other excipients in Tylenol tablet sections by their characteristic peaks. Nevertheless, there are
several other listed excipients that we could not map because their characteristic MIR peaks exceed
our tunable range. We can readily expand the spectral range with the deployment of different pump
sources to further exploit the abundant infrared libraries developed by previous researchers. In
addition, advanced multivariate methods, such as multivariate curve resolution,® can further
endow the epi-MIP microscope with a robust analytical ability in more complex sample analysis.
It is worth mentioning that the power of both the pump and probe beams in our epi-MIP
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microscope were low due to the limitations of laser sources, ~2 mW for the pump beam and ~10
mW for the probe beam at the sample. With the recently available high power MIR laser, the epi-
MIP microscope will achieve higher sensitivity and imaging speed. Moreover, the spatial
resolution of the epi-MIP microscope will be improved by using a probe laser wavelength that is
shorter than the current 785 nm.

3.4 Conclusion

In summary, we developed a submicrometer-resolution, epi-detected MIP microscope and
applied the setup to API visualization in drug tablets. As compared to the previous MIR
microscopes, our epi-MIP microscope offered 5-fold better spatial resolution. Since we have
demonstrated the application of MIP microscopy in imaging drug accumulation in living cells,* it
is feasible to perform the dissolution test and controlled release experiments of tablets on the
forward detected MIP modality. As the current trend in pharmaceuticals is the combination of
multiple techniques to provide integrated understanding, our MIP platform, with both forward and
epi-detected modalities, could potentially provide comprehensive information on the factors

correlating to drug efficacy and boost the future research in pharmaceutical sciences.
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CHAPTER 4. MID-INFRARED PHOTOTHERMAL IMAGING OF
NEWLY SYNTHESIZED LIPIDS IN CELLS BY FEMTOSECOND LASER

A version of this chapter has been published by Journal of Physical Chemistry B. Reprint
with permission from Bai, Y., Zhang, D., Li, C., Liu, C., & Cheng, J. X. (2017). Bond-selective
imaging of cells by mid-infrared photothermal microscopy in high wavenumber region. The
Journal of Physical Chemistry B, 121(44), 10249-10255. Copyright 2017 American Chemical
Society.

Using a visible beam to probe the thermal effect induced by infrared absorption, mid-infrared
photothermal (MIP) microscopy allows bond-selective chemical imaging at submicron spatial
resolution. Current MIP microscopes cannot reach the high wavenumber region due to the limited
tunability of the existing quantum cascade laser source. We extend the spectral range of MIP
microscopy by difference frequency generation (DFG) from two chirped femtosecond pulses.
Flexible wavelength tuning in both C—D and C—H regions was achieved with mid-infrared power
up to 22.1 mW and spectral width of 29.3 cm™. Distribution of fatty acid in live human lung cancer

cells was revealed by MIP imaging of the C—D bond at 2192 cm ™.

4.1 Introduction

Chemical imaging with high spatial resolution and spectroscopic information opens a new
window in understanding molecular behavior in a complex system, such as a live cell. Among the
various modalities, vibrational spectroscopic imaging based on infrared (IR) absorption offers a
way for mapping specific chemical bonds. Different molecular environments differ in spectral
peaks and intensities, and through analyzing the IR spectra, these changes can be extracted to
provide chemical and structural information. Combined with wide-field illumination and focal
plane array, IR spectrometers can provide spatially resolved images where each pixel in the image
presents an IR spectrum.t Using quantum cascade lasers (QCL),*® wavelengths can be selected
to perform non-interferometry discrete IR imaging. However, the direct IR imaging techniques
suffer from poor spatial resolution due to long excitation wavelength, preventing them from
resolving subcellular structures. To overcome the barrier, indirect measurements were developed,
such as atomic force microscopy infrared spectroscopy (AFM-IR) that combines the chemical

selectivity offered by IR absorption and high resolution of AFM."®
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Photothermal spectroscopic imaging is another way to improve spatial resolution and has
shown notable sensitivity in characterizing down to single molecules based on electronic
absorption in the visible region.®° For vibrational absorption in the mid-IR region, the
implementation involves a modulated/pulsed mid-IR laser as the pump with a continuous visible
or near-IR laser as the probe. When the mid-IR beam is absorbed in certain vibrational frequency,
thermal effect leads to a local temperature change and then a change of refractive index. By
measuring the corresponding change in probe beam intensity, a photothermal imaging contrast is
created. Furstenberg and colleagues demonstrated IR pump and visible probe photothermal
imaging by scanning the edge of a calibration slide and estimated the spatial resolution to be ~2
pm.!t Erramilli and colleagues demonstrated photothermal spectroscopy between 1860 and 1980
cm *of a liquid crystal in different phases.*? Sander and co-workers imaged bird brain tissue slices
and characterized cancerous and healthy mouse brain tissue using the photothermal contrast for
amide | band.**'* Zhang et al. improved the spatial resolution to 0.61 um and demonstrated
imaging of live cells and Caenorhabditis elegans in transmission mode.* Li et al. illustrated the
mapping of pharmaceutical ingredients in the fingerprint region with an epi-detected
configuration.’® Using mid-IR optical parametric oscillator (OPO) output as the pump source,
Hartland and colleagues demonstrated photothermal imaging of single E. coli by combining a
reflective objective focusing the IR beam and a regular high numerical aperture (NA) objective
focusing the visible probe beam in a counter-propagation scheme.’

Thus, far, no literature has illustrated mid-infrared photothermal (MIP) imaging of live cells
at the high wavenumber region. One technical barrier is the limited spectral coverage of mid-IR
laser sources. Though customized QCLs can cover the C—D region around 2100 cm 2,82 the C—H
region have mainly been achieved in laboratories for requirements on special design of
materials.?"23 In addition, the limited tunability of individual QCL chip requires multiple units to
cover the meaningful high wavenumber region, which increases the complexity of the product.
Another way to generate mid-IR radiation is through frequency down-conversion from near-IR
beams, among which the OPO and difference frequency generation (DFG) are most widely applied.
Tunable mid-IR frequency combs based on OPO have been utilized in the spectroscopy
applications,?*?® yet it requires resonant cavity design to lock the synchronous pump laser,
drastically decreasing the stability and performance of such lasers. On the other hand, DFG utilizes

single-path scheme and the output idler wavelength is determined by the input wavelengths, which
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simplifies the setup design and improves the wavelength stability. DFG from well-developed
mode-locked Ti:sapphire lasers has been typically used to achieve stable wavelength tuning in
terms of IR generation.?6-%’

In this work, we reported a DFG based mid-IR source and its use for photothermal imaging
with submicron spatial resolution at high wavenumber region. To maximum the DFG output, we
conducted theoretical calculations with different focusing parameters. Our experimental results
showed a linear relationship between DFG idler powers with the input pump powers. We took the
advantage of the spectral focusing scheme and decreased the spectral width by 5.5 times to 29.3
cmL. The calibration of motorized stage positions with corresponding central wavenumbers was
performed. In addition, the spectrum of deuterated glycerol acquired from Fourier-transform
infrared (FTIR) and DFG-pumped MIP were compared in order to demonstrate the spectral fidelity.
Furthermore, we employed deuterated fatty acid to confirm the correlation of our cell imaging

results with the established metabolic pathways.

4.2 Theoretical calculation

The DFG process involves three interactive waves: two fundamental laser beams are focused
into a nonlinear frequency conversion crystal to generate a third radiation with the frequency equal
to the energy difference of fundamental beams. The efficiency of this process depends on the
nonlinear frequency conversion crystal and can be optimized by carefully designing the beam
coupling and focusing conditions. We used magnesium oxide doped periodically poled lithium
niobite (MgO:PPLN) as the frequency conversion crystal based on the following considerations.
(1) The quasi-phase matching (QPM) merit of the crystal requires the sign of nonlinear coefficient
¥2 periodically changed. As a result, constructively interference enables continuously buildup of
the generated light.?® (2) The effective nonlinear coefficient is large with typically value of 14.9
pm/V.?° Since the phase-matching condition is satisfied by QPM, the largest component (dss= 25
pm/V) in the 2D matrix of the second-order susceptibility tensor can be used. (3) Lithium niobate
is widely transparent from 0.34 to 5 pm*° compared AgGaS2 (AGS) with the transparent window
in 0.5-1.3 um.3! (4) Doping MgO could improve the photorefractive damage threshold.*® In
addition, crystal length is selected to be 5 mm in order to minimize group velocity mismatch for

femtosecond laser pulses.?
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We then performed a theoretical calculation of DFG output power as a function of input
powers, crystal-related parameters, and focusing conditions. For Gaussian beams, under no

absorption and phase-matching condition, the power of generated DFG is given by32:
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where P; represents the generated mid-IR “idler” beam, and P, and P; are the powers of
pump (higher frequency) and signal (lower frequency) of fundamental wave. d. ¢ and L represent
the effective nonlinear coefficient and crystal length. 1 is the wavelength and n is the refractive
index of crystal calculated by the Sellmeier equation with the parameters given by the
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focus two beams.
To gain the spectral resolution of the generated mid-IR beam, we used spectral focusing in
which high refractive index glass rods are used to chirp the femtosecond pulses. Although the
achievements of narrowband DFG pulses were demonstrated by grating or prism pairs,3* the

implementation of pulse chirping by inserting highly dispersive materials in the beam path reduces
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the requirements on adjusting the delicate dispersion optics.® Spectral focusing schemes have been
extensively utilized for hyperspectral coherent anti-Stokes Raman scattering and SRS imaging.*®-
37 Here, we show the first demonstration of spectral focusing DFG for mid-infrared photothermal
imaging purposes. Traditionally, DFG with narrow line width fundamental pulses achieves
tunability by tuning one laser while the other remains fixed.*® After pulses are chirped, the
overlapping of two pulses leads to reduced frequency bandwidth, and hence the spectral resolution
of the generated mid-IR beam is improved. In the spectral focused DFG setup, varying the time
delay will change the frequency overlapping of two fundamental pulses, thus the central

wavelength of the generated beam will also be changed.

4.3 Methods
4.3.1 DFG Implementation
To generate the high wavenumber radiation for the MIP pump source, we utilized the DFG

process by coupling a DFG crystal (MDFG2 -5, Coversion) to a femtosecond laser system

(Chameleon Vision, Coherent) and achieved flexible spectral tunability (Figure 4-2). The crystal
is 5 mm long and has 9 adjacent poling periods in the range of 20.9 to 23.3 pm. We used two
spatially and spectrally overlapped femtosecond near-IR beams, with one beam modulated by an

acousto-optic modulator (AOM, 15180-1.06-LTD-GAP, Gooch & Housego) at the frequency

around 100 kHz.'> A motorized stage was used as a delay line to adjust the temporal overlap of
the two pulses. The oven holding the nonlinear crystal was mounted on a 2D translation stage
enabling both the precise adjustment of focusing position and the switching between poling
channels. A germanium window (WG91050- C9, Thorlabs) was used to remove beams with

wavelength below 2 pm.
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Figure 4-2 Schematic of a DFG-pumped MIP microscope. The mid-IR source was generated by
two spatially and spectrally overlapped femtosecond beams and a MgO:PPLN crystal. The thermal
lensing effect was probed by a continuous 785 nm laser diode. HWP: half-wave plate. PBS:
polarizing beam splitter. wp: pump beam. ws: signal beam. M: mirror. Dashed M: flip mirror. AOM:
acousto-optic modulator. SF57: SF57 glass rod. L: lens. TC: temperature control. F: filter.
GCOAPM: gold coated off-axis parabolic mirror. MCT: mercury cadmium telluride. PD:
photodiode. LIA: lock-in amplifier.

4.3.2  MIP microscope

The generated mid-IR beam was collimated using a gold-coated off-axis parabolic mirror to
avoid aberration and then coupled into the existing MIP microscope, serving as the pump beam
for vibrational excitation of the sample (Figure 4-2). A flip mirror was inserted after beam
collimation, guiding the mid-IR beam into a spectrometer (FTIR Rocket, Arcoptix) and central
wavelengths as well as spectral widths can be measured. A laser diode with central wavelength at
785 nm served as probe laser (LD-785-SE-400, Thorlabs). The pump and probe beams were
collinearly combined with a platinum coated dichroic mirror (BSP-PD-25-2, ISP Optics) and then
focused by a gold coated reflective objective with NA of 0.65 (#66589, Edmund Optics). The
back-reflected mid-IR beam was recorded by a mercury cadmium telluride detector (PVM-10.6,
Vigo System) for the purpose of spectrum normalization. The MIP signal was collected by a
microscope condenser with a variable iris (NA = 0.55), and then detected by a photodiode

(S3994—1, Hamamatsu). The modulation frequency of the pump beam in DFG processes was
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controlled by the lock-in amplifier (HF2LI, Zurich Instruments) by sending out triggers to the
AOM, thus the generated mid-IR beam shared the same modulation frequency and the MIP signal

was synchronously detected.

4.3.3 Spectral focusing

We used one SF57 glass rod with a length of 15 cm in the signal (w,) beam and two SF57
glass rods after the dichroic mirror that combined the pump (w,) and signal beams. The chirped
pulse duration was measured to be about 1.48 ps using an autocorrelator. The delay between two

beams was controlled by a motorized stage (T-LS, Zaber Technologies).

4.3.4 A549 cell imaging

Da1-palmitic acid powder (Cambridge Isotope Laboratories, Inc.) was dissolved in dimethyl
sulfoxide at the final concentration of 50 mM and A549 human lung cancer cells were treated for
10 h after the cells were attached to the custom-built calcium fluoride bottom Petri dish. In the
control group, the cell culture medium was supplemented with 50 mM regular palmitic acid and
the cells were cultured for 10 h before MIP imaging. During the cell imaging processes, phosphate-

buffered saline was supplemented every 15 min to prevent cells from drying.

4.4 Results
441 DFG output

With the configuration described in methods and by adjusting the angle of the half-wave
plate to control powers, we measured DFG idler average powers as a function of pump powers
with the signal power fixed at 280 mW. The fitting of data points showed a linear relationship and
we got the maximum idler power of 30.2 mW with the pump power of 360 mW (Figure 4-3). The
power density at the crystal was 2.69 GW/cm?, which was below the estimated damage threshold
of 4 GW/cm?. The quantum efficiency is defined as pump photons divided by idler photons, which
gave 28%, and the result was comparable with the values in the literature.®® Theoretically, DFG
tunable range is from 2050 to 5300 cm™* with various fundamental wavelength, temperature, and

poling period combinations.
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Figure 4-3 DFG average output idler powers versus input pump powers with the signal power fixed
at 280 mW. Maximum of 30.2 mW was achieved with the pump power of 360 mW.

4.4.2 Improved spectral resolution based on spectral focusing

To characterize our DFG output, we centered the IR beam at the C—D vibration of 2092 cm ™!
and demonstrated the spectral resolution and tuning capability of the spectral focusing system. The
full width at half-maximum (FWHM) of the spectrum centered at 2092 cm* was 29.3 cm™* (Figure
4-4a) measured with the IR spectrometer and the maximum output power was 22.1 mW. In
comparison, the FWHM of output DFG for unchirped pulses was 162 cm™. As a result, the spectral
width decreased by 5.5 times with our spectral focusing setup. Furthermore, we measured the
output spectra when tuning the delay between two fundamental pulses (Figure 4-4a). The measured
FWHM for each delay remained mostly the same. The motorized stage step position, as well as
corresponding spectra, were simultaneously recorded for calibration (Figure 4-4b), in which the

linear fitting showed a R? = 0.99.
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Figure 4-4 Performance and calibration of spectral focusing. (A) A series of DFG output spectra
were recorded by changing the delay between two input pulses. (B) The calibration of generated
mid-IR central wavenumber with motorized stage positions. The red line is the linear fitting result.

4.4.3 Spectral fidelity of DFG-pumped MIP microscope

To test the spectral fidelity as well as the enhanced spectral resolution, we centered at the
C-D vibrational bond and used deuterated glycerol as the sample. The FTIR spectra showed 2
peaks in the C—D region (Figure 4-5). For the 2092 cm ™! peak, two fundamental beams at 830 and
1005 nm were focusing at 22.4 um poling channel with the crystal temperature at 200 °C; while
for 2209 cm™ peak, 830 and 1015 4.0

nm beams were focused at 21.8 pm 3.5 o
poling period with the crystal —~ 3.0 0.20 R
temperature at 198 <C. Since the ;; 2_5_' %
spectra on the tuning edge within & 1 015 9
single poling channel were i . %’
= 151 0.10 2

distorted, corresponding data
1.0

2050 2100 2150 2200 2250
Wavenumber (cm™)

points were abandoned, which 0.05

causes the discontinuousness in the
final spectrum. Overall consistency

was observed between the FTIR Figure 4-5 Spectral fidelity of the DFG-pumped

MIP microscope. FTIR (dashed) and MIP spectrum

(solid) showed overall consistency. Raw MIP

the spectral fidelity of DFG spectra were normalized by the mid-IR intensities
recorded by the MCT detector.

and MIP spectra, which confirmed

pumped MIP microscope.
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4.4.4 High-wavenumber MIP imaging of live A549 cells

The performance of the DFG-pumped MIP system was evaluated by imaging the uptake of
deuterium-labeled fatty acid in A549 human lung cancer cells. Inside cells, fatty acid can be
converted to lipid droplets that are closely related to energy generation, membrane formation, and
intracellular protein metabolism. 4%-4! Isotope labels enable tracking of the dynamic process of
small molecules in live cells and organelles due to their small size and nontoxic merit. The
deuterium isotope label has been used to investigate protein synthesis and degradation,*? track
lipogenesis from glucose in cancer cells,*® probe intracellular cholesterol storage. Here, we
demonstrate the visualization of fatty acid uptake in a single cell using the MIP imaging method.
We used ds;-palmitic acid as a testing bed. The measured FTIR spectrum of the dzi-palmitic acid
powder showed 2092 and 2190 cm™! peaks in the C—D region. The MIP image at 2940 cm™!
showed a combined concentration map of lipid and protein (Figure 6A). When tuned to 2092 cm ™,
the C—D on MIP image depicted the distribution of the dsi-palmitic acid metabolites (Figure 4-
6B). When tuning away from the high wavenumber region to 1850 cm™, no MIP contrast was
observed (Figure 6-6C), verifying the background free capability of MIP microscopy. In the
control group, no MIP contrast was revealed in either the C—D on channel or the off-resonance
channel (Figure 6-6D—F), confirming the contrast in Figure 6-6B was indeed from the isotope
molecule. Single lipid droplets were resolved in both C—D and C—H MIP images with submicron
spatial resolution (Figure 6-6G—1I). The probe power measured at the sample was 8.86 mW and the
pump powers at the sample were 0.99 mW, 2.86 mW, and 4.7 mW for 1850 cm™, 2092 cm™, and
2940 cm!, respectively. The C—D signal appearing in the lipid droplets colocalized with the
intracellular droplets, as well as in the cytoplasm, indicating of the conversion of ds;1-palmitic acid
into triglycerides and membrane components. These observation were consistent with the
established metabolic pathways of fatty acid uptake.** We note that similar work revealing the
influence of saturated and unsaturated fatty acid on cell lipotoxicity using an SRS microscope has
been demonstrated.*® Due to the different physical mechanism of absorption and scattering
processes, IR and Raman techniques can provide complementary information. However, lower
power at sample is expected for IR methods because of the larger cross section (2.86 mW and 8.86
mW for pump and probe in MIP microscope; 10 mW and 40 mW for pump and Stokes in SRS
microscope). The spatial resolution is another critical factor to resolve subcellular structures.

