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Non-linear optical (NLO) microscopy has proven to be a powerful tool especially
for tissue imaging with sub-cellular resolution, high penetration depth, endogenous
contrast specificity, pinhole-less optical sectioning capability. In this review, we discuss
label-free non-linear optical microscopes including the two-photon fluorescence (TPF),
fluorescence lifetime imaging microscopy (FLIM), polarization-resolved second harmonic
generation (SHG) and coherent anti-Stokes Raman scattering (CARS) techniques with
various samples. The non-linear signals are generated from collagen in tissue (SHG),
amylopectin from starch granules (SHG), sarcomere structure of fresh muscle (SHG),
elastin in skin (TPF), nicotinamide adenine dinuclectide (NADH) in cells (TPF), and
lipid droplets in cells (CARS). Again, the non-linear signals are very specific to the
molecular structure of the sample and its relative orientation to the polarization of
the incident light. Thus, polarization-resolved non-linear optical microscopy provides
high image contrast and quantitative estimate of sample orientation. An overview of
the advancements on polarization-resolved SHG microscopy including Stokes vector
based polarimetry, circular dichroism, and susceptibility are also presented in this review
article. The working principles and corresponding implements of above-mentioned
microscopy techniques are elucidated. The potential of time-resolved TPF lifetime
imaging microscopy (TP-FLIM) is explored by imaging endogenous fluorescence of
NAD(P)H, a key coenzyme in cellular metabolic processes. We also discuss single
laser source time-resolved multimodal CARS-FLIM microscopy using time-correlated
single-photon counting (TCSPC) in combination with continuum generation from
photonic crystal fiber (PCF). Using examples, we demonstrate that the multimodal NLO
microscopy is a powerful tool to assess the molecular specificity with high resolution.
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INTRODUCTION

The basic terminology of non-linear optics will be discussed here,
though the in-depth study of non-linear optics is described in
Boyd [1]. In the 1990s, non-linear optical imaging modalities met
their need for high peak power lasers, when the mode-locked
infrared lasers were invented [2]. The interaction between light
and matter under high peak power pulsed laser drives various
non-linear optical processes such as multiphoton fluorescence
and higher-order harmonic generations [1]. The key advantages
of non-linear optical microscopy are deep imaging capability
and high spatial resolution of tissue samples when compared
to confocal microscopy. Non-linear processes rely on high
intensities that are generated by tight focusing of the incoming
ultra-fast pulsed lasers through high numerical aperture objective
lens. Due to the requirement for high intensity, the effective
excitation volume in non-linear signal is much smaller than
that of a linear signal [2] and provides 3D imaging capability
with subcellular details and high molecular contrast [1]. It have
opened new routes toward optical diagnostics of complex cellular
assemblies and tissue imaging [3, 4]. The electrons of the sample
respond to the incoming field differently depending upon the
strength of electric field. In case of a weak electric field, the
electrons follow the oscillations of the field; in case of the strong
electric field, they move away from the equilibrium and no longer
follow the incoming field. The polarization of medium under the
action of the external optical wave can be described by using a
power series expansion in an electric field [1]:

Pt)=eoxVE®) + eox PE* + exPE®’ +..., (1)

where P(¢) is the induced polarization due to the field E(#) and
€ is the electric permittivity of free space, x!) is the linear
susceptibility and it characterizes the index of refraction and
linear absorption. The second-order optical susceptibility, x ?,
is the lowest order non-linear term. Its value is non-zero only in
non-centrosymmetric media and is responsible for the second-
harmonic generation (SHG) and sum-frequency generation
(SFG). x® is the third-order susceptibility and is responsible
for the non-linear self-action like absorption saturation, third-
harmonic generation (THG), coherent anti-Stokes Raman
scattering (CARS) and stimulated Raman scattering (SRS). Since
— —

both the polarization P (t) and electric field E (t) are vectors,
the higher-order non-linear susceptibilities are tensors. For
example, xPisa3 x 3 x 3 tensor with 27 elements and x® isa
3 x 3 x 3 x 3 tensor with 81 elements.

In this review, we discuss the basics of non-linear optical
microscopy techniques, their advantages and drawbacks,
and related applications including hot topics in the field
of biomedicine.