Compared with the 0.42 um lateral FWHM resolution of the SRS microscope, our MIP microscope
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achieved the submicron resolution of 0.61 um (Figure 6-6G—1) and further improvement is

possible by using shorter wavelength for the probe beam.
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Figure 4-6 High-wavenumber MIP image of A549 lung cancer cells. (A) MIP image at 2940 cm ™!
reveals C—H rich lipid and protein contents in ds:-palmitic acid treated A549 cells. (B) C—D image
showing the distribution of fatty acid metabolites. (C) Off-resonance image showing no MIP
contrast. (D—F) Corresponding MIP images for control group treated with regular palmitic acid.
(G) Expanded view of the dashed square in (B). (H—1) The intensity profiles of selected droplet
indicated in (G) along the horizontal and vertical direction, respectively. Gaussian fits and FWHM
were shown. Image acquisition speed: 5 ms per pixel; Scale bars: 10 pm in (A—F), and 3 um in

(G).
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45 Conclusions

We reported a mid-IR source by utilizing a femtosecond Ti:sapphire laser and a nonlinear

crystal through the DFG process. Compared to QCLs which have limited tunability on a single

chip, a key advantage of the DFG-based mid-IR source is its possibility to cover a broad spectral

region. Spectral focusing narrowed the spectral width from 162 to 29.3 cm™. Using the DFG

output as the pump source for the MIP microscope, we demonstrated the capability to map C—H

and C—D bonds in live cells. With extended spectral window, MIP microscopy can be used to

resolve more subcellular structures. Furthermore, by employing deuterium labels to small

molecules, visualization of metabolic activities, such as de novo lipogenesis and protein synthesis

via IR based approach is expected.
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CHAPTERSS. POLARIZATION WAVEFRONT SHAPING FOR
QUANTITATIVE PHASE CONTRAST IMAGING BY AXIALLY-OFFSET
DIFFERENTIAL INTERFERENCE CONTRAST (ADIC)

A version of this chapter has been published by Proceedings of SPIE. Reprint with
permission from Ding, C., Li, C., Deng, F., & Simpson, G. J. (2019, March). Polarization
wavefront shaping for quantitative phase contrast imaging by axially-offset differential
interference contrast (ADIC) microscopy. In Quantitative Phase Imaging V (Vol. 10887, p.
1088728). International Society for Optics and Photonics. Copyright 2019 Society of Photo-
Optical Instrumentation Engineers (SPIE).

Axially-offset differential interference contrast (ADIC) microscopy was developed for
quantitative phase contrast imaging (QPI) by using polarization wavefront shaping approach with
a matched pair of micro-retarder arrays. In ADIC microscopy, wavefront shaping with a micro-
retarder array (LRA) produces a pattern of half-wave retardance varying spatially in the azimuthal
orientation of the fast-axis. For a linearly polarized input beam, the polarization pattern induced
from the linearly polarized plane wave through the uRA is identical to the interference between a
slightly diverging right circularly polarized (RCP) and a slightly converging left circularly
polarized (LCP) plane wave. Using a 10x objective, two axially offset foci separated by 70 pm are
consequently generated from the patterned wavefront with orthogonal polarization states, serving
as the sample and reference focal planes respectively for QPI. A paired pRA in transmission
coherently recombines the two orthogonal components to recover the incident polarization state in
the absence of sample. The large spatial offset (roughly 1/10 of the field of view) between the two
foci provides a stable and uniform reference. Quantitative phase contrast images are directly
recovered from sample-scan measurements with a single-channel detector and lock-in
amplification with fast polarization modulation. This method has been successfully used for bio-

sample imaging, nanoparticle detection and refractive index calculation of silica microbeads.

5.1 Introduction

Phase-sensitive microscopy allows visualization of weakly scattered sample with low
contrast in conventional bright field microscopy®. It has been widely used in biological research
for neurons behavior?, kinesin-driven movement®, microtubule-related motility visualization?, etc.

Zernike phase contrast microscopy and Nomarski differential interference contrast (DIC)
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microscopy are two of the most common phase contrast imaging methods. In Zernike phase
contrast microscopy, phase contrast is produced by intensity differences dependent on spatial
interference between patterned light from an annular ring. Nomarski DIC microscopy generates
phase-related intensity contrast from interference between laterally offset locations within the field
of view using a matched set of Nomarski prisms. Two orthogonally polarized components with a
small angle offset are generated when linearly polarized incident light passes through a Nomarski
prism. Recombining the two components using a matched Nomarski prism, the resulting
interference provides image contrast scaling with the phase difference between the two spatially
offset positions in the field of view corresponding to the two orthogonal polarization components.
In both Zernike and Nomarski phase contrast imaging, artifacts complicate the image interpretation
since the interferences are generated between locations within the same sample plane, such as ‘halo’
effects for Zernike microscopy and ‘side lighting’ artifacts in Nomarski microscopy. Furthermore,
these two methods typically lack the capability for quantitatively absolute phase retrieval without
careful calibration®.

For artifact-free quantitative phase imaging (QPI), most current QPI approaches measure the
interference patterns arising from recombination of split beams followed by image analysis,
including asymmetric illumination-based differential phase contrast microscopy®?, digital
holography microscopy?®, and spatial light interference microscopy*°. However, these approaches
suffer from subtle mechanical vibrations along the two separate beam paths and the indirect
recovery of phase information from image analysis. In addition, the requirement for long
coherence-length reference beam makes the current dual-beam QPI methods incompatible with
straight forward retrofitting into existing microscope systems using LEDs and/or white light
sources. Therefore, the requirement for instrument compatible with existing microscopes should
have the potential to greatly expand the application of the artifact-free QPI approach with the
capability of independently recovering absolute phase at every pixel for complex objects with low
spatial correlation.

In this work, wavefront shaping was used to generate two axis-offset focal planes along z-
direction with orthogonal polarization states. Compared with the contrast generated from
Normarski phase contrast microscopy, the detected phase contrast was generated between two z
positions in the sample, getting rid of the side light effects. A custom set of microretarder arrays

was designed with retardance patterning of fast axis orientation of a liquid crystal on a per-pixel
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basis. ADIC microscopy for quantitative phase contrast imaging was developed based on the
polarization wavefront shaping using a matched pair of uRAs. Polarization wavefront shaping
using one pPRA produced a polarization-dependent pattern identical with the combination of
orthogonally polarized diverging and converging beads. With a linearly polarized incident plane
wave, the polarization wavefront after one pRA is identical with the expectation from the
interference tween a slightly diverging right circular polarized (RCP) plane wave and a slightly
converging left circularly polarized (LCP) plane wave. The two orthogonal polarization
components were focused into two focal planes separated by 70 um with a 10 objective. With a
fast polarization modulation of the incident light, a lock-in amplifier (LIA) was used in ADIC
microscopy for simultaneous retrieval of transmittance and quantitative phase images. The
quantitative phase for each pixel is recovered in a range of [-w, ] and a detection limit of 0.033
radians. This strategy has been used for quantitative phase contrast imaging for tissue section
sample. ADIC microscopy has also been used for refractive index investigation of silica
microbeads with an agreement between the measurement and the refractive index of amorphous

bulk silica.

5.2 Methods
5.2.1 Polarization wavefront shaping of nRA

While most optics are designed to affect the polarization state of the entire beam identically,
waveplate arrays allow the tailoring of the polarization state of light on a per pixel basis!.
Orientation modulation of liquid crystal polymers on a thin substrate can achieve geometrical
phase modulation with one thin film optic. Based on different geometric design, waveplate arrays
have been designs for adaptable lenses'?*3, grating prisms'#1°, spiral phase retarders®-18, etc.

In the present work, a retardance pattern of concentric rings with a quadratic spacing was
designed to produce an orthogonally polarized pair of converging and diverging beams. In order
to design the pattern necessary to produce the beam pair, the anticipated polarization-dependent
pattern produced by the interference of orthogonally polarized converging and diverging plane
waves is first considered. In general cases, the polarization state of light at any position on the
Poincarésphere can also be defined by a coherent combination of two orthogonally polarized

components, such as RCP and LCP light, or horizontally polarized light and vertically polarized
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light. A Nomarski prism can split linearly polarized incident light into two components which are
horizontally polarized and vertically polarized, respectively. Wavefront shaping from the designed
waveplate array has been used to split the beam into beamlets of orthogonally polarized light
focused or defocused depending on the handedness of polarization of the beam!. The overlay of

converging RCP and diverging LCP beams produces linearly polarized light with the axis of
polarization rotated in a radial pattern as shown in Figure 5-1A. As the reverse process, a
converging RCP and diverging LCP beams are generated co-axially with a pure linear polarized
incident beam into a designed uR A with such a pattern. When focusing on the same objective lens,
two axially-offset foci will be generated with orthogonally polarized states as shown in Figure 5-
1B. Axially offsetting of the two focal planes allows the use of a homogeneous medium (e.qg, glass,
solvent, or air) as a reference. In absence of a sample, the diverging and converging components
can be coherently recombined using a paired pRA in transmission to recover the beam with the
same polarization state as the incidence beam. Modulating the polarization states of the incident
light allows quantitative phase change recovery and signal to noise enhancement through LIA
detection.

(A) (B)

180°

9Q°

Figure 5-1 (A) The design of uRA as half-wave retardance with the spatially varied azimuthal
orientation of the fast-axis targeted for 532 nm light. Scale bar: 500 pm. Bottom: part of the
measured different intensity distribution with horizontal (H) and vertical (V) polarization detection
when horizontally polarized light passing through the uRA. (B) The working principle of ADIC
microscope. L1 and L2: lens; RP: reference plane; SP: sample plane.
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For linearly polarized incident light with the plane of polarization given by the angle v,

decomposition into the RCP and LCP contributions yields the expression shown in Eq. (1).

((;(l)j}() _ % oV . (1) + % elY - (_11) 1)

To design such a uRA with the proper pattern as shown in Figure 1(A), the wave plate retardance
should have a similar radial modulation pattern as a Fresnel lens. In this work, uRAs were designed
with the pattern of half-wave retardance of 532 nm light varying spatially in the azimuthal
orientation of the fast-axis. The azimuthal orientation y was designed as a function of x, y
position:y (x,y) = 2r[(x — r)? + (y — r)?]/4fA, in which r is the active radius as 12 mm, f is
focal length designed as 6.28 m and A is the targeting wavelength as 532 nm. The azimuthal
orientation angle was then wrapped into the range of [0, t]. Following passage through an objective
lens, the separation distance between the two foci depends on the designed periods of the centric
polarization rotation pattern of pRAs. Larger separation is expected with smaller periods of the
centric modulation. With a much smaller separation distance, the setup qualitatively converges to
Zernike phase contrast, in which the reference plane is so close to the sample plane that the contrast
is simply a halo. The upper limit for separating distance is ultimately dictated by the manufacturing
precision of the ptRAs. Manufacture with the maximum stated manufacturing resolution of 30 um
corresponds to a maximum fringe period of 60 pum (with Nyquist sampling), producing a
theoretical separation distance of up to 360 um when using a 10x objective. In this work, a 60 um
x 60 um pixel size per entry was used to reduce the potential for artifacts from the discretization

effects at the extrema, giving a separation distance around 70 um as shown in Section 5.3.1.

5.2.2 Instrumentation

The quantitative phase contrast images were recovered from an ADIC microscope depicted
in Figure. 5-2. In brief, a 532 nm continuous laser (Millenia Vs J) was used for illumination with
horizontally polarized incident light, followed with a half wave plate (HWP) inserted in a rotation
stage. A photoelastic modulator (PEM, Hinds instrument PEM-90M) and a quarter waveplate
(QWP) were used after the HWP before the first uRA. The PEM was made of isotropic optical
materials and introduced retardance to the incident light as a function of time when driven at a
standing acoustic wave resonance. It has two electrical outputs with one as the acoustic modulation

frequency (1f) and the other as the doubled frequency (2f) of the sinusoidal driven electric field.
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The fast axes of the HWP, PEM, and QWP were rotated to 22.5< 0< and 45 < respectively so that
a modulated linearly polarized light was generated before entering the utRA. The beam was
expanded to 15 mm in diameter to fill approximately half the area of the uRA. The light was then
focused onto the sample with an average laser power around 5 mW with a 10> objective (0.3 NA,
Nikon). An identical 10> 0.3 NA objective was used as a condenser in transmittance. In the
absence of a sample, the transmittance passing through a paired uRA in proper orientation
recovered the same linearly polarized plane wave as the incidence. A sample scanning stage (Mad
city labs Nano-Bio300) was used for image acquirement with a frame rate of 20 s and a 250 um x
250 um field of view (FoV). Horizontally polarized transmittance was detected by passing the
beam through a polarizer and a photodiode (DET-10A, Thorlabs). For the fast demodulation
detection, the PEM was operating at its resonance frequency of 50 kHz, with both 1f (50 kHz)
and 2f (100 kHz) outputs delivered as the reference signals to a lock-in amplifier (LIA, Stanford
Research Systems SR810). Both the quadrature (Y) and in-phase (X) components of the LIA
output were acquired simultaneously. The per-pixel integration time of the LIA was 30 us. Signals
were digitized at 20 kHz using a PCI-E digitizer oscilloscope cards (AlazarTech ATS-9462) and
remapped into 200 < 200 images via custom software (MATLAB), giving a pixel size of 1.25
um/pixel.

Cun oo |

==
1f
2f &
PD: Photodiode Ref. Polarizer
LIA: Lock-in Amplifier RA
MRA: micro-retarder array W
QWP: Quarter-wave plate E
PEM: Photoelastic modulator
HWP: Half-wave plate j - Sample:
! g Sample scan
PEM uRA
Laser || I
@532 nm I ,‘ ( /
HWP Qwp

Figure 5-2 Instrumentation set-up for ADIC with a 10x objective to recover both bright field
images and quantitative phase contrast images. Orientations of the fast axis: HWP at 22.5, PEM at
0< and QWP at 45< Incident light before the HWP was horizontally polarized with polarizer
before the photodiode passing horizontally polarized light.
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5.2.3 Sample preparation

Mouse tail sections and silica microbeads were used for quantitative phase analysis by
ADIC. Mouse tail sections were provided by Prof. Philip Low (Purdue University, West Lafayette,
IN). After decalcified in the solution of 23% formic acid, 4% formalin, and 1% methanol for 2
hours, the mouse tail was sectioned longitudinally to ensure that sections were retrieved from the
central region of the tail. The mouse tail section was then fixed in 10% formalin and cryosectioning
into 4 pm thick slices. After sectioning, the mouse tail was stained by hematoxylin and eosin.
Silica microbeads sized were donated by Prof. Marry Wirth (Purdue University, West Lafayette,
IN) with a diameter of 8 um. For quantitative phase imaging and reflective index calculation, the
silica microbeads were dispersed by ultrasonication in a commercially available nitrocellulose
matrix with a high vapor pressure solvent plasticizer (Sally Hanson nail polish, Hardener) before
sealing between a coverslip and a glass slide. After solvent evaporation, the silica microbeads

disperse slides were directly used for ADIC imaging.

5.2.4 Quantitative phase recovery

In the absence of a sample, the Jones vector describing the detecting light (&,,;) is identical
to the incident light, which can be treated as a production of an identity matrix and the Jones vector
of the incidence. The identity matrix can be decomposed as a linear combination of two Hermitian
Pauli matrices as shown in Eq. (2). The decomposed matrices describe the Jones matrices
corresponding to the two foci with orthogonally polarized components.

= D520 D+ D46 9@ e @

When sample-induced phase shift and transmittance difference are introduced in either focal
plane, Eq. (2) changes to form as Eq. (3). The complex-valued amplitude transmittances t" and t
describe the field detected the following interaction in the two foci separately. The phase shift §
between the two orthogonally polarized focal planes (sample and reference planes) is described as
the phase change induced by the sample at a given location. In the absence of a sample, t" =t =1

and 6 =0, so that the detecting signals are identical to the incident light.

doe =2 (1011 et [P ] e ) 3)
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It should be noticed that the (+) and (-) focal planes produced by the uRA are orthogonally
polarized relative to each other and 90 degrees phase-shifted relative to the incident polarization
state. For linearly polarized incident light, the polarization states of the (+) and (-) focal planes are
RCP and LCP, respectively, as mentioned in Section 5.2.1. When the incident light is RCP
polarized, the (+) and (-) focal planes are horizontally and vertically polarized light. When the fast
axes of the HWP, PEM, and QWP were rotated to 22.5< 0< and 45 “with a horizontally polarized
fundamental light, a linearly polarized light was generated after HWP, PEM, and QWP to pass
through the pRA. The retardance modulation frequency for the PEM was f = 50 kHz. As detailed
in the previous report!®, only odd harmonics of the Taylor series of the detecting signal have non-
zero quadrature components (sine, Y) while the only even harmonics have non-zero in-phase
components (cosine, X) terms. In this work, the proportionality evaluated at seventh order was
used with negligible errors for the half amplitude of PEM modulation as A = 0.37w. The quadrature
components (sine, Y) of the first harmonic (1f) and the in-phase components (cosine, X) of the

second harmonic (2f) were expressed as Egs. (4) and (5), respectively.

7

- A5 A
1f, ~ 2|t*||t |-(2A—A3+?—E)-c056 (4)
- A% AS .
2fy ~ =2|t*||t7] - (42 =5 +2.) sin & (5)
Once values of cos(8) and sin(6) are recovered regardingl1fy, 2fx, and PEM modulation
amplitude A, the absolute value of § can be achieved through Eq. (6) in a range of [-n, ©t]. The

relative transmittance image recovered from the LI1A detection is then defined as |t*]||t~|.
6 = Im[log (cos§ + isiné)] (6)

5.3 Results and discussion
5.3.1 Axially-offset dual-foci produced by pRA

The 3D point spread functions of the microscope with and without uRA were measured with
a 1951 USAF resolution test chart and shown in Figure 5-3. Edge analysis was used to evaluate
the radial extent of the point spread function, in which the derivatives of the intensity profile were
fit to Gaussian function to recover the root mean square beam width. Plots of the recovered
Gaussian beam cross-section were achieved with multiple z-position of the test grid in order to

map the beam profile in three dimensions assuming cylindrical symmetry. It can be seen that the

79



addition of pR A resulted blurring for an object initially in the focal plane of the microscope. When
axially translation of the objective either £35um, sharp images were recovered, indicating that
URA produced two focus planes separated by 70 um symmetrically distributed about the original
focal plane. The cross-sections of the axially offset foci were statistically indistinguishable with
the original focus, with the spatial resolution unchanged (~2 um) upon addition of the pRA. The
spatial offset between the two foci was roughly 1/4 of the 250 um x 250 um FoV, making it
possible to create a stable and uniform reference plane within a homogeneous medium

immediately adjacent to the sample plane.