TWO-PHOTON FLUORESCENCE
MICROSCOPY

In 1990 for the first time, Denk et al. developed a two-
photon fluorescence scanning microscope for live-cell imaging
after the invention of mode-locked laser [2]. The non-linear

excitation requires extremely high photon flux, typically 10%°-

103 photons/(cm?s). A femtosecond pulsed laser is used in
combination with high-numerical aperture (NA) objective lens
to generate high photon flux at the focal spot. In TPE the
excitation wavelengths are chosen for the fluorophores so that
they absorb two photons simultaneously. The total energy of the
exciting photons should be equal to or exceed the energy gap
between the ground state and excited state of the fluorophore for
TPF to occur. The advantage of fluorescent markers or probes,
which could be used to selectively tag molecules within the living
system for visualization purposes, has contributed immensely
toward an understanding of cellular and molecular aspects in
biological systems.

The experimental arrangement of TPF microscope integrated
with FLIM system is shown in Figure 1A. An inverted confocal
microscope (e.g., Olympus IX71) can be modified for TPF
imaging setup. An ultrafast femtosecond laser oscillator is used
as the excitation light source. In general, Coherent Mira Optima
900-F, Spectra-Physics, Toptica Photonics are the main suppliers
of femtosecond lasers around the globe [9-13]. The excitation
wavelength is set according to the absorption wavelength of the
fluorophores (two-photon excitation wavelengths are 740 nm for
nicotinamide adenine dinucleotide, NADH and 810 nm for Nile
Red, 860 nm for green fluorescence protein, GFP) and has pulse
width of ~100 fs, with an average power ~550 mW and repetition
rate ~76 MHz. The laser power is controlled by a combination
of polarizer and half-waveplate. Live cell samples are imaged in
4.2 cm? Lab-Tek Chambers Slide System (NUNC, Rochester, NY)
mounted on plan XY microscope stage (IX2-KSP, Olympus) and
scanned with a laser scanning unit (Olympus, FV300) (as shown
in Figure 1). After entering the microscope, the laser beam is
reflected by a dichroic mirror (690 nm filter) before propagating
through the objective lens (UPlanFLN 40X/N.A. 1.3 oil, Olympus
Corp., Japan). The TPF signal is collected through the excitation
objective lens, in the spectral window depending upon the
emission wavelengths of fluorophores (460/50 nm for NADH,
640/40 for Nile Red, 550/50 nm for GFP), by a photomultiplier
tube (PMT, R2949, Hamamatsu, Japan). For FLIM measurement,
the signals from the PMT and the reference photodiode are
combined with the TCSPC card (TCSPC, b&h, Germany).
The two-photon auto-fluorescence signal of NAD(P)H in Rat
basophilic leukemia (RBL) cells in a glass-bottom dish placed on
microscope stage and elastic fibers in the murine trachea ex vivo
(Figures 1B,C) demonstrate the capability of this technique.

Optical sectioning of animal and human skin using a
two-photon femtosecond laser scanning auto-fluorescence
microscopy has been reported [11, 12, 14-18]. The system
acquires high-resolution multiphoton tomography images and is
capable of distinguishing normal human skin and dermatological
disorders with submicron spatial resolution and sub-nanosecond
temporal resolution. Over the past decades, TPF microscopy has
received wide attention in cancer research in both pre-clinical
and clinical human studies including the initiation, proliferation,
metastasis, metabolism, and angiogenesis of tumors and their
microenvironment [13, 19]. With the advancement of new
drugs and novel diagnosis methods, TPF imaging technique
helps to cure cancer and improve quality of life [20, 21]. For
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FIGURE 1 | (A) Typical schematic of two-photon fluorescence microscopy integrated with TCSPC system for fluorescence lifetime imaging: t, pulse interval; EM,
emission filter; RB, reference beam; BS, beam splitter; TCSPC, time-correlated single-photon counter; PD, photodiode; PMT, photomultiplier tube [5]. (B,C)
Two-photon auto-fluorescence images of (B) NAD(P)H in Rat basophilic leukemia (RBL) cells [6]; (C) Elastic fibers in the murine trachea ex vivo was detected between
400 and 580 nm at an excitation wavelength of 7560 nm [7]. (D) Schematic of an ultra-compact fiber-optic two-photon fluorescence microscope. The near-IR ultrafast
laser pulses (red) are passed through a hollow-core photonic crystal fiber to the microscope. The fluorescence emission (green) from sample (S) were guided through
a large core fiber (LCF) and detected by a photomultiplier tube. The excitation and fluorescence signals were collected through custom-designed combination of GRIN
lens and micro beamsplitter prisms (BSP). Two-photon fiberscope images of 10-micron diameter fluorescent microspheres were obtained by scanning spiral pattern
trajectory for image reconstruction. PDS, piezo drive signals; RFS, resonant fiber scanner. Average laser power levels of 1 mW and 10x averaging were used. Scale
bars are 20 wm [8]. All the Figures were reproduced with kind permission from respective publishers. The arrows indicate that those are elastin fibers.

Microscope

the first time, Brown et al. demonstrated the potential of TPF
in examining the gene expression and physiologic function in
the deep regions of tumors [22]. They have observed the growth
of xenograft tumors in transgenic mice by imaging vascular
architecture under the control of endothelial growth factor
(VEGF) promoter. Imaging cellular metabolism via endogenous
fluorescent cofactor NADH and FAD is one of the successful
applications of TPF to investigate tumor metabolism. Two-
photon auto-fluorescence measurements from the endogenous
molecules inherently present in the cells/tissue, such as aromatic
amino acids and co-enzymes have been extensively employed
toward cellular metabolism in the last three decades [22]. The
fluorophores have a characteristic excitation and emission
spectrum that enables it to be distinguished from other
materials. It makes their signatures useful for detection and
characterization by fluorescence spectroscopy/microscopy, and
for using in biomedical applications. The fluorescence emission
wavelengths of these endogenous probes consist of tryptophan

(350 nm), NADH (460 nm), FAD (525 nm), melanin (579 nm),
elastin (454 nm), Retinol (490 nm), folic acid (450 nm), and
Riboflavin (540nm) [23-26]. The two-photon fluorescence
signal is very specific to the excitation and emission wavelengths
of fluorophores. More information about the fluorophores in the
local environment in tissue sections and biopsies can be obtained
from the dynamics of the fluorescence signal [27-30].

In vivo tissue, multiphoton imaging is of great importance
due to the ability to illuminate the spatial structure variation
in tissue molecular components during pathological process
development. The multiphoton microscopy (MPM) was applied
for in-vivo lymphedema control [31]. The lymphedema is a
chronic disease, connected with insufficient lymph circulation
and disorder of resorption. The study involved 36 image samples
from stage II lymphedema patients and 42 image samples
from healthy volunteers. The papillary layer of the skin with a
penetration depth of about 100 um was examined. Recording of
tissue MPM images was carried with the MPTflex two-photon
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microscope (Jenlab GmbH, Germany). Both the collagen
network disorganization and increase of the collagen/elastin ratio
in lymphedema tissue, characterizing the severity of fibrosis,
was observed. Various methods of MPM image characterization,
including edge detectors, a histogram of oriented gradients
method were used, and a predictive model for lymphedema tissue
diagnosis using machine learning was created. The classification
by “ensemble learning” provided 96% accuracy on the data from
the testing set. Melasma is a skin disorder characterized by
hyperpigmented patches due to increased melanin production
and deposition. The MPM was used to characterize non-
invasively the melanin content, location, and distribution in
melasma and to assess the elastosis severity. The melanin volume
fraction values measured in epidermal melasma (14 =+ 4%) were
significantly higher (p < 0.05) than the values measured in peri-
lesional skin (11 % 3%). The basal keratinocytes of melasma and
perilesions showed different melanin distributions. Elastosis was
predominantly more severe in lesions than in perilesions and
was associated with changes in melanin distribution of the basal
keratinocytes [32].