Figure 5-3 Measured point spread functions in the x-z plane without
(A) and with (B) the pRA placed in the beam path.

Due to the large axial offset between the two focal planes, the reference bean was
significantly defocused in the sample plane to a spot size of ~44 pum in diameter with a 10x 0.3
NA objective. The phase shift induced between a given ~3 pm? area of the sample beam interfered
with an average phase within a ~1500 um? area comprising the cross-sectional area of the reference
beam within the sample plane. The reference effectively spanned the optical phase averaged over
an area in the field of view ~500-fold larger than the focal volume using common-path optics,
leading to the ability of quantitative absolute phase recovery of the sample. With the well-separate
objects, the phase-bias in the reference path induced by the sample was negligible. The large
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separation distance between the two focal planes can remove imaging artifacts arising from the
sample and reference locations cohabitating in the focal plane as in Nomarski and Zernike phase

contrast microscopy.

5.3.2 Quantitative phase contrast imaging using ADIC

As detailed in Section 5.2.4, both the pure-tone 1f (50 kHz) and 2f (100 kHz) signals
generated by the PEM with a modulation frequency of 50 kHz was used as the reference for the
quantitative phase recover of sample imaging. A mouse tail section was used for the quantitative
phase image recovery. Figure 5-4(A-D) shows both cosine (X) components and sine (YY)
components collected from LIA detector with both 1f and 2f signals as the reference. Figure 5-
4(A-B) shares the same contrast setting, so as Figure 5-4(C-D). As predicted, only Y components
of 1f and X components of 2f show nonzero signals. The relatively transmittance bright field
image (Figure 5-4E) and quantitative phase images (Figure 5-4F) were calculated based on Egs.
(4)-(6). As predicted from Egs. (4) and (5), with a relatively small phase and shifts and high
transmittance, similarities should be observed between the transmittance bright field image and
the Y components of 1f detection, as well as between the quantitative phase image and the X
components of 2f detection. It is also noticed that higher contrast has been seen for the detailed

structures with higher transmittance as shown in Figure 5-4F.

5.3.3 Limit of detection (LoD) of quantitative phase recovery

Phase contrast images produced by ADIC are free of halo and side-lighting artifacts existed
in Zernike and Nomarski phase contrast. The LoD of the phase shift calculation from ADIC was
investigated. Quantitative phase recovery images were required in the absence of samples. The
measured standard deviation (o) of the images was 0.011 rad, resulting in a LoD (3c) as 0.033 rad.
For analysis of the thickness of thin lipid film (n = 1.50)2°-?? in an aqueous environment (n = 1.33).
The smallest optical path length that ADIC can determine is as short as 16.4 nm. The LoD of ADIC
is limited by the capability of the LIA used in our experiments that ADIC raw images demodulated
from 1f and 2f signals have to be acquired separately. In addition, a smaller LoD is expected with

a longer LIA integration time relative to the 30us (3 modulation periods) in this experiment.
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Figure 5-4 Images measured from LIA detection with 1f (A, B) and 2f (C, D) as the reference,
and the recovered transmittance bright field image (E) and quantitative phase contrast image (F)
of a single FoV of mouse tail section. Color bar unit: (E) transmittance percentage, (F) phase shift
in radian. Scale bar: 50 pm.

5.3.4 Refractive index calculation of microspheres

The refractive index of silica beads 8 pm in diameter was calculated using ADIC. Figure 5-
5 shows the relative transmittance and quantitative phase recovery images for the same FoV of 8
um silica microbeads. The refractive index of silica microbeads was calculated based on the
measurement phase shift and bead size. As an example, one line profile of the phase shift from a
single bead (inset) is plotted in Figure 5-5C. The highest phase shift at the center of the single
silica microbead was measured as 2.53 radian, with a measured bead size as 7.3 pum. Statistical
analysis of the silica microbeads in several fields of view allowed the calculation between the
refractive index induced between the silica microbead and nitrocellulose matrix: An =
6A/2nD = 0.0293 = 0.0007, in which D was the measurement bead diameter. Using the
refractive index of nitrocellulose of 1.505 at 543.5 nm wavelength®, the refractive index of silica
microbeads was determined as 1.4757 +=0.0007 at 523 nm wavelength. This result was in good
agreement with the refractive index of amorphous bulk silica as 1.461%4,
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Figure 5-5 Recovered transmittance (A) and quantitative phase contrast images (B) of the same
FoV of 8 um silica microbeads. Color bar unit: (A) transmittance percentage; (B) phase shift in
radian. Scale bar: 50 pm. Inserts: zoom-in for one single bead. (C) Phase shift line profiles of the
cross line in the insert.

5.4 Conclusion

ADIC microscopy was developed for quantitative phase contrast imaging via polarization
wavefront shaping with a pair of custom designed pRAs. Using a 10x objective, two focal planes
generated from the inserting uRA were separated by 70 um with orthogonal polarization state. A
lock-in amplifier was used to simultaneously recover both transmittance and quantitative phase
contrast images. The LoD of this strategy was 0.033 radians with 30 s integration time for each
pixel. Tissue samples and silica beads were used for the proof of concept of the quantitative phase
contrast imaging. The uRAs can be customized for other application-specific imaging targeting
particular wavelengths and axial offsets. In an ongoing work, the ADIC will be extended into an
autocorrelation method for quantitative phase information and particle size distribution retrieval
for calculation of the absolute refractive index of freely diffusing nanoparticles; as well as a wide

field quantitative phase contrast imaging using an LED illumination source.
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CHAPTER 6. DEPTH-OF-FIELD EXTENSION IN OPTICAL
IMAGING FOR RAPID CRYSTAL SCREENING

The depth-of-field (DoF) of optical imaging systems was extended to three times to achieve
rapid crystal screening by retrofitting a custom-designed micro-retarder array (URA) in the existing
optical beam path. Second harmonic generation images of a variety of crystals acquired via the
extended DoF approach were compared with the results obtained from conventional method to
assess the improvement of performance and throughput of the present method. It was found that
DoF extension enables more crystals to be detected owing to the polarization wavefront shaping
via the pPRA. In addition, wavelength dependence of the extended DoF was investigated through
experiments in comparison with theoretical predictions. These results provide a simple approach

to increase the throughput of existing optical imaging based crystal screening processes.

6.1 Introduction

Elucidation of macromolecular structures is an essential step in understanding biological
functions of proteins. Facilitated by the development of synchrotron sources, conventional x-ray
crystallography has contributed to ~89% of protein structures recorded in the Protein Bank
Database. Recent advances have seen ever-higher throughput assays using ever-smaller volume of
solutions with the emerging techniques such as serial femtosecond crystallography using x-ray
free-electron laser radiation,* which has enabled near-atomic resolution of protein structures with
microcrystals to nanocrystals?. However, the time-consuming data analysis process and limited
public resource demand high quality crystals in every trial. Therefore, high-throughput crystal
screening techniques to support the above-mentioned analyses are poised to enable further
advances. A variety of fluorescence imaging techniques with submicrometer resolution and
chemical specificities have been exploited to score protein crystals during the crystallization
condition screening process, such as UV fluorescence,® intrinsic two-photon excited UV
fluorescence (TPE-UVF),* and externally trace-labeled fluorescence.® Although widely applicable,
all the above-mentioned techniques are still limited in crystalline selectivity and sensitivity due to
the non-zero background contributed from the non-crystalized aggregates or free fluorophores,

which could generate false positives during crystal scoring.
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Second harmonic generation (SHG) is a second order nonlinear optical process that is highly
selective to noncentrosymmetric crystalline with negligible contribution from disordered
molecules. By utilizing a femtosecond laser and beam-scanning apparatus, SHG microscope has
been developed as an ultrasensitive approach for optical screening of microcrystals at video rate.®
Automated multimodal optical imaging platform integrated with SHG and TPE-UVF has been
developed for macromolecule crystal screening to take advantages of both techniques.’
Polarization analysis has enabled extra assessment of crystal quality.® ® However, the nonlinear
optical phenomena usually require a tightly focused excitation beam with relatively narrow depth-
of-field (DoF) limiting further reduction of the overall measurement time.

Extending the DoF of an imaging system has been extensively investigated to increase the
throughput of optical microscopic approaches. The simplest way of DoF extension is to decrease
the tightness of the focal spot by lowering the numerical aperture (NA) of excitation by using a
narrow beam (relative to the back aperture of the objective. However, NA reduction also increases
the diameter of the point-spread-function, which sacrifices resolution. More significantly,
increasing the beam waist in the focal plane reduces the efficiency of both SHG and TPE-UVF,
which scale quadratically with the incident intensity and approximately quadratically with the NA.
Other efforts are mostly based on wavefront shaping approaches to elongate the axial point-spread-
function (PSF) of beams. Phase masks designed as an optical power apodizer have been reported
to extend the DoF with the cost of ~50% of power loss at the sample plane.® Axicons have been
deployed in a variety of nonlinear optical microscopes including two-photon fluorescence
microscopy® and stimulated Raman scattering microscopy! to achieve improved DoF by
converting Gaussian beam to Bessel beam. Although such methods maximized the photon
efficiency, retrofitting into high-speed beam-scanning microscope configurations is prohibited due
to the technical challenges of aligning the axicon pair into existing optical beam path.

The present study reports an approach to extend the DoF of various optical imaging systems
to ~3-fold with the addition of a single 1-inch optic to an existing optical microscope. By installing
a lab-designed micro-retarder array (LRA) in the beam path, SHG images of a variety of crystalline
samples were acquired in comparison with the z-scanning images measured without the pRA. The
extended DoF of an optical imaging system was both theoretically predicted and characterized via
experimental measurements. Furthermore, the capability of polarization modulation and analysis

endowed by the pRA was observed in SHG images and discussed for potential applications.
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6.2 Experimental Methods

BaTiOz nanocrystals (Sigma-Aldrich, 300 nm diameters) were immobilized in poly(ethylene
glycol) (PEG, Sigma-Aldrich) with ~1 mm thickness. BaTiOs nanocrystals were first suspended
in deionized water (~ 1% wt/wt) with 30 minutes sonication prior to use. PEG was mixed with 1
mL water (50% wt/wt) in glass container and heated to melting (~75 <€) via a hot plate. After
combining 100 pL with the BaTiOs suspension, the BaTiO3-PEG mixture was sonicated for 1 min
before sprayed on a glass slide and cooled in room temperature until PEG film was solidified.

Ritonavir crystals were grown from seeded microcrystals sandwiched between ritonavir-
copovidone amorphous solid dispersion (ASD) thin films prepared by a hydraulic press (Atlas
Manual Hydraulic Press 15). To prepare the ASD films, 50-60 mg of ASD powder was spread
between two discs of aluminium foil placed in the film making accessory with 100 pm spacer. The
chamber was heated to 115 <€ for 5 minutes and compressed with a pressure of 4 tons for 10 min.
Then the temperature was set to 65 € while keeping the pressure at 4 tons until the chamber was
cooled to the setting point. The ritonavir-copovidone ASD films were removed from the press and
cooled to room temperature. After ritonavir microcrystals were placed in between two ASD films,
a similar process was performed with a 250 pm spacer to make a crystal seeded ritonavir-
copovidone sandwich. The prepared sandwich was kept in room temperature with controlled
humidity for 48 hrs allowing ritonavir crystals to grow in all directions.

Tetragonal lysozyme crystals were prepared using a protocol adapted from Yaoi, M. et al'2
and previously detailed in Newman, J.A. et al*3. In brief, chicken egg-white lysozyme was used to
prepare a 12.5 mg ml-1 solution in nanopure water. Crystallization was achieved in 96-well plates
by combining 1 uL of protein solution with 1 uLL of NaCl-acetate buffer solution and keeping the
wells sealed with tape overnight. Malachite green oxalate salt (Sigma-Aldrich) was dissolved in
ethyl ethanoate (Sigma-Aldrich) to prepare 500 M solution prior to use. Malachite green was
introduced by adding 1 pL of the dye solution into the 2 pL crystal mother liquor. The well was
kept open for 10 minutes to allow the dye molecules to intercalate in protein crystals and evaporate
the ethyl ethanoate prior to SHG imaging.

Detailed design of the PRA was described in our recent research article!®. In brief, the LRA
was designed with concentric patterns to induce half-wave retardance at every position varying
spatially in the azimuthal orientation of the fast axis. The patterns are distributed quadratically on
the 1-inch optic, generating 22 concentric rings in total. The custom pRA was manufactured by
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Thorlabs, Inc. by growing polymer liquid crystal pixels on a BK-7 glass substrate covered with
anti-reflection coating targeting at near-infrared wavelength. Characterizations of the pRA and the
extension ratio of the DoF were performed on a lab-built beam-scanning SHG microscope. Beam
scanning was performed with a resonant vibrating mirror (~8 kHz, EOPC) along the fast-axis scan
and a galvanometer (Cambridge) for slow-axis scanning. The incident beam was provided by an
80 MHz Ti:Sapphire pulsed laser (Spectra-Physics Mai Tai) of 100 fs pulse. The beam was focused
on the sample with both a 10> objective with a working distance of 16 mm (Nikon, NA = 0.30)
and a 20>=objective with a working distance of 6 mm (Nikon, NA = 0.45). The incident wavelength
was tunable within the range of 750 ~ 1000 nm with an average power of 50 mW at the sample
plane. Each SHG image is obtained by signal averaging 4 sequential raw images with a total
acquisition time of 250 ms. SHG signal was collected with a KG-3 heat absorbing glass and a short
pass filter (cut-off wavelength at 600 nm) placed before the photomultiplier tube detector (PMT)
to remove the fundamental light. MATLAB code was written in-house to control the scanning
mirrors and communication with the data acquisition electronics.

To evaluate applications in automated crystal screening, SHG images of BaTiOs
nanocrystals, ritonavir crystals, and lysozyme crystals intercalated with the SHG-contrast agent
malachite green were acquired on a commercialized second harmonic generation microscope
capable of supporting high-throughput chiral crystal screening (SONICC, Formulatrix). ImageJ
was used to analyse and produce all SHG images.

6.3 Results and Discussion

A simulated pattern of the pPRA and schematic of DoF extension in imaging systems are
shown in Figure 6-1. The pRA used in this work was designed with a liquid crystal film producing
half-wave retardance of 1064 nm light at every pixel with the fast-axis angle rotated radially, which
has qualitative similarities with a Fresnel zone plate (FZP) as shown in Figure 6.1(A). The coherent
combination of right and left circularly polarised beams of equal amplitude produces linearly
polarised light, the axis of polarization of which is dictated by the phase shift between the two
circular polarisations. As such, the particular pattern of linearly polarised light programmed to be
produced by the pRA is identical to that expected from the interference between a pair of slightly
converging and slightly diverging circularly polarised beams of orthogonal polarisation. Once this

pattern for the spatially varying polarisation is produced by the pRA, the wavefront will simply
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propagate as if produced by the coherent combination of the two orthogonally polarized beamlets.
The azimuthal angle (8) as a function of position coordinates (x, y) on the uRA on a per-pixel basis
is described as 8(x, y) = 2r[(x — R)* + (y — R)?|/4Af, where R is the active radius of the pRA,
A is the design wavelength (in this case 1064 nm), and f'is the focal length designed to be 6.28 m
with 1064 nm incident beam. As the schematic shown in Figure 6.1(B), an objective lens focuses
all beamlets at different focal planes, resulting in an extended DoF compared to that of a

conventional imaging system.

2

C J Collector
0 E

Figure 6-1 Schematic of the pPRA and the extension of the DoF. (A) The designed pattern of the
RA as half-wave retardance with varied azimuthal orientation of the fast-axis targeted for 1064
nm light. Scale bar: 5 mm. (B) Working principle of the pRA to generate the extended DoF via
polarization wavefront shaping. The arrows indicate polarization states of the incident light and
decomposed beamlets. Note different colours for the beamlets are used for better visualization of
the divergency not for varied wavelengths.

To assess the practical performance of the extended DoF for crystal screening with improved
throughput, SHG images of BaTiOs nanoparticles were collected as the proof-of-concept using an
SHG microscope with and without the pRA installed. As shown in Figure 6.2(A-D), a series of
SHG images acquired at 4 different z-axis positions represent a typical crystal screening process,
registering BaTiOs crystals located in multiple focal planes. Figure 6.2(E) is the z-projection of
Figure 6.2(A-D) and exhibits the intact information of all crystals distributed within the 160 pm

z-scanning range. Figure 6.2(F) is the single SHG image of the same field-of-view obtained with
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the LRA in the system. A side-by-side comparison between Figure 6.2(E) and Figure 6.2(F) shows
that all crystals appeared in the z-projection of four SHG images were registered in the snapshot
with the pRA indicating the data acquisition time could be reduced by a factor of four in a practical

crystal screening process.

z-projection

Figure 6-2 SHG images of BaTiO3 nanoparticles immobilized in PEG. (A-D) SHG images
measured at different z-axis positions. (E) Z-projection of (A-D). (F) Single SHG image of the
same field-of-view with the pRA. Scale bar: 500 pm.

The presented approach was also investigated with ritonavir crystals grown in copovidone
matrix in comparison with z-scanning SHG imaging. The z-projection of multiple SHG images
collected at different x-axis positions and the single SHG image of the same field-of-view with
extended DoF are shown in Figure 6.3(A) and (B) respectively. To better compare the detected
crystals in both methods, an overlay of the two images was generated as Figure 6.3(C), in which
most pixels are yellow representing crystals detected both in Figure 6.3(A) and (B). Note there
exist some pure green pixels in Figure 6.3(C) that were those ritonavir crystals detected only in

the image measured with the pRA installed in the microscope (Figure 6.3(B)). Such observation
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could be explained as a result of the azimuthal dependence of the SHG signal intensity*®. Since
linearly polarised excitation light was used in the measurement of Figure 3a, those rod-like
ritonavir crystals stretching perpendicular to the polarization orientation became invisible due to
the negligible contribution to the detected SHG signal. However, the majority of the excitation
light was circularly polarised with the deployment of the pRA in the measurement of Figure 3b,
which exhibited more uniformly SHG intensity for randomly oriented ritonavir crystals compared
to Figure 6.3(A).

z-projection overlay

Figure 6-3 (A) Z-projection of a series of SHG images of ritonavir crystals measured with
conventional method. (B) Single SHG image of the same field-of-view with the pRA. (C) An
overlay of (A) and (B). Scale bar: 300 pm.