The ability of two-photon excitation laser scanning
microscopy to excite selectively tagged fluorescent molecules
deep inside a tissue makes it a valuable tool in the biological
imaging of deep neuronal tissues in vivo [33]. The optimum
excitation spectral window is determined between tissue
scattering and absorption, which is dominated by water
absorption in near-infrared wavelength. Therefore, the optimum
wavelength window for deep tissue penetration is near to
when both tissue absorption and scattering are considered.
Usage of longer excitation wavelength reduces photodamage
and allows deep tissue imaging, and lack of pinhole allows
collection of highly scattered fluorescent signal from the tissue.
The recent advances in the field of neuroimaging have shed
light on disease-causing factors as well as neuronal plasticity
and circuits [34-36]. TPF microscopy has enabled scientists to
study the functional changes such as calcium transients and
electrical activities, within the brain cells with greater accuracy.
TPF microscopy for calcium imaging has allowed comparison of
neuronal activity changes under normal and disease states [37].
Kobat et al. have demonstrated the extended depth of field of
two-photon microscopy up to ~1.6 mm penetration depth in
the cortex of a mouse brain in vivo with 1,280 nm excitation and
only nanojoule (nJ) pulse energies at the sample surface. The
longer wavelength in TPF enables deeper penetration due to the
significantly reduced tissue scattering [9, 38]. However, due to
technical limitations and sample complexity, TPF microscopy
has not been able to push through the much deeper regions of
the brain in awake and behaving mammals. Until recently, before
the invention of two separate techniques which uses optical fiber
and an endo-microscope supplemented with GRadient INdex
(GRIN) lens (as shown in Figure 1D), imaging deeper regions
of the brain in awake animals was thought to be impossible
[10, 39, 40]. GRIN lenses are fine rod-like lenses with a refractive
index profile of near- parabolic type and can easily be embedded
inside the tissue. Since the GRIN lens displaces tissue volume,
which is linear relative to the image depth, a GRIN lens is
uniquely suitable for imaging neurons in deeply buried nuclei.

These optical manifestations not only allow scientists to study
complex forms of animal behaviors but also provide cellular-level
information with much better resolution.

In vivo two-photon microscopy of mice brain, post-
implantation, to quantify changes in inflammatory cell behavior
as well as meningeal collagen type I remodeling was carried
out [41]. A migratory window during the first day after the
implantation was hallmarked by inflammatory cell migration.
This migratory window attenuates by 2 days post-implant, but
over the next month, the meningeal collagen-I gets remodeled
to conform to the surface of the implant and thickens. This
work shows that there are distinct time courses for initial
meningeal inflammatory cell infiltration and meningeal collagen
type I remodeling. This may indicate a therapeutic window early
after implantation for modulation and mitigation of meningeal
inflammation. The MPM was used to evaluate the role of
vascular structure in normal and pathological physiology [42].
The convolutional neural network was used to segment the
3D structure of vessels from MPM images. It was applied for
3D images of cortical blood vessels in young and old mouse
models of Alzheimer’s disease to explore the effects of aging
and Alzheimer’s disease on capillaries. A little difference was
observed in the distribution of capillary diameter or tortuosity
between these groups, but a decrease in the number of longer
capillary segments (>75pm) in aged animals as compared to
young, in both wild type and Alzheimer’s disease mouse models,
took place. It was shown simultaneous neuronal activities in
the primary visual cortex (V1), the primary motor cortex (M1),
and the hippocampal CA1 region of the mice when awake.
The method described is implemented on a single conventional
two-photon microscope to enable multi-area exploration of
neuronal activities in-vivo [43]. Two-photon imaging was shown
to provide the longitudinal assessment of neuronal and synaptic
morphology in animal models of Alzheimer’s disease (AD). One
major hallmark of these diseases is the severe loss of synapses that
occurs at the early clinical stages, and this has been correlated
with cognitive deficits in AD patients. The time course of this
early synapse loss and how the normal turnover of synaptic
structures is affected in AD are relatively unknown [44].

Though TPF provides deep tissue imaging at the sub-cellular
level resolution, however, limits its penetration depth in the
case of thick biological specimens due to the aberration present
in the sample as well as optics used. The implementation of
adaptive optics (AO) in TPF can enhance the ability to image
deep into the brain in vivo. The liquid crystal spatial light
modulator (LC-SLM) and deformable membrane mirror (DMM)
is used to control and correct distorted ultrashort pulses after
propagation through optical elements and a scattering medium.
This technique minimizes the aberrations and allows high image
quality and 3D imaging in strongly aberrated conditions [17].

TIME DOMAIN FLUORESCENCE LIFETIME
IMAGING (TD-FLIM)