To further demonstrate the universality of the presented approach in macromolecule crystal
screening, SHG images of tetragonal lysozyme crystals intercalated with malachite green
molecules were acquired and summarized in Figure 6.4. Figure 6.4 (A-C) show three SHG images
obtained at different z-axis positions covering 300 pm via the conventional approach. The z-
projection of all three images shown in Figure 4d registered all lysozyme crystals detected in the
whole z-scanning process. In comparison, SHG image of the same field-of-view collected with the
extended DoF was shown in Figure 6.4(E). It can be seen that all crystals detected in Figure 6.4(D)
were observed in Figure 6.4(E). Figure 6.4(F) shows the SHG image acquired with the extended
DoF and doubled exposure time for improved SNR to visualize crystals with weaker SHG signal.
In addition, the yellow and red circles selected several crystals that are dim in conventional SHG
image but bright in the extended DoF measurements due to the azimuthal dependence of SHG

signals discussed in the preceding section.
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Figure 6-4 (A-C) SHG images of intercalated lysozyme crystals at various z-axis positions. (D) Z-
projection of (A-C). SHG image of the same field-of-view with the pRA using (E) the same
exposure time and (F) doubled exposure time. Scale bar: 500 pm.

Unlike laboratory-scale frame-by-frame imaging, the throughput of an autonomous
detection system is determined by both the data acquisition time and dead time. To better assess
the improvement of the practical throughput and performance, large-batch crystal screening
experiments with the extended DoF were performed on automated SHG microscope to compare
with the conventional screening process. Both trials of experiments were set to measure the z-
scanning SHG images in square field-of-views covering an area of 20.25 mm? and z-axis depth of
4 mm in 7 different wells. It cost 96 minutes to complete data acquisition for the conventional
crystal screening process using SHG microscopy, while the extended DoF reduced the
measurement time to 34 minutes. The number of crystals counted by particle analysis algorithm in
both trials were summarized in Table 6.1, indicating an average of 4.64% more crystals detected
by deploying the extended DoF in the crystal screening process. Such difference can be attributed
to either higher z-axis coverage or the circularly polarised light excitation provided by the extended
DoF approach enabling detection of more crystals comparing with the conventional SHG

microscopy method.
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Table 6-1 Comparison of crystal counts in 9 different wells with the extended DoF approach and
conventional SHG microscopy.

Extended DoF Conventional Relative Difference
Well 1 1463 1352 8.21%
Well 2 1281 1226 4.49%
Well 3 1265 1195 5.86%
Well 4 1343 1372 -2.11%
Well 5 1359 1160 17.15%
Well 6 926 1013 -8.59
Well 7 819 763 7.34%
Sum 8456 8081 4.64%
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Figure 6-5 Measured point spread functions in the x-z plane before (A) and after (B) the installation
of the URA in the optical beam path. (C) Point spread functions along z-axis with and without the
IRA provide quantitative analysis of the extension ratio of the DoF as 2.8.

Apart from experimental performances, it is essential to investigate the impact of the pPRA
to the wavefront in order to provide feedbacks to the optimization of the pRA design for future
applications. As shown in Figure 6.5, the axial beam profile of an imaging system with a 20X
objective lens was measured with and without the pPRA installed in the beam path. To recover the

beam profile in the x-z plane (Figure 6.5 A, B), sharp edge analysis was performed on a stack of
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z-scanning bright field images of a razor blade placed at the centre of the beam focus, in which the
derivative of the intensity profile along an edge was fit to Gaussian function to retrieve the RMS
(root mean squared) of beam width. It is noteworthy that the beam width at the focus remained
unchanged following installation of the pRA, consistent with no detectable loss in the spatial
resolution of the microscope with this approach. The PSFs of the system measured under both
imaging conditions were plotted in Figure 6.5C, indicating an extension ratio of ~2.8 by comparing
the FWHM (full width at half maximum) of the original DoF (black) with the extended DoF (red).

It is also interesting to reveal the wavelength dependence of the extended DoF considering
a broader scope of applications involving various optical microscopy configurations. Knowledge
in geometrical optics describing FZP and thin lenses were deployed to predict the extended DoF
with the pRA as a function of incident light wavelength in an imaging system. For instance, the
IRA serves as a positive FZP for the converging LCP component, whose focal length is expressed

as:16

fura =~ — (1)
where Ry, is the radius of the n™ zone of the zone plate. For the pRA used in this work, n = 22 and
R, = 12.5 mm. On the contrary, the LRA serves as a negative FZP for the diverging RCP light
with a focal length of —f,z4. Thus, the combination of the LRA and an objective lens were then
considered as either a convex-convex system (the converging LCP component) or a concave-
convex (the diverging RCP component) system. Denote the focal length of the objective lens as
fonj» the equivalent focal lengths are described by the following equations with the thin-lens
assumption respectively.

_ fobjfura

= 2
Lep fura+tfobj @)
fobjfura
— 100JJ kRA 3
RCP fuRA_fobj ( )
The distance between the LCP and RCP foci is defined as the extended DoF shown as:
2f3yif ura
DoFxtendgea = frep — frer = zo J_ z 4)
fuRA fob}
Given the fact that f,z4 > fop; in a typical microscope, Eq. 4 can be rewrite as:
 2fnj
DOFextended = f 2 (5)
URA
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After plugging Eq. 1 into Eq. 5, the relationship between the extended DoF and the incident beam
wavelength is expressed as:

2
Zfobj'n .
R}

DoFextendea = A (6)

In brief, the wavelength dependence of the extended DoF is determined mainly by the focal length
of the objective lens for a determined pRA.
To assess the validity of the theoretical prediction in Eq. 6, z-scanning SHG images of z-cut

quartz with different excitation wavelengths were acquired using a 10X objective (f,p; =

19.5mm). The integrated SHG intensity at each z-axis position with varying excitation
wavelength was summarized in Figure 6.6(A). Each peak in the SHG intensity trace indicates that
one surface of the z-cut quartz was placed at one of the axially offset foci. As it was mentioned in
previous section, laser power distributed to the middle focus decreases as the incident wavelength
approaches 1064 nm. Therefore, 6 peaks were observed in traces with shorter excitation
wavelengths while only 4 peaks were seen when it was tuned to above 850 nm. The separation
distances at various excitation wavelengths between the side peaks (top LCP plane and bottom
RCP plane) were plotted in comparison with the predicted extended DoF (red line) as shown in
Figure 6.6(B). The predicted line has a slope of 107.08 while linear fitting of the measured plots
results in a slope of 108.55, indicating an excellent agreement between the experimental results
and the predicted values based on Eqg. 6.

6.4 Conclusion

The use of a lab-designed pRA to extend the DoF of optical microscopy has been
demonstrated for rapid crystal screening. With the addition of the pRA in an existing imaging
system, the DoF has been shown to increase to ~3-fold. Experimental measurements of the
wavelength dependence of the extended DoF were consistent with theoretical predictions with a
determined imaging system. SHG images of BaTiOs nanoparticles, ritonavir crystals, and
malachite green intercalated protein crystals were acquired to validate the universality of the
presented approach in the detection of salts, small molecules, and macromolecules. Furthermore,
polarization wavefront shaping of the excitation light performed by the pRA might be
advantageous in certain circumstances when linearly polarised excitation light meets problems.

Last but not the least, the presented approach for DoF extension is readily applicable to many other
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optical imaging techniques including bright field imaging, UV fluorescence, TPE-UVF, etc.,

leading to broad interests and applications of this work.
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Figure 6-6 (A) Depth-resolved SHG intensity of z-cut quartz measured with extended DoF and
varied excitation wavelength. (B) Comparison of theoretical prediction (red line) and
measurements (plots) of the extended DoF as a function of excitation wavelength.
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CHAPTER 7. MULTIFOCUS IMAGING VIA POLARIZATION
WAVEFRONT SHAPING

A version of this chapter has been published by Proceedings of SPIE. Reprint with
permission from Chen Li, Changgin Ding, Minghe Li, Jiayue Rong, James Ulcickas, Garth J.
Simpson, "Multifocus imaging via polarization wavefront shaping,” Proc. SPIE 11245, Three-
Dimensional and Multidimensional Microscopy: Image Acquisition and Processing XXVII,
112450T. Copyright 2020 Society of Photo-Optical Instrumentation Engineers (SPIE).

Conventional three-dimensional (3D) images of biological samples are typically assembled
from a stack of two-dimensional images acquired sequentially at different focal planes. This time-
consuming manner hinders the application of 3D imaging techniques to the investigation of fast
biochemical dynamics and light-sensitive biological events. The concept of multifocus imaging,
which enables simultaneous acquisition of images from multiple focal planes, was introduced to
achieve rapid 3D imaging. In the present study, we achieved multifocus imaging through
polarization wavefront shaping via a micro-retarder array which splits the incident linearly
polarized light into three beamlets that are focused to three axially-offset focal planes with ~100
jum separation. Append to an existing beam-scanning microscope, this multifocus system enables
rapid 3D imaging compatible with a variety of optical microscopic approaches including laser

transmittance, two-photon excited fluorescence, and second harmonic generation microscopy.

7.1 Introduction

The development of optical microscopy based volumetric imaging techniques has enabled
numerous breakthrough discoveries in the field of life science and medical sciences by the
visualization of microstructures of tissues and cells in a non-destructive manner.}> However,
conventional volumetric imaging techniques mostly rely on reconstruction of three-dimensional
(3D) information through a stack of raster scanned two-dimensional images, which is time
consuming and vulnerable to photo damage to the samples.® To address such problem, rapid 3D
imaging approaches were developed recently to achieve dynamic tracking of the metabolism of
organelles, visualization of neuronal activities, and etc.3® One of the emerging approach is to use
adaptive optics to perform dynamic correction to the optical beam paths in real-time and acquire

images from different focal planes sequentially. Electrically-controllable liquid-crystal varifocal
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lens and acoustically driven optofluidic lens have been used for volume imaging.”® These
techniques have achieved the imaging depth of several micrometers in samples along the axial
direction. Another popular approach is multifocus imaging which usually utilizes the chromatic
aberration to generate multiple focal planes that cover a large volume of the sample and record the
signals from each depth simultaneously.>® The feature of multi-channel acquisition enables even
higher throughput.

Although precedent microscopic approaches have all enabled rapid volumetric imaging with
extreme resolution (<100 nm) and sensitivity, there remains a technical gap in the range of 50~100
jm corresponding to the size of large cells, microorganisms, and thick tissue slices. In our recent
work demonstrating the axially-offset differential interference contrast phase imaging approach,
polarization wavefront shaping (PWS) via a lab designed micro-retarder array (LRA) was studied
systematically.®° By deploying the 1-inch PRA in a conventional optical microscope and tuning
off the targeting wavelength, three axially-offset foci are generated enabling multifocus
illumination. With the ability to retrofit in a beam-scanning microscope, the present approach has
the potential to enable video rate 3D imaging.!! Polarization analysis of the entangled signals from
multiple focal planes will therefore yield demultiplexed multifocal images. In the present work,
the theoretical framework for polarization demultiplexing of bright field imaging will be
constructed and validated with preliminary experimental results. The analytical solution to the
multifocus two-photon excited fluorescence (TPEF) imaging will also be discussed in specific
cases, in which symmetry reduction will be applied to simplify the derived equation.

7.2 Theory
7.2.1 Multifocus generation via polarization wavefront shaping

The generation of two axially offset foci based on PWS was first demonstrated in our
previous work. As a follow-up investigation, it was found that when the incident beam is tuned off
from the designed working wavelength of the pRA, another focus arises in the middle of the two
axially offset foci which enables multifocus imaging using all three foci. The key optic enabling
axially offset foci generation is a polymer liquid crystal based micro-retarder array (LRA). As
depicted in Figure 7-1A, the pPRA was designed with concentric patterns to induce half-wave

retardance at every position varying spatially in the azimuthal orientation of the fast axis. The
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patterns are distributed quadratically on the 1-inch optic, generating 22 concentric rings that
arrange alike a Fresnel zone plate (FZP). Figure 7-1B shows the patterns observed through a
polarizer at two orthogonal orientations. The working principle of multifocus imaging based on
PWS via the pRA is shown in Figure 7-1C. In brief, the incident linearly polarised light is
decomposed to three beamlets with different divergency and polarization states including left
circular polarization (LCP), right circular polarization (RCP), and unchanged linear polarization,
producing three axially offset focal planes. Photons from all three focal planes are collected

simultaneously through the collector enabling rapid multifocus imaging.
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Figure 7-1 Instrument schematic of the custom-built beam-scanning microscope for method
validation. The pRA is installed right before the objective lens. The system was operated in one
channel mode (photodiode only) for bright-field imaging.

It is convenient to describe the mechanism mathematically with Jones calculus.*?® Consider
the most general case in Figure 7-1C, in which the electric field of the incident linearly polarised
light is denoted as &, = [a b]T and the only polarization manipulation optic before the
objective is the pRA set at an arbitrary angle y with effective retardance 6. The light delivered to

the objective lens can be written as:

. is .
> _7 .5 _[cosy —siny]le=z o |[cosy siny],
€obj = Jura " €in = [siny cosy ] [ 0 e%] [—siny cosy €in ()

Plug é;,,in into Eq. 1, the electric field of the light at the sample plane is expressed as:
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Eopj = —1- sin(5/2) (a + bi) -

i
(0[] g

e—va

—i- sin(a/z) -(a—bi)- > [_11]

Eq. 2 indicates that the incident light is decomposed to LCP, RCP, and residue linear polarization

as expected. Considering that the LRA works as either a positive or negative FZP based on the
polarization state of the beamlet, the LCP and the RCP components are focused at the top (Focus
+) and bottom (Focus —) focal planes with identical axial distance from the central focal plane
(Focus o) formed by the linearly polarised residue. Therefore, the electric fields describing each

of the three focal planes can be written as:

¢, = —i-sin(8/y)- @+ b0 [1]
é, = cos(5/2) [Z] ®)
ebe

é_=—i- sin(5/2) (a+ bi)- 5 [ﬂ
With the mathematical expression shown in Eq. 3, it is feasible to disentangle images from multiple
focal planes when the number of experimental observables is larger than the number of foci. To
achieve analytical demultiplexing using experimental readouts, it is necessary to introduce an
approach to rapidly alter the polarization states of the incident light. In the present work, electro-
optic modulator (EOM) was deployed to achieve phase modulation within microsecond time scale.

The Jones matrix of a phase only EOM setting at angle ¢ can be expressed as:

> __[cos@ —sing e‘iQ 0 cos¢@ sing 4
Jeom = [singo cos @ 20 [—singo cos @ “)
Thus, the electric field of the light entering the LRA can be derived from:
- 7 a
€ura = Jeom [b] (5)

In practice, the polarization state of the incident light is rotated to horizontal direction and
EOM is usually set at 45° to induce a time dependent retardance A(t). Combining Eq. 1, 4 and 5

yields the expression of the electric fields at each focal plane in the phase modulation case as:
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e, =—i- sin(‘s/z) ' ei:y ' (cosA(ZT) + sin A(ZT)) : [}]

é, = cos(é/z)l '-sinzA . )

e_=—i- sin(5/2) . e—zi'ZY . (cos? - sin?) : [_11]

7.2.2 Demultiplexing of multifocus images in bright field microscopy

The above mathematical framework can be readily used to demultiplex the measured
intensity, which is the squared magnitude of the electric field, of each focal plane in the case of
bright field imaging. In the absence of any disturbance induced by sample, the overall detected
intensities are described as:

1 2
I, o< |é,]? = Z-sin(5/2) - [sinA(T) + 1]

I, < |&,|* = cos(5/2)2 @

1
I_o|é_|?> = 3 sin(‘s/z)2 - [1 = sinA(7)]
Eq. 7 indicated that the azimuthal orientation of the pRA in the beam path does not impact the
detected signal intensity. By placing a polarizer before the detector to only measure the
horizontally polarised photons, the expression of the detected total signal is derived as a function

of time:
Liot(D) = Loy + Iy + I_y = SBF - [sin A(7) + 1] + SEF - [cos A(7) + 1] + SBF - [1 — sinA(7)] (8)

Once the incident light wavelength is determined, the retardance § induced by the puRA will be a
constant leading to solutions to the bright field signals S,, S,, and S_. Note the above
mathematical framework also applied to single photon fluorescence. The workflow of the

demultiplexing and reconstruction process is briefly depicted in Figure 7-2.
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Figure 7-2 Workflow of the demultiplexing and 3D reconstruction process of multifocus imaging
via PWS. The blue and red particles represent different species with various special locations.
7.2.3 Demultiplexing of multifocus images in TPEF microscopy

Based on the mathematical expression of the electric fields of the excitation light on each
focus, the TPEF signals generated from fluorophores located at the top and bottom focal planes

are simply the second-order nonlinear response to LCP or RCP and can be expressed as:

R sin4(5/2)
ITPEF (1) = STPEF . |g, |* = STPEF. —a [3 +4-sinA(7) — cos 2A(7)]

48
TPEF — CTPEF ,|3 |4 — CTPEF , sin®( /2) A _
1755 (1) = 81 le_| st EEra— [3—4-sinA(t) — cos 2A(7)]

9)

While for the central focal plane, the analytical description of the TPEF signal intensity is
hard to derive from the above mathematical framework due to the complexity of the entangled
response to linearly polarised light and circularly polarised light. However, if the TPEF signal with
phase modulation is detected without bias of any polarization, the problem could be solved by a
separate analysis to relate the measured Fourier coefficient tensor d,, = [a, by, ¢, d,, €,]7 in Eq.
10 to the polynomial coefficient tensor 4,, = [A,, B, C, D, E,]7in Eq. 11, which represents the
polarization dependence of the local orientation, molecular structure, and molecular orientation

distribution relative to the reference frame.

I,(A) = a, + by, -cos2A + ¢, - cosA+d, -sinA + e, - sin2A (10)

I,(A) = Ancos4(A/2) + Bncos3(A/2) sin(A/z) + Cncosz(A/z)sin2 (A/Z) +

Dycos(8/,)sin3(8/5) + Eysin*(B/,), where n = H,V orientation (11)
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To solve for the polynomial coefficients, symmetry reduction can be applied to reduce the
number of coefficients prior to fitting. In the most common case of TPEF measurements, where
the fluorophores are distributed isotropically in the local frame, only 4,,, C,, and E, in the
polynomial coefficient tensor are non-zero and will contribute to the non-zero parameters a,,, by,

and d,, in the Fourier coefficient tensor. Such dimension reduction yields the relationship between

d, and 4, to be:

q 3 1 3]][A
[b] =§[1 -1 1]|-|c 12)
dy, “la o -4l lE],

The symmetry also requires that Ay = E,, Ay = Ey,and Cy = Cy,. Therefore, the TPEF

signal intensity in the central focal plane can be written in the Fourier expression shown as:

ITPEF (1) = STPEF . %(%){[6(,4,, + Ey) + 2Cy] + [2(Ay + Ey) — 2Cy] - cos 2A (1)} (13)
To simplify the equation, substitute the polynomial parameters as p;, = 6(Ay + Ey) + 2Cy
and pc = 2(Ay + Ey) — 2Cy. Combining Eqg. 9 and 13 yields the total detected TPEF signal
intensity I7EEF (1) of an isotropic system shown in Eq. 14, indicating that the detected signal is a

linear combination of three EOM phase terms: constant, sin A, and cos 2A.

ITPEF(T) = apor + brop - €0S 2A(T) + dyop * sin A(T) (14)

1 . .
=5 |pecos' Clp) —pesin®Cfy)  —psintOf) |- [SIPEF (15)
0 4pCSiTl4(6/2) _4pcsin4(6/2) STPEF

Solving for the signal tensor Sppgr = [STPEF STPEF  gTPEFIT il result in

[atot] pLCOS4(5/2) 3P55i”4(5/2) 3Pcsin4(5/2) ‘ [STPEF

demultiplexed TPEF images of three different focal planes. Although the value of p, and p. of
fluorophores are usually not available in current databases, it is feasible to perform separate TPEF
measurements with phase modulation to determine these two parameters of specific fluorophores.
In the present work, rhodamine 6G was suspended in 50% ethanol solution to validate the

hypothesis that p;, and p. are fixed values for a certain fluorophore.
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7.3 Methods
7.3.1 Microscopy

To validate the theoretical prediction for the analytical expressions of images from different
focal planes, a custom-built microscope was used to acquire experimental data (Figure 7-3). The
light source of the microscope is a femtosecond Ti:Sapphire laser (SpectraPhysics) operating at a
repetition rate of 80 MHz. In the experiments presented in this work, the wavelength of the output
was tuned to 765 nm to achieve uniform power distribution among the three focal planes.
Synchronized with the master clock from the laser, the EOM was set at 45<and operating at 8
MHz to perform polarization modulation with a period of ten laser pulses, allowing the
construction of ten separate polarization-modulated images acquired simultaneously. A broadband
wire grid polarizer (0.2-2um, Thorlabs) was set at cross-polarised orientation to analyze the EOM
retardance. The scan head comprises a resonant mirror (EOPC) operating at 8.8 kHz and a
galvanometer mirror synchronized with the resonant mirror such that 512 repetitions of the fast
axis paths occur for one ramp from the galvo mirror. The beam is expanded to fill the active area
of the YRA and the back aperture of the objective lens (Nikon Fluor 10X, 0.3 NA). Following
collection through the condenser lens, a dichroic mirror (Edmund Optics, 550 nm) passes the
fundamental light and reflects the TPEF signals to a PMT (Hamamatsu H12310-40). The
fundamental is detected on a photodiode (DET10, Thorlabs) after passing through the polarizer

placed in precision automated rotation stages (Universal Motion Controller, ESP300).

Lens Lens upRA Sample DM PL
Scan -
PD
head
Mirror
EOM Ti:Sapphire
(8 MHz) (690-1040 nm) PMT

EOM: electro-optic modulator HRA: micro-retarder array

DM: dichroic mirror PMT: photomultiplier tube

PL: polarizer PD: photodiode

Figure 7-3 Instrument schematic of the custom-built beam-scanning microscope for method
validation. The pRA is installed before the objective lens.
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7.3.2 Sample preparation

To demonstrate bright field multifocus imaging, a thick (~ 1 mm) and relatively transparent
sample was prepared on glass slides. A mixture of silica microspheres (Spherotech, 6.0-8.0 jum
dia.) and polyethylene particles (Cospheric, 10-27 pm dia.) were added in agarose gel suspension
(SigmaAldrich, 0.75% wt/wt) and cooled in room temperature to immobilize the gel. To
demonstrate the approach in TPEF measurements, Rhodamine 6G dye was selected as the model
molecule. The sample was prepared by compressing three 100 pm copovidone films doped with
Rhodamine 6G powder in a hydraulic press (Atlas Manual Hydraulic). The actual thickness of the

compressed fluorescent sample was about 250 pm.

7.4 Results and discussion
7.4.1 Demonstration of multifocus imaging in bright field microscopy

Multifocus imaging of silica/polyethylene microsphere mixture was demonstrated with laser
transmittance images on a bright field microscope. As stated in section 7.3.2, the wavelength of
the laser was 765 nm to achieve uniform illumination power. Such incident light wavelength
results in a separation distance of ~ 90 m from the top plane to the bottom plane. As shown in
Figure 7-4, images of three focal planes covering roughly 100 pm in the axial direction exhibit
variation of signal intensity as well as sharpness for microspheres distributed across the whole 3D
space. In a separate comparison (data not included), the spatial information delivered in each of
the three focal planes agrees well with that seen in the 2D images acquired with the conventional
sectioning manner.

The success of demultiplexing of the measured image stack on bright field microscopy
indicates that the mathematical framework derived in Eq. 8 does foresee the experimental results.
Note the data analysis and demultiplexing rely heavily on the accuracy of the retrieved EOM
retardance from blank areas in the field of view. Thus, this approach might perform better in the

imaging of samples with relatively low particle density.

7.4.2 Demonstration of multifocus imaging in TPEF microscopy

On the basis of the bright-field multifocus imaging, the mathematical framework was further

deployed to investigate the case of TPEF microscopy. As illustrated in section 7.3.2, the TPEF
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measurement was performed using Rhodamine 6G powder dispersed in copovidone films with a
thickness of around 250 um through heat compress. The spacer between each layer of copovidone
film was 100 um to control the distances among Rhodamine 6G aggregates located in different
layers were in the range of the axial offsets among different focal planes. To determine the ratio
of polarization dependent cross section parameters (p, and p.), TPEF measurement was first
performed in phase modulation scheme using the same sample. In postprocessing, the retrieved
value p, /p. was used to demultiplex the raw multifocus TPEF images. The demultiplexed TPEF
images from the top, middle, and bottom focal planes are shown in Figure 7-5 (A-C), respectively.
To compare the differences in spatial information obtained from demultiplexed images, an overlay
image (Figure 7-5 D) was produced by projecting all three focal planes in one image, in which the
top, middle, and bottom planes are represented in yellow, white, and blue, respectively. The
demultiplexing worked for a couple particles locating on the edge of the field-of-view. However,
it appears that it did not demultiplex all particles successfully. There are two possible reasons for
the failure of the demultiplexing. First, the Rhodamine 6G/copovidone sample may not be an ideal
isotropic system to retrieve the correct p, /p. value. Second, the heat compress method cannot
guarantee the separation of all particles be exactly the same as the thickness of the spacer. This

will result in smaller separations among all Rhodamine 6G in the axial direction.

- - .
[V . |

Bottom plane T. Middle plane T, Top plane T.

Figure 7-4 Demultiplexed bright field images of microsphere mixture at three focal planes. The
raw image stack was acquired within half second. The intensity of each image was normalized to
the rescale.in the range of 0-1. The scale bar is 50 pm.
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Figure 7-5 Demultiplexed TPEF images of Rhodamine 6G at three focal planes. The raw image
stack was acquired within half second. The intensity of each image was normalized to the rescale.in
the range of 0-1. The scale bar is 50 pm
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ABSTRACT: Chemical imaging with sufficient spatial reso-
lution to resolve microparticles in tablets is essential to ensure
high quality and efficacy in controlled release. The existing
modalities have the following disadvantages: they are time-
consuming or have poor spatial resolution or low chemical
specificity. Here, we demonstrate an epi-detected mid-infrared
photothermal (epi-MIP) microscope at a spatial resolution of
0.65 pm. Providing identical spectral profiles as conventional
infrared spectroscopy, our epi-MIP microscope enabled
mapping of both active pharmaceutical ingredients and
excipients of a drug tablet.

harmaceutical tablets, as one of the most consumed oral

solid dosage forms across the world," are composed of
active pharmaceutical ingredients (API) that have biological
activities and excipients that are inert but ensure the
pharmacological performance of the APL. The potency of
medicine mainly depends on the formulation, particle size, and
content uniformity. So far, it is still hard to control these
properties at a low dosage of contents.” The bioactivity of API
could be altered by inhomogeneous distribution or deformation
of pharmaceutical particles, not to mention drug counterfeiting,
which may be deleterious to patients. To produce high-quality
medicines, it is essential to monitor and visualize the API and
excipients in tablets in the quality control process. Specifically,
as controlled release becomes an emerging trend in
pharmaceuticals, the size of API and excipients particulates
are being made from the order of 100 gm down to
submicrometer and nanometer scale, making the current bulk
imaging methods unable to cope with the new trend in the
production line.”" As an example, high resolution chemical
mapping of amlodipine besylate tablets from different vendors®
revealed heterogeneity differences in submicrometer scale
between Pfizer and Ethex tables. (Note the Ethex tablets
were later recalled by FDA due to quality issues.) Therefore, an
increasing demand for high resolution imaging methods with
chemical selectivity has arisen.

Various nonoptical imaging methods have been developed to
address the above-mentioned challenge. Time-of-flight secon-
dary ion mass spectrometry imaging ionizes and analyzes
molecules over a spot of ~1 um, which has excellent chemical
specificity and limit of detection.” X-ray powder diffraction
analysis ™ and X-ray microtomography’ provides crystalline

< ACS Publications  © 2017 American Chemical Society

properties and element mapping, with a limit of detection
sensitivity at the level of typically 1%. Nuclear magnetic
resonance imaging is a noninvasive method elucidating the
structure of molecules,'” with a long analysis time (order of 10
min). Terahertz imaging measures the thickness of tablet
coating with a penetration depth of 0.45 mm but low spatial
resolution of 0.15 mm."" These imaging approaches were not
adopted by the industry due to low throughput.

Alternatively, optical imaging has the potential to provide
high speed, submicrometer resolution, and chemical specificity.
Toth et al. combined second order nonlinear optical imaging
and two-photon fluorescence to deliver fluorescent API imaging
in powdered blends with common excipients.'” Besides,
vibrational spectroscopy based imaging, which probes the
intrinsic molecular vibration, provides rich chemical informa-
tion and is widely used in industry. Commonly used vibrational
imaging modalities are based on Raman scattering, near-
infrared (NIR), or mid-infrared (MIR) spectroscopy."” NIR
and Raman imaging have been applied to analyze pharmaceut-
ical formulations and/or counterfeits owing to advantages such
as little/no sample preparation, chemical selectivity, and
nondestructive measurement.' ™'? However, the spectral
bands used in NIR spectroscopy, mostly overtone absorption,
are broad, weak, and usually severely overlapped, resulting in
low chemical specificity.”’ Spontaneous Raman scattering has
relatively high chemical specificity but is a feeble effect (Raman
cross section on the order of 107 em?/sr) and thus requires a
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long integration time (>30 h per 500 X SO0 hyperspectral
image).21 Although recent progress of epi-detected coherent
Raman scattering microscopy has demonstrated fast imaging of
tablet sections and dissolution of drug molecules,***’ the cost
and complexity, along with small Raman cross section, limited
further adoption of the technique. In contrast, MIR imaging
appreciates a 100 million times larger absorption cross section
(typ. 107* cm?/sr) and has shown applications in pharmaceu-
tics, including API mapping and counterfeit tablet inves-
tigat'10n.24’ZS However, the relatively poor spatial resolution and
low reflectance of MIR light prohibited its wide use for
pharmaceutics.

In this paper, we report a compact mid-infrared photo-
thermal microscope for imaging tablets at submicrometer
spatial resolution. Photothermal microscopy, first reported in
the early 19805, detects the photothermal lensing effect
induced by the absorption of pump beam at focus using
another probe beam. Modalities based on electronic or
plasmonic absorption have been demonstrated for single
nanoparticle and single molecule imaging.r’u The deployment
of a MIR beam as pump and a visible or NIR beam as probe
was realized lately. Furstenberg and co-workers”” demonstrated
a back-detected photothermal microscope pumped by a mid-
infrared quantum cascade laser (QCL). To further improve the
spatial resolution, Li et al.’* adopted a counter-propagation
modality and applied a high NA objective for the visible probe
beam. As a result, they obtained photothermal images of 1.1 ym
polystyrene beads in three different solvents. With an increased
signal to baseline ratio, Mértiri et al.”' performed photothermal
imaging of dried tissue slices. Nevertheless, the spatial
resolution and sensitivity were not sufficient for detection of
submicrometer features within a cell.

We recently demonstrated a forward-detected mid-infrared
photothermal (MIP) microscope with 0.6 m spatial resolution
and 10 uM sensitivity, which allowed MIR imaging of living
cells and organisms.”> Our MIP microscope exploits a resonant
amplifier that selectively probes the photothermal signal at the
repetition rate of the pulsed IR laser. We showed that the MIP
signal is linearly proportional to the number density of
molecules and the power of each beam, which makes MIP a
quantitative approach.’” Herein, we demonstrate submicrom-
eter imaging of API and excipients microparticles in tablets by
an epi-detected MIP microscope.

Bl EXPERIMENTAL SECTION

epi-detected Mid-Infrared Photothermal (epi-MIP)
Microscope. A pulsed quantum cascade laser (Block
Engineering, LaserTune LT2000) operated at 100 kHz
repetition rate and ~2 mW average power provided the
tunable (ranges from 1345 to 1905 cm™) mid-infrared (MIR)
pump beam. Meanwhile, a continuous-wave 785 nm laser
(Thorlabs, LD-785-SE-400) was used as the probe beam. Both
beams were combined at a long pass dichroic mirror (Edmund
Optics, #68654) and, then, sent to an inverted microscope
(Olympus, IX-71) installed with a gold-coated reflective
objective lens (52x; NA, 0.65; Edmund Optics, #66589). All
samples were placed on a piezo scanning stage (Mad City Labs,
Nano-Bio 2200) with a maximum scanning speed of 200 s/
pixel. The residue of MIR beam generated at the dichroic
mirror was guided to a room temperature mercury cadmium
telluride (MCT) infrared detector (Vigo Inc, PVM-10.6) to
monitor the infrared power. To detect the backward
propagated MIP signal, a polarizing beam splitter (Thorlabs,
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PBS122) was placed in the path of probe beam to transmit the
linearly polarized light and reflect the polarization scrambled
epi-MIP signal to the detector. When the sample is reflective,
such as samples on a reflective mirror, a quarter-wave plate
(Thorlabs, WPQOSM-780) is needed to induce a 90°
polarization change to the backward signal to be coupled out.
The detector was a silicon photodiode (Hamamatsu $S3994-1),
The photocurrent produced by the detector was amplified by a
laboratory-built resonant circuit (resonant frequency at 103.8
kHz, gain 100) and then sent to a lock-in amplifier (Zurich
Instruments, HF2LI) for phase-sensitive detection. The power
spectrum of MIR beam was acquired by MCT via another lock-
in input channel. It was used to normalize the epi-MIP signal to
obtain the absorption spectrum of samples.

Infrared Spectra Measurements. Samples were measured
on an ATR-FT-IR spectrometer (Thermo Nicolet Nexus) with
diamond as the internal reflection element. The spectra were
acquired after the internal baseline correction with a blank
sample. The spectra were recorded using the built-in software
interface.

Chemicals. The polystyrene film was a standard FT-IR test
film (International Crystal Laboratories, 0009-8181). The
Tylenol tablet was Tylenol Extra Strength, 500 mg of
acetaminophen each (~83 wt %/wt). The pure chemicals
including acetaminophen (analytical standard), corn starch
(analytical standard), polyvinylpyrrolidone (analytical stand-
ard), and sodium starch glycolate (type A, pharmaceutical
grade) were all purchased from Sigma-Aldrich.

B RESULTS AND DISCUSSION

Figure 1 shows the schematic of our epi-MIP setup (details in
the Experimental Section). Being different from the setup in ref
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Figure 1. Schematic of the epi-MIP microscope. A pulsed QCL source
provides the MIR beam, and a continuous wave visible laser is used as
the probe beam. Both beams are combined collinearly by a silicon
dichroic mirror and then sent into a reflective objective. The residue of
MIR is monitored by a mercury cadmium telluride (MCT) detector.
The backward propagated probe beam is reflected by a beam splitter
and sent to a silicon photodiode (PD).

32, we placed a polarizing beam splitter to the probe beam path
to transmit the linearly polarized probe beam to the sample and
reflect the backward propagated signal to the photodiode. To
acquire an epi-MIP image, a sample was raster scanned on a
piezoelectric scanning stage and the epi-MIP signal was
recorded as a function of sample position. A computer was
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used to synchronize QCL tuning, stage scanning, and data
acquisition.

Characterization. We first explored the spectral fidelity of
epi-MIP signals by comparing the epi-MIP spectrum of a 60
pum polystyrene film to that from an attenuated total reflection
(ATR) FT-IR spectrometer (Figure 2A). The epi-MIP
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Figure 2. Characterization of the epi-MIP microscope. (A).
Comparison of epi-MIP spectral profiles (red) and FT-IR spectra
(black) of polystyrene film. The spectra were offset for visual clarity.
(B) Epi-MIP image of the element 5 of group S on a positive 1951
USAF test target. The 1st order derivative of the profiles of the
horizontal (red) and vertical (blue) lines are plotted at the bottom.
The measured FWHM is 0.69 and 0.65 pm, respectively. Pixel dwell
time: 1 ms. Scale bar: 20 um.

spectrum showed good agreement with the FT-IR spectrum,
notably for the phenyl ring semicircle stretching modes at 1450
and 1490 cm™. The 1450 cm ™' peak is also contributed by the
backbone CH, scissors deformation. Note the ATR-FT-IR
spectra require ATR correction to avoid the distortion of band
shapes and relative peak intensities induced by the ATR
process. In contrast to ATR-FT-IR, the epi-MIP spectra do not
need such baseline correction, which simplifies data processing
and reduces calibration errors.

We then examined the spatial resolution of our epi-MIP
microscope by measuring the sharp edge response of a 1951
USAF test target. A thin film (<S gm, determined by Newton
ring method) of olive oil was sandwiched by a CaF, plate and
the resolution target. The MIP signal from the oil film, carried

by the probe light, was reflected by the coating of the target,
immediately at the oil film, into the detector, which mimics the
condition with real samples. Even though the infrared light
heated up a large area, only the small area of the probe light
focus generated MIP signal. Note the chrome coating did not
generate MIP signal.

The result is shown in Figure 2B. We took the first derivative
of the marked line profiles in the MIP image and fitted the
derivative data points with a Gaussian function. It is noteworthy
that the diffraction limit of 1742 cm™ MIR beam is 5.5 ym
focused by our 0.65 NA objective. However, our measured full
width at half-maximum (FWHM) was 0.69 m horizontally and
0.65 um vertically. By comparison, even installed with a high
NA (~2) germanium ATR-objective, the ATR-FT-IR micro-
scope can hardly resolve features smaller than 4 ym in tablet
sections.”” The 6-fold improvement of spatial resolution
enabled us to acquire MIR spectra of a single pharmaceutical
microparticle.

Tablet Imaging. After the above characterizations, we
deployed the epi-MIP microscope to identify and visualize the
API and excipients in real tablets. As one of the most consumed
pain relief in the US, the Tylenol tablet was used as a test bed.
The API is acetaminophen, whose MIR spectrum has
characteristic peaks at 1500 cm™' (phenyl ring semicircle
stretching modes) and 1666 cm™" (amide I). Besides, three of
the most abundant excipients include corn starch, poly-
vinylpyrrolidone (PVP), and sodium starch glycolate (SSG).
As shown in Figure S1, the molecular structures indicate that
these three excipients show characteristic peaks at C—H
bending mode (corn starch), amide I band (PVP), and
carboxylic acid C=O0 stretching mode (SSG), respectively.
On the basis of the knowledge above, we can identify and
differentiate those substances referring to the epi-MIP signal at
different excitation wavelengths within our QCL tunable range.