The time-domain (TD) FLIM measurements are implemented
on laser scanning microscopes in both confocal and multiphoton
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mode with high-speed detectors and electronics [45, 46]. Time-
correlated single-photon counting (TCSPC) board is used for
TD fluorescence lifetime measurement [47]. Here we discuss
specifically the time a fluorophore spends in an excited state and
emits a photon after excitation through time-domain TP-FLIM.
Depending on the local environment and molecular interactions,
fluorescence lifetime changes, it makes FLIM a powerful tool
to probe the localized objects in biological samples efficiently.
Photons emitted by the fluorophores are collected using a PMT
with high temporal resolution (25-300 ps) [48, 49]. Each photon
detected causes a pulse response from the PMT whose width
depends on the PMT and the adjoining electronics. The photon
counts are measured following the excitation pulse, and the decay
time, 7 is calculated from the slope of a plot of the log I(t) against
t called decay curve [45, 46]. Fluorescence lifetime calculation
from the multi-exponential decay is performed by mathematical
convolution of a model function and the instrument response
function (IRF) by fitting with the experimental data. Lifetimes
from the composite decays of bio-molecules can be derived by
convolution of an IRF, [jpgy, with a double-exponential model
function for the ambient light and/or dark noise Iy to obtain
calculated lifetime decay function I.(t) [45, 50]. In general,
the auto-fluorescence spectral method is used for quantifying
endogenous fluorophores in live cells and animal models in real
time and non-invasively [2-4, 46]. Only a handful of studies
exists in the literature that has exploited the intrinsic fluorescence
lifetime of NADH and FAD for discriminating between normal
and pathological tissues [24, 25, 45-48]. However, time-resolved
TP-FLIM imaging has an advantage over the intensity spectrum,
for its-

e high spatial and temporal resolution

e independent of fluorophore concentration

e minimally affected by tissue absorption and scattering
e fluctuations in laser intensity

The design and implementation of TD-FLIM microscopy are
very well-established and can be found elsewhere [37, 50].
The most available TCSPC FLIM module are from Picoquant
(Germany, https://www.picoquant.com/) and b & h (Becker &
Hickl, Berlin, Germany, http://www.becker-hickl.com/), which
can be assembled with any optical microscopes (Olympus,
Nikon, Zeiss, Leica). Typical two-photon fluorescence TCSPC
instrumentation uses a mode-locked pulsed laser as shown
in Figure 1A [45, 47, 48]. The TCSPC board measures the
time difference between START and STOP where START
pulse is generated by the detector (PMT) while the STOP
or SYNC pulse is provided directly from the laser via an
internal photodiode [45]. Figure2 shows the single-photon
energy band diagram, time-resolved fluorescence decay profile
of NADH in HeLa cells and auto-fluorescence lifetime and
intensity images. Commercially available Symphotime software
(Picoquant, Germany) was used for image acquisition and
data analysis.

TP-FLIM technique is a non-invasive and non-destructive
imaging method to visualize alterations in metabolic state,
by tracking endogenous fluorophores present in the cell,
such as nicotinamide adenine dinucleotide (NADH) and its
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FIGURE 2 | (A) Energy band diagram. (B) Typical bi-exponential model fitting
of NAD(P)H fluorescence decay curve. The standard-fitted fluorescence decay
curve is shown with x? close to 1 and residuals showing no noticeable
systematic variations. The y-axis is in photon counts, and x-axis is the time in
nanoseconds. (C) NAD(P)H representative color-coded image of NAD(P)H
lifetimes (left) and fluorescence intensity (right) in Huh 7 cells. Figure
reproduced (from [50]) with kind permission from Springer.

phosphorylated form (NADPH), flavin adenine dinucleotide
(FAD), and flavoproteins as well as collagen, elastin in tissues.
TP-FLIM is applied in various cancerous tissues [51-56] such
as skin, cervix, bladder, breast, stomach, and also Alzheimer’s
disease [56-63]. In this review, we have shown the capability
of the TP-FLIM by imaging several auto-fluorescence molecules
(as shown in Figure 3). A 450/40 nm bandpass filter (Edmund
Optics Inc. Barrington, New Jersey) is inserted in the fluorescence
emission path for measuring the autofluorescence signal from
NADH that is a central peak at 450 nm. An additional 680 nm
short-pass filter (Brightline680 SP, Semrock) was used to further
exclude the backscattered 740 nm excitation light. For cellular
imaging, the average power of ~3-5 mW is used at the
focal plane of the objective lens, which was optimal for the
prevention of photobleaching. The images were taken at 256 x
256 pixels resolution with the acquisition time in the range of
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300-500's for accumulating enough photon count statistics and
subsequent data analysis. A bi-exponential fluorescence decay
fitting is used for distinct lifetimes corresponding to the free
and protein-bound forms of NAD(P)H [64]. FLIM imaging has
been applied widely to visualize the changes in metabolism
and energy consumption in mammalian cells, both in vitro
and in vivo through NAD(P)H fluorescence lifetime imaging
[65-68].

Figure 3 shows the autofluorescence lifetime images of
NAD(P)H in PCI12 cells. The fluorescence lifetime distributions
are represented in pseudo colors. The images are acquired from
different fields of view. Recently, Jyothikumar et al. has reported
the use of multiphoton FLIM/FRET technique to investigate
the metabolic activity of cells using tryptophan and NADH
imaging [69, 70]. Tryptophan is an amino acid essential for
human physiology and protein metabolism that can be observed
inside the cell. Skala et al. investigated the pre-cancer lesion in
epithelial cancer in in-vivo TP-FLIM imaging using cellular redox
ratio, NADH and FAD lifetimes, and subcellular morphology.
The amount of protein-bound NADH was found to increase
in high-grade precancerous tissues and increased protein-bound
FAD in low-grade; however, FAD was decreased in high-grade
precancerous tissues compared with normal [71, 72]. In recent
years, there is an increasing need for cosmetic clinical studies
which are non-invasive in particular to form a complete picture.
Multiphoton microscopy is one such method, allowing us to
visualize the skin in-vivo to a depth of more than 100 microns
with a resolution of better than 1 micron. TP-FLIM investigated
human skin biopsy with verities of dermatological disorders
including psoriasis, fungal infections, nevi, and melanomas [12,
25] as well as commercialization [26, 27]. In combination with
visualization of the fluorescence lifetime and special processing of
three-dimensional images of the data, the approach is important
in such studies [73].

Frequency domain (FD) FLIM technique is another way
for fluorescence lifetime measurement. Both TD and FD
FLIM techniques are available for exciting the fluorophore
and acquiring FLIM images in wide-field or scanning mode,
but the data acquisition and analysis differs. In FD-FLIM, the
fluorophores are excited with periodically intensity-modulated
light, and the demodulation frequency of fluorescence signal
is measured [48, 74-76] but the phase shifts relative to the
excitation time due to the delay caused by the lifetime of
the fluorophore. TP-FD-FLIM measures the short lifetime of
fluorophores where the phase shifts of multi-frequencies of pulse
train from a mode-locked Ti:Sapphire laser is used. With laser
repetition rate of 70-100 MHz and at 300 Hz of modulation
frequency, this method can measure lifetimes shorter than ~10
ns. Time-domain data have intensity values in subsequent time
channels, whereas frequency-domain translates into amplitude
and phase values at multiples of the signal repetition rate.
The fluorescence decay time can be found by measuring
the delay as a phase shift (¢,), where w is the modulation
frequency in radian/sec. FD-FLIM approach using the phasor
plot method to analyze the lifetime is described and used for
fusion proteins [75]. The photon efficiency of FD-FLIM varies
depending upon the instrumentation. The efficiency increases

with the modulation frequency of both the light source and
the detector.

One of the limitations of an auto-fluorescence lifetime is
the requirement of high photon count for best lifetime fitting
and statistical analysis. In the case of biological samples, the
photon counts are less and more than one fluorophore in
a pixel causes artifacts for double exponential data fitting.
The advanced microscopy technique and analyzing algorithm
including a high quantum efficiency detector with cooling system
for more photon counts and phasor plot-based algorithm for
detection of various fluorophores at each pixel in the image
frame are the solution for that. Although, FD-FLIM is faster as
compare to TD-FLIM which requires fewer acquisition times and
is used for live cells, but it is limited to high signal-to-noise ratio
for high concentration fluorophore [77, 78]. Phasor technique
not only applied to fluorescence lifetime imaging, this method
also has been used in fluorescence microscopy, polarization-
resolved SHG, hyperspectral stimulated Raman scattering (SRS)
imaging [79-82].

In conclusion, FLIM has allowed us to independently
assess and quantify NAD(P)H changes at the molecular level
without perturbing the sensitive environment of these oxidation
and reduction intermediates [5]. Integration of FLIM with
fluorescence resonance energy transfer (FRET) and polarization
anisotropy measurement allow for a more reliable understanding
of protein-protein interaction and cell dynamics across the
biological and life sciences. Additionally, a combination of
super-resolution optical microscopy including stimulated
emission depletion microscopy (STED), stochastic optical
reconstruction microscopy (STORM), and photo-activated
localization microscopy (PALM) can be a powerful tool to
investigate single molecule detection [83-87].