We first performed single color epi-MIP imaging of the
Tylenol tablet at 1502 cm™ to visualize the API distribution.
The tablet was sectioned at the center and mounted on
scanning stage for imaging without other preparation. Figure
3A shows that particles containing API (bright spots) were
uniformly distributed in the 190 X 190 ygm? region with some
large clusters. In general, the API particles should be closely
surrounded by excipients particles, which means the dark
regions on our API map should be excipients dominant. To
prove this hypothesis, we obtained pinpoint epi-MIP spectra at
three different positions as shown in Figure 3B. Points 1 and 2,
whose pinpoint spectra indicate that API is the dominant
molecule, were selected from the bright regions in Figure 3A.
By comparison, point 3, which is the dark point on the API
map, shows a distinct pinpoint spectrum from the other points,
indicating that starch, PVP, and SSG are more abundant than
the APIL To confirm the species assigned from pinpoint spectra,
we collected ATR-FT-IR spectra of the API and excipients for
comparison as shown in Figure 3C. The characteristic peaks we
employed for chemical identification were all in good
agreement with the ATR-FT-IR spectra.

We further explored the capability of our epi-MIP micro-
scope in integrated mapping of API and excipients (Figure 4).
We tuned the MIR excitation wavenumbers to 1413, 1502,
1656, and 1750 cm™ which correlate to the absorption bands
of corn starch, API, PVP, and SSG, respectively (Figure 4A—
D).. Each substance showed a unique spatial distribution and
dosage in the region we observed. By merging images A—D, we
obtained the overlaid image as Figure 4E exhibiting the relative
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Figure 3. Identification of different species in a Tylenol tablet. (A) The epi-MIP image of tablet obtained at 1502 cm™ API benzene band. (B)
Pinpoint spectra of locations 1, 2, and 3, as indicated in (A). Dashed lines (red, blue, and orange) indicate the characteristic absorbance peaks of the
three substances. (C) FT-IR spectra of the pure chemicals assigned. API denotes acetaminophen. Pixel dwell time: S00 ys. Scale bar: SO ym.

c .

Figure 4. Epi-MIP image of API and excipients in a Tylenol tablet. (A—D) Epi-MIP images obtained at 1413, 1502, 1656, and 1750 cm™' which
correlate to corn starch, acetaminophen (API), PVP, and SSG, respectively. (E) Overlaid image of A—D showing the distribution of API (green),
corn starch (red), PVP (cyan), and SSG (magenta). Pixel dwell time: 1 ms. Scale bars: 50 ym.

distributions of the four substances in Tylenol tablet. Most of
the bright spots contained more than one molecule, which
implies that API and excipients were fully mixed before the
tablet compression process. Note the dark area in the merged
chemical map. This seemingly erroneous image was a result of
out-of-focus particles generating a lower MIP intensity, due to
the surface roughness of the tablet section. As an example, we
tested epi-MIP imaging of the tablet at varying depth (Figure
S2). The features and signal intensity varied dramatically as the
focus changed by 20 um. Furthermore, by applying Isodata
threshold (an unsupervised thresholding method) to four
different API maps, the average captured area in the binary map
was calculated to be 82.6%, which was consistent with the listed
weight percentage of acetaminophen, 83.3%.

The results above collectively demonstrate the potential of
the epi-MIP microscope as a new chemical imaging modality
for pharmaceutical tablet manufacturing. The epi-MIP spectra
are identical to the conventional FT-IR spectra, which simplifies
the postprocessing of data and allows users to take advantage of
the wealth of FT-IR spectra database collected in the past
century. With the excellent chemical selectivity, quantitative
measurement capability, simple sample preparation require-
ment, and the relatively low cost, our epi-MIP microscope
could not only be useful for manufacturing quality control but
also enable the detection of high-quality counterfeit tablets.

In our current setup, the QCL has a tunable range of 1345—
1900 cm™', which covers many important MIR absorption
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bands, and has successfully differentiated the API molecule and
three other excipients in Tylenol tablet sections by their
characteristic peaks. Nevertheless, there are several other listed
excipients that we could not map because their characteristic
MIR peaks exceed our tunable range. We can readily expand
the spectral range with the deployment of different pump
sources to further exploit the abundant infrared libraries
developed by previous researchers. In addition, advanced
multivariate methods, such as multivariate curve resolution,**
can further endow the epi-MIP microscope with a robust
analytical ability in more complex sample analysis. It is worth
mentioning that the power of both the pump and probe beams
in our epi-MIP microscope were low due to the limitations of
laser sources, ~2 mW for the pump beam and ~10 mW for the
probe beam at the sample. With the recently available high
power MIR laser, the epi-MIP microscope will achieve higher
sensitivity and imaging speed. Moreover, the spatial resolution
of the epi-MIP microscope will be improved by using a probe
laser wavelength that is shorter than the current 785 nm.

B CONCLUSION

In summary, we developed a submicrometer-resolution, epi-
detected MIP microscope and applied the setup to API
visualization in drug tablets. As compared to the previous MIR
microscopes, our epi-MIP microscope offered S-fold better
spatial resolution. Since we have demonstrated the application
of MIP microscopy in imaging drug accumulation in living
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cells,* it is feasible to perform the dissolution test and
controlled release experiments of tablets on the forward
detected MIP modality. As the current trend in pharmaceuticals
is the combination of multiple techniques to provide integrated
understanding, our MIP platform, with both forward and epi-
detected modalities, could potentially provide comprehensive
information on the factors correlating to drug efficacy and
boost the future research in pharmaceutical sciences.
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Chapter 6 M)
Absorption-Based Far-Field Label-Free e
Super-Resolution Microscopy

Chen Li and Ji-Xin Cheng

Abstract Materials absorption, which happens in all light-matter interactions,
has been studied systematically and inspires various chemical-specific measure-
ment methods for extensive non-fluorescent species. In this chapter, we review
recent achievements of far-field label-free super-resolution microscopy (LFSRM)
that deploys materials absorption to provide the contrast. In the linear absorption
modalities, samples convert photon energy to heat efficiently, which turns the pho-
tothermal detection with single-molecule sensitivity into possible. The photothermal
microscope breaks the diffraction limit of the excitation beam by probing the local-
ized thermal lens effect using a shorter-wavelength beam. In the nonlinear absorp-
tion modalities, one pump beam profile could be engineered to doughnut shape and
reduce the size of the nonlinear region, which helps achieve sub-diffraction reso-
lution. Both mechanisms use the intrinsic vibrational or electronic absorption of
molecules, through which different species are readily discriminated. Owing to the
chemical specificity and high sensitivity, this label-free LESRM provides unique
advantages in various materials and in biomedical applications, including nanoma-
terial inspection and in vivo imaging of living cells and organisms.

6.1 Introduction to Absorption-Based Far-Field Label-Free
Super-Resolution Microscopy

The development of biological and biomedical sciences in the twentieth century has
expedited the growth of far-field microscopy, which enabled numerous intracellular
studies with minimal invasion [1]. However, traditional far-field microscopy cannot
focus light onto a spot that is smaller than the diffraction limit [2]. As a consequence,
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objects that are closer or smaller than about half the wavelength cannot be discerned
and those sub-cellular structures such as organelles can only be visualized down to
this scale [3]. To break the diffraction limit, the last two decades have seen an emerg-
ing interest of developing fluorescence-based far-field super-resolution microscopy,
or the so-called “far-field fluorescence nanoscopy”. Among them, photoactivated
localization microscopy and stochastic optical reconstruction microscopy use the
on/off blinking and switching behavior of fluorescent proteins to partially excite and
localize the fluorophores with ~10 nm precision [4-7]. Stimulated emission deple-
tion microscopy [8-10], along with ground-state depletion (GSD) microscopy [11]
and saturated structured illumination microscopy [12, 13] are based on nonlinear
optical effects that reduce the point spread function (PSF) of the focused light by
controlling the excitation beam geometry.

Although the power of far-field fluorescence nanoscopy approaches enabled many
breakthrough and discoveries in cell biology and biomedical sciences, due to the
necessity of employing fluorescent labeling, many important intracellular processes
that could be perturbed by the fluorophores remain unexplored [14—18]. In addi-
tion, many intrinsic biomolecules and nanomaterials, such as hemes, nanotubes, and
graphene, have strong absorption yet low quantum efficiency [19-21], which makes
it hard to visualize these species using far-field fluorescence nanoscopy. Label-free
super-resolution microscopy (LFSRM), which uses other inherent chemical or phys-
ical properties from the samples to provide the contrast, thus shows advantages over
fluorescence-based approaches for in vivo imaging of cells and organisms and draws
increasing interests in the recent years.

One way to provide contrast mechanism in the label-free imaging manner is to
use the intrinsic molecular absorption that is prevalent from inorganic materials to
biomolecules. Linear absorption has been well studied since the early twentieth cen-
tury and inspired various widely used measurement methods, including infrared (IR )
spectroscopy (vibrational state absorption) [22] and UV-Vis spectroscopy (electronic
state absorption) [23]. On comparing with scattering or multiphoton processes, we
found that the large cross-section of linear absorption allows researchers to push
the sensitivity of absorption spectroscopy to single-molecule detection [24, 25].
The application of Fourier transform in the interferometric spectroscopy enables
the extraction of absorption spectra with high spectral resolution from the measured
interferogram [26-29]. The development of bright coherent sources, like synchrotron
radiation or quantum cascade lasers [30, 31], along with the deployment of fast elec-
tronics or sensitive detectors [27, 32] has improved not only the signal-to-noise ratio
to an extreme but also the spectral resolution and has reduced the data acquisition
time. These advancements in linear absorption spectroscopy have all facilitated the
deployment of spectroscopic imaging in chemistry, materials science, pharmaceu-
tics, and polymer sciences [33-36]. Meanwhile, the advancements in nonlinear optics
have also seen the growth of nonlinear absorption-based spectroscopy, such as tran-
sient absorption spectroscopy and stimulated Raman scattering spectroscopy [15, 19,
37—41]. Transient absorption microscopy, being able to provide the time-resolved
spectroscopic imaging of various ultra-fast processes, is deployed in the field of nano-
materials, semiconductors, catalysts, and so on [42—-46]. Stimulated Raman scattering
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microscopy, on the other hand, is rising as a popular tool in biology, biomedicine,
and so on [47-49].

Although absorption-based spectroscopic imaging techniques have come a long
way to pursue fast and sensitive measurement, the limited spatial resolution remains
to be a problem for further applications that require sub-micron or nanoscale reso-
lution. In particular, the most popular absorption-based spectroscopic imaging tech-
niques, such as mid-IR microscopy, near-IR microscopy, and transient-absorption
microscopy, all use long wavelength light source (0.8-10 pm) whose spatial resolu-
tion stay in the micrometer scale. To achieve higher resolution, many methods have
been reported during the recent years. One way of improving the image resolution is
to deconvolve the captured image with the PSF of the system through image process-
ing [50, 51]. Albeit widely applied and ready to use, deconvolution method could not
really break the diffraction limit in far-field imaging systems. Thus, other methods
using near-field configuration to achieve absorption-based super-resolution imaging
were proposed. In 2000s, scanning near-field microscopy was combined with IR
spectroscopy to achieve 20 nm resolution [52]. Later, atomic force microscope tips
were used to probe the thermal expansion of objects induced by the absorption of
IR, which obtained IR absorption spectroscopy from samples smaller than 10 nm
[53-56]. However, the low throughput and sample-probe contact of these near-field
methods limited their applications in biomedical sciences.

To address this problem, ideas of absorption-based far-field LFSRM were pro-
posed inrecent years. The first category is featured as photothermal (PT) microscopy,
which uses a probe beam to detect the subtle PT lens effect induced by the linear
absorption of the excitation (pump) beam. The PT lens measurement was first con-
ducted in 1965 in a single-beam apparatus which uses the same beam for both pump
and detection [57]. The dual-beam apparatus was then exploited to further take advan-
tage of the sensitivity of PT detection [58]. It was not until the twenty-first century
when PT detection was realized to be an approach to break the diffraction limit of
the pump beam. As an example, various mid-infrared PT microscopes achieve sub-
micron IR spectroscopic imaging by confocally exciting the objects with a mid-IR
beam and probing with another tightly focused visible or near-IR beam [59]. The
improved spatial resolution (~700 nm) allows those methods to obtain the IR spectra
from the sub-cellular structures of living organisms or tissue slices for the first time.
Besides, recent attempts which deploy counter-propagation measures have pushed
the resolution up to 300 nm to obtain the IR spectrum of single Escherichia coli
and local cation heterogeneities in mixed cation perovskite [60]. The idea of detect-
ing the nonlinear PT terms to further increase the spatial resolution has also been
demonstrated [61].

The second category of absorption-based far-field LFSRM, instead of probing
the linear absorption, uses an apparatus that is inspired by super-resolution GSD
microscopy and measures the nonlinear absorption of incident beams [62]. In the
saturated transient absorption, a doughnut-shaped saturation pump beam was applied
to confine the transient absorption signal within the very center of the focal spot to
achieve super-resolution pump-probe imaging. The same apparatus can be used
in other nonlinear optical processes to detect the materials absorption with sub-
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diffraction resolution. In one example, a doughnut-shaped decoherence beam was
combined with the confocal pump and probe beams to confine the stimulated Raman
gain within the center of the beams, which enables sub-diffraction Raman imaging
[63].

In this review, we review the history and fundamental principles of both linear
and nonlinear absorption-based LFSRM techniques, scrutinize the pros and cons of
different modalities, and present the latest applications and possible future directions
of the field.

6.2 Breaking the Diffraction Limit in IR Microscopy
Through Photothermal Detection

6.2.1 Laser-Induced Photothermal Lens Effect: The Origin
of the Photothermal Contrast

The PT lens effect was first reported and discussed by Gordon et al., whose analysis
built the basis of later works in this field [57]. In that experiment, a liquid sample
cell filled with various pure samples was placed in the beam path and heated by
the absorption of the laser power to produce a thermal gradient in the vicinity of the
incident beam, which resulted in long transients of intensity profiles of the transmitted
beam. It is believed that such observations were induced by the lens effect arising
from the refractive index change near the beam as a result of the thermal gradient. To
further explain it, Gordon et al. built a model to quantitatively depict the refractive
index gradient produced by the PT process as a function of the temperature coefficient
of the refractive index (dn/d7T), through which the detected beam intensity profile
could be used to retrieve the unknown quantities related to the sample, such as
concentration and thermal constants. Since most liquids have a negative value of
an/aT, the thermal lens effect is usually divergent [58]. That very first experiment
achieved measurement of absorptivity as low as 10~* cm™!, indicating a promising
approach to probe weak absorptions indirectly with high sensitivity.

6.2.2 Improvement of Detection Sensitivity of Photothermal
Spectroscopy

Soon after Gordon’s experiment, many other works were reported to improve the
physical model of the PT lens effect [64—68]. On the other hand, more efforts were
dedicated to the enhancement of detection sensitivities of the PT measurements
[69-71]. Stone designed an interferometry to better resolve the phase shift induced by
the PT lens effect and achieved ~10~° cm ™! sensitivity [72]. Boccara et al. exploited
an accurate position sensor and applied fast modulation to the pump beam to measure
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the periodic distortion induced by the PT process and deduced the sample absorptivity
with high sensitivity [73]. It is also suggested that heat dissipation from the hot spot,
located at the center of the beam, to the surrounding medium will affect the detected
PT lens profile. Therefore, liquids with lower heat conductivity tend to produce larger
thermal gradient in smaller space, which leads to higher detection sensitivity [74].
Note that all those attempts deployed the single-beam apparatus in which only one
laser was used to both excite and probe the PT lens effect. And the best sensitivity
for absorptivity measurements reported was limited to ~107¢ cm™' [75].

The breakthrough was not realized until the deployment of the dual-beam appa-
ratus along with the synchronous detection which achieved an ultimate sensitivity
of less than 107! cm™! for absorptivity determination [58]. Unlike its single-beam
counterpart, the dual-beam setup uses a second laser to probe the PT lens effect
induced by the sample absorption of the pump beam, as illustrated in Fig. 6.1. The
probe beam can be either collinear [58] or perpendicular [76, 77] to the pump beam,
resulting in similar performances.

Despite the addition of slight complexity of beam path alignment, the dual-beam
apparatus has a major advantage over the single-beam apparatus on the improvement
of sensitivity because it enables the use of a probe beam that has different wavelengths
and beam path from those of the pump beam. First, the probe beam reacts only with
the refractive index gradient produced by the PT lens effect, and the wavelength
of probe beam can be chosen from low-absorption regions to maintain high probe
power at the detector and hence achieves the ultimate signal-to-noise ratio (SNR)
[74]. In addition, the pump beam wavelength is usually selected from spectral regions
that are strongly absorbed by samples of interest to maximize the PT lens effect at

(a) Sample
Heating & probe source Shutter Pinhole
(b) Sample Filter
Probe Laser Detector
Chopper Pinhole
Synchronous
Pump Laser detection

Fig. 6.1 Comparison of two different experimental setups: a single-beam apparatus and b dual-
beam apparatus with pump beam modulation and synchronous detection
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Fig. 6.2 Schematic of the first PT microscopy setup. Reprinted from [83] with permission. Copy-
right 1993 American Chemistry Society

extremely low concentrations (<10~'2 mol/L). Last but not the least, the dual-beam
apparatus allows separate modulation of both the pump and probe beams, enabling
lock-in detections which maximizes the SNR of a periodic process [78]. Single
nanocluster and nanoparticle (1.4 nm diameter) imaging [79-81] as well as single-
molecule detection [82] via PT imaging have all been reported in recent years. With
such extraordinary improvement of sensitivity, the PT spectroscopy is applied in
numerous studies in non-fluorescent analytes [80, 81] and further developed as one
of the most used absorption-based label-free microscopy by Harada et al. in the early
1990s [83]. As shown in Fig. 6.2, the pump and probe beams are collinearly combined
by a dichroic mirror and then sent to the sample through the same objective. Such
coaxial configuration is adopted by most of the latest PT microscopes due to the ease
of alignment. Details of super-resolution PT microscopy (PTM) techniques will be
discussed next.

6.2.3 Beat the Diffraction Limit of the Pump Beam

Consider the Abbe diffraction limit calculated as d = A/2NA of the smallest object
that can be resolved by a diffraction-limited optical microscope. Either shorter wave-
length (1) or larger numerical aperture (NA) will result in the improvement of the
spatial resolution of microscopes. Since the spatial resolution of PTM is only deter-
mined by the probe beam instead of the pump beam, the dual-beam apparatus brings
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in possibilities of beating the diffraction limit of the pump beam by manipulating
the probe beam. Based on the preceding argument, super-resolution PTM imagings
have been achieved mainly in three different ways.

The first method is to choose shorter wavelength laser source as the probe beam.
This approach is the simplest way to realize sub-diffraction imaging and most used
in vibrational spectromicroscopy such as the detection of mid-IR absorptions. The
wavelength of mid-IR pump beam usually falls in the range of 2.5-10 pm and most IR
objectives have relatively small NA values (<0.8) given the fact that IR source cannot
be used in water or immersion oil. Thus, the best spatial resolution of conventional
absorption-based IR microscopes is still limited to ~3 pum even with the synchrotron-
based diffraction-limited system [31]. Besides, since the IR region covers such a
broad spectral window, the chromatic aberration will significantly degrade the image
quality. However, with the deployment of a visible probe beam (785 nm), Zhang and
colleagues achieved sub-micrometer (~0.6 pm) chemical imaging of living cells or
microorganisms via confocal mid-IR PTM with a Cassegrain objective (0.65 NA)
[59]. As the schematic shows in Fig. 6.3a, b, the probe focus is ~1/10 of the size of the
pump mid-IR beam such that objects outside the probe beam focus are not detected,
resulting in the ninefold improvement of the spatial resolution shown in Fig. 6.3c.
Since the mid-IR pump beam can fully exploit the rich chemical information encoded
in intrinsic chemical bond vibrations, mid-IR PTM emerges as a promising LFSRM
approach for biomedical and pharmaceutical applications [59, 84]. We will discuss
the recent advances and applications of mid-IR PTM in the following sections.

The second approach is to separate the beam paths and deploy a high NA objective
for the counter-propagating probe beam. As shown in Fig. 6.4, Li et al. reached an
ultimate resolution of 300 nm using a 532 nm probe beam and a 0.9 NA objective in
their counter-propagating mid-IR PT microscope [60]. The main advantage of this
approach is that the visible probe beam can go through a refractive objective instead
of low NA reflective objectives that are typically used for IR source. Since there
are numerous high NA refractive objectives available for visible probe beams, this
approach could potentially reach the spatial resolution on the scale of 100 nm. In addi-
tion, this approach is often combined with the first approach, which results in higher
resolution than those coaxial PT microscopes. However, the counter-propagating
configuration does increase the complexity for system alignment in order to overlay
the pump and probe beams in the sample plane and maximize the PT signal. Another
drawback is that this approach requires the epi-detection design in which the probe
photon collection efficiency is lower than that of the transmission mode, resulting
in slower data acquisition. Thus, there is a trade-off between spatial resolution and
imaging frame rate in this approach.

Last but not the least, super-resolution PTM can be achieved by probing the
nonlinear PT lens effect whose signal profile is much narrower than the linear PT
signal [61, 85-90]. Zharov first demonstrated the nonlinear dependence of PT signal
to the pump beam intensity when the laser energy reaches certain thresholds using
nanoparticles, through which the detected nonlinear PT signal arises only from the
nonlinear center of the samples [61].
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Fig.6.3 aProbe beam propagation through the sample via a dark-field objective without an infrared
beam (not to scale, condenser omitted for simplicity). b The probe beam propagation is perturbed
by the addition of the infrared pump beam due to infrared absorption and development of a thermal
lens. ¢ Mid-IR PT imaging of a 500 nm PMMA bead. The vertical and horizontal intensity profiles
indicate the spatial resolution is ~0.6 wm. Adapted from [59] with permission. Copyright 2016
American Association for the Advancement of Science

As depicted in Fig. 6.5a, the nonlinear PT resonance intensity profile is much
narrower (~1/2) than that of either the linear PT signal or the laser beams. Therefore,
two adjacent nanoparticles whose distance is smaller than the diffraction limit of
both the probe and pump beams are readily resolved by detecting the nonlinear PT
signals, as shown in Fig. 6.5b. Experimental results also verified the anticipated
improvement of the spatial resolution in nonlinear PTM, as shown in Fig. 6.5c, d.
Based on the experimental results, the nonlinear PTM improved the lateral resolution
from (260 4= 20 nm) to (90 = 20 nm) with laser fluence level just above the threshold
(0.7 I/cm? in this case). Since the nonlinear configuration requires the use of a stronger
beam intensity compared to linear PTM, the concern of laser-induced photodamage
was inevitably raised. Nedosekin et al. estimated that the minimum laser fluence
needed to achieve spatially selective signal amplification is 10-30% higher than the
nonlinear threshold, while the photodamage typically occurs when the laser fluence is
at 3-5 times higher than the nonlinear threshold [61]. The early nonlinear PT studies
were mainly conducted using plasmonic nanoparticles since the enhancement of
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Fig. 6.4 a Schematic diagram of the counter-propagating mid-IR PT microscopy. The mid-IR
pump and visible probe beams are focused on the sample with separate objectives. APD: avalanche
photodiode, RC = reflective Cassegrain, FO = focusing objective, B/S = beam splitter, and TL
= tube lens. b Mid-IR PT imaging of a 0.1 .wm diameter polystyrene bead recorded with a step
size of 0.05 pm. ¢ Line profile extracted from the image in panel (b) showing a full-width at half-
maximum (FWHM) of 0.3 wm. Adapted from [60] with permission. Copyright 2017 American
Chemical Society

local electromagnetic field results in stronger nonlinear PT signal. Thanks to the
recent development of high power laser sources with broader spectral coverage; this
approach has also been demonstrated in liquid crystal [89], cells [91], and tissues
[92].

It is noteworthy to mention that another approach uses time-resolved PT response
to discriminate adjacent objects within the probe beam and diffraction limit was also
realized [85, 91]. The principle behind such approach is that sub-diffraction objects
exhibit different photo-induced thermal field dissipation rate. Therefore, by actively
tuning the delay between pump and probe beams, time-resolved PT signal can be
exploited to retrieve the actual shapes of different hot spots before the thermal fields
expands to surroundings and prevent nano-objects from being resolved, as shown
in Fig. 6.6a, b. This approach was demonstrated in nanoscale liposome imaging
(Fig. 6.6¢). Albeit sub-diffraction resolution is achieved, this method requires prior
knowledge of physical or chemical parameters of samples to be studied in practi-
cal operations to optimize the time delays set between pump and probe beams. In
addition, the sub-diffraction images require at least two independent measurements
to compose, which prohibits high-speed PT imaging of nano-objects. Consequently,
this approach is not widely used in this field.
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Fig. 6.5 aNonlinear PT amplification for a nano-object in the center of the laser beam. b Nonlinear
sequential PT spatial resonances during laser scanning from two nano-objects separated by a distance
smaller than the size of the diffraction-limited beam spot. The dashed line represents a sum of two
linear (green solid lines) PT signals. ¢ Super-resolution nonlinear PT imaging of a 75-nm single
gold nanowire at different laser fluences. d Lateral resolution in linear and nonlinear modes of PT
microscopy. Adapted from [61] with permission from Wiley-VCH Verlag GmbH & Co

6.2.4 Visible Beam Excited Photothermal Microscopy

We will discuss more technical details of PTM techniques using visible pump beams.
Visible excited PTM was first demonstrated by Harada et al. in 1993 as an extremely
sensitive method for non-fluorescent microscale particle analysis [83]. As illustrated
in Fig. 6.7, a typical visible excited PT microscope setup consists of a modulated
pump beam and a continuous wave or modulated probe beam which are combined ata
dichroic mirror and sent to the objective collinearly. Both laser scan and sample scan
configurations have been demonstrated [93, 94]. The probe beam is further modulated
by the periodic PT effect and detected by either forward or backward mode. With
the deployment of a lock-in amplifier, the PT signal modulated at high frequencies
(typically 100 kHz—1 MHz) is demodulated with high SNR which enables superb
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Fig. 6.6 Thermal fields (solid curves) and diffraction pattern (dashed curves) around a a single
nano-object, and b two adjacent nano-objects within the diffraction pattern. Adapted from [85],
Copyright 2003 Optical Society of America. ¢ Left: Probe laser diffraction pattern. Middle: Super-
resolution PT imaging of two 90-nm liposomes with 10 ns time delay. Right: Hardly resolved
PT imaging of the same liposomes with 120 ns delay time. Adapted from [91]. Copyright 2002
Wiley-Liss, Inc.
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Fig. 6.7 a Setup of a typical visible excited PTM with lock-in amplified detection (PBS: polarizing
beam splitter; A/4: quarter wave plate). b Detailed depiction of probe beam propagation in both
forward and backward detection. Reprinted from [94] with permission. Copyright 2014 Royal
Microscopical Society
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sensitivity. The limit of detection of visible excited PTM was first determined to be
at femtogram level [95]. This limit was soon pushed to single nanoparticle detection
[81], statistically sub-molecule detection [96], and single-molecule imaging [82].
Note that the impact of solvents in sample cells on SNR has already been noticed
and investigated. Since the PT signal is proportional to the refractive change rate as a
function of the change in temperature (dn/97), this value determines the signal level
and SNR when other parameters are the same. It was demonstrated experimentally
that performing PT detections in glycerol results in five times improvement of the
SNR than in water [74]. Furthermore, recent experiments indicated that critical Xeon
medium will enhance the SNR by over 100 times compared to glycerol [97].

Visible excited PTM endows several advantages over other label-free microscopy
techniques. First, for many molecules, electronic state absorption cross-sections are
much larger (>10° times) than vibrational state absorption or Raman scattering pro-
cesses, resulting in extremely sensitive detection of various species [98]. For instance,
heme proteins are known to have extremely fast internal conversion rate and short
excited state lifetime (<50 fs) of Soret band such that almost all absorbed photon
energy is converted to heat [99, 100]. Therefore, PT effect provides ideal contrast for
the detection of these molecules at fairly low concentrations (100 pM hemoglobin
solution) [98]. Besides, gold nanoparticles and nanorods are a group of nano-objects
that often being studied using visible excited PTM since the plasmonic resonances
at 550-800 nm increases local electromagnetic fields and enhances the PT signals
allowing nanoparticles as small as 1.4 nm to be detected [80].

Another advantage is that optics are well-designed and readily operated for visible
beams compared to mid-IR sources that require special materials for coatings and
substrates. There are no specific sample preparation requirements for visible excited
PTM compared to fluorescence microscopy or IR microscopy. Liquid sample cells
or sandwiched glass slides are usually used for transparent samples at forward detec-
tion mode. Although some experiments were conducted in glycerol or other organic
solvents in order to enhance the SNR, the practical steps are nothing more compli-
cated than preparing samples suspended in water. For opaque samples, backward
detection mode allows visible excited PT imaging of only the surface of the samples
due to dramatic power attenuation as both pump and probe beams propagate deep
into the samples. But the operation is relatively easy in this case. Such advantage sig-
nificantly simplifies the customized development, broader applications, and routine
maintenance of the PT microscopes.

Third, laser engineering has come a long way in developing visible laser sources
with higher power, lower noise, and broader tunable range, which all benefits the
overall performances of PTM with visible pump beams. At first, the pump and probe
beams power in samples are limited to 2 and 0.1 mW, respectively [96]. The appli-
cation of high-power lasers increases the power dissipated to samples to 10 times
for each beam, which leads to 100 times PT signal and 10 times SNR, given the
quadratic relation of laser power and signal level in PT process [74]. Before tunable
lasers were implemented, PTM is excited by monochromatic visible pump beams
including He—Ne laser, Ar—ion laser, and 532 nm diode laser, through which only
one type of molecules can be determined at a time. Then, dual pump beams appa-
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ratus was exploited to perform simultaneous multiwavelength PT imaging, enabling
the detection of two different species in one measurement [101]. The deployment of
diode laser pumped optical parametric oscillator finally enables full coverage of the
visible to NIR spectral region in PTM, which significantly enhances the ability to
differentiate complex samples using PT spectromicroscopy technique [102].

The concern of laser-induced photodamage, especially thermal damage, also
exists in visible beam excited PTM. Unlike fluorescence-based techniques that are
vulnerable to photobleaching, the photodamage in visible beam excited PTM mainly
comes from local thermal damage. The pump lasers used in PTM are usually nanosec-
ond lasers, while the heat dissipation rate in condensed matters falls in tens of
nanoseconds to microsecond scale [103]. Therefore, potential damage from local
heat accumulation must be considered when determining the appropriate sampling
rate for PT experiments. Some hypothetical and experimental works investigating the
damage threshold of various biological samples have been reported [61, 104]. How-
ever, the experimental results of cell damage thresholds show dramatic variations
among different cell lines and pump beam wavelengths [105]. Thus, more system-
atic studies on the photodamage in visible excited PTM are in need to facilitate
spreading.

6.2.5 Mid-IR Excited Photothermal Microscopy

Ever since the publication of Coblentz’s high-quality IR spectral database in 1905
[106], advances in IR spectroscopy and spectromicroscopy including Fourier trans-
form IR (FTIR) spectroscopy [26], FTIR imaging [27] attenuated total reflectance
IR imaging [107], and focal plane arrays IR imaging [108] have all improved the
measurement of IR absorption from the aspects of higher sensitivity and spatial res-
olution. However, the fundamental limit of [R diffraction (~5 pum) was not defeated
by preceding approaches. Besides, the broad spectral window (typically 2—-10 jum)
invokes the problem of measurement accuracy since the wavelength-dependent light
scattering could produce dramatic fluctuations in the IR signal intensity, which leads
to huge baseline artifacts [109]. Furthermore, water shows strong absorption in the
entire mid-IR region, which hinders the application of IR spectroscopic imaging to
investigate biomolecules in living cells or organisms in aqueous environment. These
problems were addressed collectively by the invention of mid-IR excited PTM. We
will focus on the hardware and practical operation aspects of this technique in detail
in this section.

Mid-IR excited PTM was demonstrated by Furstenberg et al. in 2012 [110], about
20 years later than the first demonstration of visible excited PTM. The pivotal diffi-
culties of developing mid-IR based PTM are: (1) the lack of high-quality mid-IR laser
sources; and (2) complications to integrate mid-IR pump beam with visible probe
beam in the same optical system without introducing severe chromatic aberrations
and mid-IR power losses.
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The first problem was addressed by recent advances in mid-IR laser sources in
the last two decades. In particular, modern quantum cascade laser (QCL) offers
the ability to perform broadband wavelength scan with ultra-high spectral resolution
(~0.1 cm™!) discretely [111-113], in which specific vibrational bands of interests are
pinpointed at high speed while providing enough chemical information to determine
the composition of samples through spectra analysis [30]. Therefore, the majority of
mid-IR PT microscopes use QCL as IR pump beam [59, 84, 110]. Besides QCL, dif-
ference frequency generation (DFG) is another effective approach to produce tunable
mid-IR sources as the pump beam of PT microscope [114-116]. The fundamental
beams usually consist of a tunable beam and a monochromatic beam. Both beams
are focused onto nonlinear crystals, such as periodically poled LiNbOs3, to produce
tunable nanosecond mid-IR pulses whose average power can reach up to 200 mW
with less than 10 cm™! linewidth, which is sufficient to induce strong PT effect in
most absorption bands and measure liquid phase IR spectra. Despite the additional
complexity of DFG, the produced mid-IR pump beam can be tuned to various wave-
lengths with better coverage of high wavenumber mid-IR regions, including the “cell
silent region”, where most intrinsic biomolecules show no absorption, and deuterated
molecules are often used to investigate cell metabolisms [116, 117]. Therefore, QCL
and DFG collectively provide more options to the pump beam selection of mid-IR
excited PTM and enable more important applications in biological studies.

The second problem found a solution by the deployment of reflective optics,
including the Cassegrain objectives and off-axis parabolic mirrors, since these optics
are immune to chromatic aberration across the whole spectral window. Like visible
excited PTM, a typical mid-IR excited PT microscope deploys coaxial configuration,
as illustrated in Fig. 6.8a, where the mid-IR pump beam and visible probe beam are
combined at the dichroic mirror and collinearly sent to the Cassegrain objective [59].
To avoid mid-IR beam power losses, the reflective optics are usually coated with gold
orsilver, and the samples are sandwiched by ultra-broadband IR transparent materials
such as CaF, or MgF,. Since the water vapor and some other trace organic vapors in
air all absorb mid-IR, the beam path of the mid-IR pump beam is usually designed
with minimum distance, to further maintain the pump beam power at the sample.
In some cases, to diminish the power loss and push the detection limit, methods
used in conventional mid-IR measurements, including purging dry nitrogen into
the system to reduce water vapor and CO; absorption, are needed [118]. Note that
the reflected mid-IR residue (power <1 mW) from the dichroic mirror is collected
by a mercury—cadmium—telluride (MCT) detector to record the IR power at each
wavelength in real time. This power spectrum is used to normalize the PT signal
acquired by the photodiode to produce the IR absorption spectra of samples.

There have been several reports aiming to improve the SNR in mid-IR excited
PTM through various optimization approaches. For instance, Zhang et al. investi-
gated the frequency dependence of the mid-IR PT signal, laser noise, and the system
SNR (Fig. 6.8b) [59]. By considering the trade-off between the SNR and data acqui-
sition speed, the pump beam modulation frequency was set at 100 kHz for optimal
performance. As showninFig. 6.8c, a high-Q tunable resonant amplifier with a center
frequency of 102.5 kHz was installed after the photodiode such that the modulated
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Fig. 6.8 a Setup of a typical mid-IR excited PTM using a Cassegrain objective. b Comparison of the
frequency dependence of the mid-IR photothermal signal, QCL laser noise, and SNR. ¢ Frequency
response of a high-Q tunable resonant amplifier. Adapted from [59] with permission. Copyright
2016 American Association for the Advancement of Science

PT signal is amplified by 10% times while non-resonant noises are suppressed. Apart
from the denoise strategies in optimizing the pump beam modulation frequency and
detection frequency, Totachawattana et al. proposed a method to reduce background
noises and enhance the SNR by introducing high-frequency modulation (1.04 GHz)
to the probe beam [118]. On comparing with the results obtained using continuous
wave probe beam, they found that the ultra-fast modulation increased the ultimate
SNR by nine times. Another strategy was attempted by a couple of reports, in which
the excitation wavelength is tuned to a specific “silent spectral region” to mini-
mize the background absorption and maximize the analyte absorption with the prior
knowledge of the system to be measured [59, 116].

As discussed in Sect. 6.2.3, the highest spatial resolution that have been achieved
in mid-IR PTM is 0.3 pm using a highest NA air objective (NA (.9) among all
reported works [60]. In the most recent report on the resolution improvement of
mid-IR excited PTM, Huffman et al. claimed that 202 nm resolution was achieved
by roughly comparing the images obtained from the PTM and confocal microscope
without quantitative evaluations [119]. Although it has been suggested to use water
or immersion oil objectives to further increase the NA (to 1.3-1.5) to achieve bet-
ter spatial resolution, the strong absorption of water and oil in the mid-IR region,
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especially in the biologically informative amide I and C=0 carboxyl bands [120],
limited the broad interests of such strategy in practical applications since the mid-IR
pump wavelength has to be tuned off resonance with these bands. The nonlinear
PT effect has been observed in spectroscopy studies [89, 121], but super-resolution
mid-IR excited PTM has not been enabled via nonlinear PT effects. With this field
actively growing, those technical barriers that limit the pursuit of higher resolution
will eventually be eliminated.

Similar to the case of visible excited PTM, the pump laser-induced photodamage
is also considered in mid-IR excited PTM. Just like what have been discussed in
the visible excited PTM in Sect. 6.2.4, the photodamage in mid-IR excited PTM is
also induced by the thermal damage instead of direct photon excitation. However,
the mid-IR photodamage threshold for most samples is much higher than that in the
case of visible excitation since mid-IR photons only induce covalent bond vibra-
tions which are more reversible processes compared to the electronic state excitation
induced in visible excited PTM. To avoid accumulated heat causing damage to the
sample, it is suggested to control the duty cycle of the mid-IR pump beam accord-
ing to the heat dissipation rate of the sample and surroundings. Li et al. proposed
a model to simulate the PT relaxation time as a function of object size for a series
of polystyrene spheres in the air—glass surface [60]. Their results indicated that the
accumulated heat will vanish in 10 s, which is apparently faster than experimental
observations in other reports [59, 116]. Therefore, such model needs further amend-
ment to be more accurate in predicting the actual relaxation time in mid-IR excited
PT processes. So far, most of the reported mid-IR PTM studies adopted ~10 s as a
single period of PT measurement. Note that some mediums with large heat capacity
like water (4.18 J/kg K) will accelerate the heat dissipation, which helps reduce the
photodamage from local overheating. Such phenomenon was found in the in vivo
mid-IR PT imaging of cells and organisms [59].

6.2.6 Applications of Super-Resolution Photothermal
Microscopy

Owing to the superb sensitivity in the detection of non-fluorescent species, both the
visible and mid-IR excited super-resolution photothermal microscopies (SR-PTMs)
have found numerous applications in the detection of trace analytes in materials
science and biomedical studies. As discussed in the preceding sections, compared to
mid-IR excitation, visible excited SR-PTM is able to take advantage of plasmonic
resonance of metallic analytes to achieve single-molecule detection limit, high spatial
resolution (~100 nm), and provides electronic absorption information. Therefore,
it has been widely applied in the label-free imaging of individual nanoparticles,
nanoclusters, and nanocrystals [80, 122]. Note that the size dependence of the PT
signal has been well studied, as shown in Fig. 6.9, which enables the discrimination
among different-sized particles that are much smaller than the diffraction limits of
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Fig.6.9 a Signaldistribution obtained from a sample containing both 2 and 5 nm gold nanoparticles.
b Size dependence of the signal, that is, absorption cross-section (circles) deduced from a series of
histograms as presented in (a) and, in comparison to the Mie theory (solid line). Reprinted from
[80] with permission. Copyright 2004 The American Physical Society

the PTM. For instance, gold nanoclusters as small as 1.4 nm can be differentiated
from 5 nm nanoclusters referring to the differences of their PT signal intensities even
though they look alike in the PT images due to the limited spatial resolution [80]. Such
observation has been exploited in studying molecular binding dynamics, especially
for non-fluorescent molecules, at the single-molecule/single-nanorod level since it
allows the researchers to significantly reduce the volume of nanorods to mimic the
actual protein receptor sizes and construct better dynamic models (Fig. 6.10) [123].
The size distribution of nanoparticles with varying volumes below the diffraction
limit can also be retrieved readily according to the PT signal intensity [74, 79].
Gaiduk et al. further demonstrated single molecule detection at room temperature by
fully exploiting the advantage of high sensitivity provided by visible excited SR-PTM
[82]. Owing to the label-free nature, Bogart et al. introduced a technique to monitor
in vivo cell uptake of dextran-coated iron oxide nanoparticles, which is considered as
auseful cell tracker [124]. Kitagawa et al. successfully integrated visible excited PTM
with the electrodynamic chromatography, which enables separation and label-free
detection of trace amino acids simultaneously [125]. Other reports have demonstrated
the application of the visible excited SR-PTM to study the thermal properties of
materials such as diamond [126], single-layer thin films [127], nanoscale defects in
materials [128], and PT detection sensitivity as a function of temperature increase
[129].

Apart from plasmonic nanoparticles, visible excited SR-PTM has found broad
applications in label-free imaging of certain intrinsic molecules in biological samples.
The greatest challenge of imaging complex biological specimen using visible excited
SR-PTM is that the low concentration of most biomolecules requires extremely high
sensitivity without surface plasmon. One solution is to select those analytes with rela-
tively large absorption cross-sections such that the PT signal is significantly stronger
than background absorptions. For instance, cytochromes as a group of intrinsic intra-
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Fig. 6.10 a A single gold nanorod functionalized with biotin is introduced into an environment
with the protein of interest. Binding of the analyte molecules to the receptors induces a redshift
of the longitudinal surface plasmon resonance (exaggerated in the illustration). This shift is mon-
itored at a single frequency using photothermal microscopy. b Photothermal time trace showing
single-molecule binding events. The normalized photothermal signal as a function of time for
biotin-functionalized gold nanorods in the presence of a streptavidin—R-phycoerythrin conjugate.
The photothermal signal was recorded on three different nanorods in the presence of different con-
centrations of the protein. The red lines are fits to the time traces using a step-finding algorithm.
Adapted from [123] with permission. Copyright 2012 Macmillan Publishers Limited obtained

cellular proteins that have strong absorption in the visible region are often studied
by visible excited SR-PTM [130]. The deployment of tunable pump lasers allows
the collection of absorption spectroscopy simultaneously with PT imaging, which
enabled identification, quantification, and differentiation of cytochromes ¢ in mito-
chondria, live cells, and solutions [131]. The visible excited SR-PTM has also been
demonstrated in tissue histology to image nuclei (hematoxylin), cell bodies (eosin),
and melanin with H&E stained skin tissues [132]. However, the number of such
intracellular analytes is limited and cannot be applied universally. The other solution
is provided by the integration of radially segmented balanced (RSB) detection to
the conventional PTM to enhance the modulated PT signal and suppress the noise
arising from probe intensity fluctuations as well as electronic cross-talks (Fig. 6.11).
As aresult, the overall SNR of the SR-PTM with RSB detection is improved by ~2.3
times [ 133, 134]. Such enhancement may not look dramatic but is sufficient to obtain
decent label-free images of skin tissues [133], skeletal muscle mitochondria [135],
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Fig. 6.11 a Experimental setup of laser diode-based photothermal microscopy with radially seg-
mented balanced detection. DM: dichroic mirror; BS: beam splitter; OBL: objective lens; CL:
condenser lens; F: band pass filter; VND: variable neutral-density filter; BD: balanced photode-
tector; MMF: multimode fiber. b Conceptual scheme of the radially segmented balanced detection
for improving signal intensity s and reducing intensity noise of the probe beam ép. ¢ PTM image
of a slice of mouse melanoma observed by RSB detection. Adapted from [133] with permission.
Copyright 2015 Optical Society of America

3-D imaging of non-fluorescent tissues [136], and tumor tissues [137], to provide
molecular spectroscopy information to assist disease diagnosis in clinics.

Although mid-IR excited SR-PTM cannot achieve the same spatial resolution
as visible excited configurations due to the limitations of optics, the informative
IR spectrum strengthens the chemical selectivity for organic molecules in particu-
lar, and the detection sensitivity could achieve micromolar in solutions. Compared
to visible absorption spectroscopy, mid-IR spectroscopy endows narrower charac-
teristic peaks which is of value in molecule differentiations, and broader spectral
coverage that allows detection of all kinds of covalent bond vibrations. Thus, mid-IR
excited SR-PTM has been actively used in label-free imaging of complex systems
such as live cells [59, 116], microorganisms [60], tissue slices [118, 138], polymer
composites [110, 139], pharmaceutical formulations [84], mixed cation perovskites
[140], graphene oxide detection [141], trace gas detection [142], and so on. One of
the most important applications is the demonstration of label-free multicolor imag-
ing of intracellular distribution of lipid droplets and drug molecules through mid-IR
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Fig. 6.12 Multispectral mid-IR PT imaging of cellular drug uptake. a Infrared spectra of the lipid
inhibitor JZL184 (top, line) and olive oil (bottom, line). Squares indicate the multivariate curve
resolution results for drug and lipid content. Dashed lines indicate the characteristic peaks for drug
(blue) and lipid (orange) content. Inset shows the molecular structure of the drug. b and ¢ Multivariate
curve resolution output of multispectral mid-IR PT imaging of JZL184-treated MIA PaCa-2 cells for
drug (b) and lipid (¢) content. Scale bars, 20 pum. Reprinted from [59] with permission. Copyright
2016 American Association for the Advancement of Science

excited SR-PTM since it proves such technique to be a promising imaging platform
in the field of cell biology and biomedical studies (Fig. 6.12) [59]. By combining
the advantages of conventional IR hyperspectral imaging and submicrometer spa-
tial resolution of confocal optical microscopy, the mid-IR excited SR-PTM for sure
will become a powerful analytical approach in scientific researches. Furthermore,
the demonstration of fiber-based [143] mid-IR excited PTM increases the portability
of the system. Also, the backward detection apparatus (Fig. 6.13) will simplify the
sample preparation process and appeal to users from the industry specifically [84].
In short, this field is actively growing since the first report about mid-IR excited
SR-PTM in 2012. There will be more technical breakthroughs in the near future.

6.3 Super-Resolution Transient Absorption Microscopy

Owing to the advancement of laser techniques and fast electronics since the 1980s,
the field of nonlinear optical microscopy has come a long way in developing imaging
techniques with higher resolution, lower detection limit, and higher frame rate with
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Fig. 6.13 Backward detected mid-IR excited SR-PTM is able to quantify the size distribution and
chemical compositions of active pharmaceutical ingredients as well as excipients in pharmaceutical
tablets through direct imaging. Reprinted from [84] with permission. Copyright 2017 American
Chemical Society

decent chemical selectivity, to attract broader interests in other research areas. Based
on the fundamental principles, those nonlinear optical spectromicroscopy approaches
can be classified into three main categories, including parametric generation (e.g.
second harmonic generation [144], third harmonic generation [145], coherent anti-
Stokes Raman scattering [14], etc.), pump—probe (e.g. transient absorption (TA)
[46]), and nonlinear dissipation (e.g. two-photon excited fluorescence [146], stimu-
lated Raman scattering (SRS) [15], etc.).

In this section, we focus on the principle and technical details of two novel
approaches to perform nonlinear absorption-based LFSRM, saturated TA and SRS
microscopy, both of which were realized through nonlinear absorption and imple-
menting the mechanism of reversible saturable optical linear fluorescence transitions
(RESOLFT) microscopy in recent years and expected to find interesting applications
in biological and materials science.

6.3.1 Transient Absorption Microscopy

TA spectroscopy, also known as pump—probe spectroscopy or time-resolved spec-
troscopy, has been widely used to elucidate fundamental ultra-fast processes
(picoseconds and sub-picoseconds) in chemistry, biology, and condensed matters
[19, 46, 147, 148]. In a typical TA experiment, a pump beam is applied to reduce
the population of ground states and induce intensity fluctuations of the transmitted
probe beam, which is detected as the TA signal. The contrast types that contribute
to the TA signals include three main components, including ground-state bleach,
stimulated emission, and excited-state absorption (Fig. 6.14) [148]. In ground-state
bleach process, an intense pump beam is usually used to deplete molecules in the
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Fig. 6.14 Contributions to TA spectrum: ground-state bleach, stimulated emission, and excited-
state absorption. Reprinted from [148] with permission. Copyright 2015 by Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim

ground state such that the absorption of probe beam is suppressed and increases
the transmitted probe intensity. While in the case of stimulated emission, the pump
beam first excites molecules to excited states and then, the slightly delayed probe
beam induces stimulated emission to produce more photons in the probe frequency
which increases the probe beam intensity. As for excited-state absorption, the excited
molecules keep absorbing probe beam photons and are excited to higher states, which
results in the decreased transmitted probe beam intensity. Note that the contributions
to TA signals are not limited to the above-mentioned processes, but this review will
not include other mechanisms. As a nonlinear optical approach, one advantage of
TA microscopy over linear absorption-based microscopy is the removal of off-focal
signal. Furthermore, since TA involves nonlinear response from samples, it offers the
opportunity to achieve super-resolution by breaking the diffraction limit in conven-
tional confocal microscopy. We will discuss the two recently demonstrated LFSRM
approaches in the following sections.

6.3.2 Spatially Controlled Saturated Transient Absorption

The idea of spatially controlled saturated transient absorption (SCSTA) originates
from the GSD microscopy first proposed by Hell et al. [149], in which a doughnut-
shaped depletion beam and a regularly focused probe beam are overlaid at the sample
to reduce the PSF, which represents the smallest spot that can be spatially resolved
(Fig. 6.15) [150]. In typical GSD microscopy, fluorophores located at the outer ring
will be excited to the T triplet state and have a much longer lifetime (~1072 s level)
than normal Sy — | relaxation (10~ to 107 s level). Thus, after the depletion beam
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Fig. 6.15 Creating effective PSFs of sub-diffraction extent in a single-point scanning GSD micro-
scope. a Squeezing the spot just along the x-axis and b along all directions in the focal plane.
The depletion spot (Depletion) overlaid with the regularly focused probe spot (Probe) produces the
effective PSF (Eff. PSF). The probe spot probes the fluorescence right after the depletion spot has
pumped the dye into the triplet state. Focal plane cross-section of the PSF (upper panel) and profiles
along the x-axis [dashed line in upper panels] showing FWHM values (lower panels). Wavelengths
for depletion and probing: 532 nm; fluorescence wavelength: 560 nm. Reprinted from [150] with
permission. Copy right 2007 American Physical Society

bleaches the surrounding fluorophores, the delayed probe beam can only measure
the molecular absorption from the very center of the overlaid beams, whose diameter
is predicted to be capable of achieving 10-20 nm [149].

Wang et al. introduced such idea to SCSTA experiments by GSD of the elec-
tron—charge carrier in graphene-like materials (Fig. 6.16) [62]. The saturable absorp-
tion properties of graphene-like structures have been well studied [151-153]. In par-
ticular, the charge carrier dynamics in epitaxial graphene has been investigated by TA
microscopy [42]. It was observed that the carrier—phonon interactions in graphene-
like structures occur in the timescale of 100 fs to a few picoseconds. Therefore,
by tuning the temporal delay between pump and probe pulses to sub-picosecond
scale, the transient absorption signal is able to be detected. To actively suppress the
off-focal signal, an intense doughnut-shaped depletion pulse is temporally inserted
between the pump and probe pulses. As a consequence, the transient absorption sig-
nal (shown as the probe beam intensity loss) is generated only from the very center
of the overlaid beams similar to GSD microscopy. The doughnut-shaped depletion
beam is often tailored by spatial light modulator or spatial phase modulator. Accord-
ing to the experimental results shown in Fig. 6.16d—f, the PSF in SCSTA (FWHM
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Fig. 6.16 Principle of saturated transient absorption microscopy. a Illustration of the saturation
effect in a two-level electronic transition. Pump and probe photons are indicated by red and green
arrows, respectively. b Simple layout of the setup. The dashed line indicates that the pump beam is
modulated. ¢ The pulse train of pump, saturation, and probe beams at the focused doughnut-shaped
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(right panel). Sub-diffraction-limited imaging of graphite nanoplates obtained from d conventional
pump-probe microscopy and e SCSTA microscopy. f Intensity profiles along the lines indicated by
arrows in (d, e). Scale bar: 1 pm. Adapted from [62] with permission. Copyright 2013 Macmillan
Publishers Limited

is 225 nm) is 42% of that in the conventional pump-probe microscopy (FWHM is
385 nm).
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One of the major concerns of such approach is the issue of photodamage since the
molecules are repeatedly excited/depleted by the pump/depletion beam in the raster
scanning mode. As Bretschneider et al. discussed in their report on GSD microscopy,
care must be taken when determining the pixel dwell time since molecules excited
to the triplet state must relax to ground state before beam moves on [150]. In SCSTA
experiments, Wang et al. also investigated the photodamage threshold of the intense
depletion beam and recovery of TA signals after repeated excitations using graphene
nanoplate as a model. The photodamage was observed when power density exceeds
~2.4 MW cm~2, while the TA signal recovery rate could reach 100% below that
threshold. This approach can be applied to other materials that have saturable absorp-
tion properties, such as single-walled carbon nanotubes [ 154—156], iron oxides [157],
or zinc oxides [158].

6.3.3 Super-Resolution Stimulated Raman Microscopy

Inspired by the success of other super-resolution nonlinear optical microscopy [62,
79], Gong et al. proposed to combine the advantages of stimulated emission depletion
(STED) microscopy and SRS microscopy by developing the super-resolution satu-
rated SRS microscopy in a theoretical study [159]. They proposed to split the Stokes
beam into two components, one of which is modulated as an intense doughnut-shape
by a phase plate and the other one remains a normal Gaussian beam. By recombining
the two Stokes components, an effective Stokes beam with narrower PSF is created at
the focus, However, according to their simulated results, the power density required
for the intense Stokes saturation beam is as high as a few TW cm ™2, which is almost
impossible to reach in most laboratory conditions.

The super-resolution SRS microscopy was realized in 2015 by Silva et al. using
a triple-beam configuration [63]. Instead of splitting the Stokes beam to create a
doughnut-shape Stokes, Silva et al. deploy another beam as the decoherence beam
whose wavelength is close to that of Stokes beam and destroy the vibrational coher-
ence at the ring of the doughnut-shape. According to some preliminary super-
resolution SRS imaging results, the spatial resolution was improved by a factor
of ~1.7. As measured in the experiment, the power density of the decoherence beam
required to induce the saturation SRS is ~10 W cem—2, which is close to the aver-
age power used in previously reported SRS experiments [15, 38, 160]. Note that
this approach uses the same idea as STED microscopy. Thus, an ultimate resolution
of ~50 nm is expected as such technique can be actively developed in the future.
Along with the ability of SRS microscopy providing the informative vibrational
spectroscopy of various biomolecules and inorganic materials, super-resolution SRS
microscopy will find broad applications in biological and materials sciences.
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6.4 Conclusion and Outlook

The functions of biomolecules, biosystems, and nanomaterials are inextricably linked
with the structures and chemical compositions. Absorption-based LFSRM, with
superior detection limit and spatial resolution, is growing as a significant tool to
enhance the understanding of biology and materials sciences. In this review, we have
introduced both linear and nonlinear absorption-based LFSRM techniques that pro-
vide excellent sensitivity, fast imaging speed, as well as informative spectroscopic
information. We have highlighted how the recent advancements in mid-IR excited
PTM have successfully defeated the diffraction limit of mid-IR beam. As a relatively
new field, it is to be expected that absorption-based LFSRM approaches will be fur-
ther improved by ongoing developments in laser engineering, optical and electronic
technology.
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