SECOND HARMONIC GENERATION (SHG)
MICROSCOPY

Second-harmonic generation (SHG), a second-order non-linear
scattering process, generates only from non-centrosymmetric
structures [1, 88] and the SHG intensity depends on the
relative orientation between the incoming polarization state of
light and the second-order hyperpolarizability of the sample
[89-107]. In SHG, two photons with the same frequency are
combined and generate a single photon of precisely double the
energy of incident photons (i.e., half the wavelength and twice
the frequency).

A polarization-resolved SHG microscopy setup uses a
femtosecond Ti:Sapphire (e.g., Coherent Mira Optima 900-F)
laser oscillator as the excitation light source, as shown in Figure 4.
In this experiment, the excitation wavelength of 800 nm and
a full width at half maximum (FWHM) of 15nm pulses with
a duration of ~100 fs (chirped pulses), the average power
of the source ~550 mW and repetition rate ~76 MHz was
used. The average powers of the laser beam on the sample
surface were ~5 and ~15 mW for macromolecules and tissue
samples, respectively. The samples were mounted in upside-
down on plane XY stage (IX2-KSP, Olympus) and scanned
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permission from Springer Nature. Scale bar: 20 um.

FIGURE 3 | Shows the autofluorescence lifetime images of NADH by pseudocolor mapping in PC12 cells (A) differentiated and untreated; and treated with (B) 50, (C)
100, (D) 250, (E) 500, and (F) 1,000 M of MPP*. The color bar represents the range of the average fluorescence lifetime. Figure reproduced (from [33]) with kind

2.519 ns

Average lifetime

with a laser scanning unit (Olympus, FV300). The laser beam
of diameter 5mm before the objective lens was focused onto
the sample using an oil immersion objective lens (UPlanFLN
40X/N.A. 1.3 oil, Olympus Corp., Japan). The SHG signal
was measured through PMT (R2949, Hamamatsu, Japan) in
the forward direction using 400/40 nm (Edmund Optics Inc.
Barrington, New Jersey) bandpass filter and a short-pass filter
(Brightline 680 SP, Semrock) was used to discriminate the 800 nm
excitation light. For SHG-circular dichroism (CD) measurement,
the microscope setup is similar to that of SHG microscopy;
however, a quarter-wave plate or a Soleil-Babinet compensator
was inserted in polarization state generator (PSG) to manipulate
the handedness of circular polarization. The quality of circular
polarization is also very important, i.e., the maximal to minimal
laser power, characterized by an analyzer and a power meter,
should be kept below 1.1 to eliminate the effects of in-plane
anisotropy [109, 110]. The SHG susceptibility imaging is also
performed in a similar experimental setup [90]. For Stokes
vector measurement, the SHG signals are analyzed using a
polarization state analyzer (PSA), specifically, a four-channel
Stokes-polarimeter. The basic principles of Stokes polarimetry
using four channels are discussed in detail [107, 111, 112].
The forward propagating SHG signal is limited to the thickness
of the samples, however, backscattered SHG measurement
demonstrates the potential of the technique for in-vivo imaging
by the use of fiber-optics based endoscopic probe [103, 112-114].

The strength of the SHG signal depends on the structure of
the sample and collagen has stood out amongst the regularly
analyzed structures because of its non-centrosymmetric nature
in various biomedical applications. Most of the studies on
SHG imaging of extracellular matrix are concentrated on

4 Channel
Stokes-meter

TCSPC
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Interface

P A2
¥ jm=imIRY
M
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Scanning Mirrors
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FIGURE 4 | Schematic diagram of the polarization-resolved SHG microscope
with a four-channel Stokes-polarimeter module. The insert displays the
polarization state analyzer (PSA); PSG, polarization state generator; P,
Polarizer; %./2, half-wave plate; M/4, quarter-wave plate; M, mirror; S, sample;
F, filter; BS, beam splitter; FR, Fresnel Rhomb; W1 and W2, Wollaston prisms;
la, Ib, Ic, Id, photomultiplier tube (PMT). The figure is reproduced with
permission from Elsevier [108].

imaging collagen fibers in a variety of connective tissues and
internal structures [72, 89, 91]. Amongst the 20 different forms
of collagen, type I collagen is the transcendent constituent
of the connective tissue and extracellular matrix [90, 91].
Therefore, identification and characterization of collagen type
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I using SHG microscopy improve our knowledge about
how cell-matrix interacts, matrix organization, density, and
composition affect tumor formation and progression. Going
beyond intensity measurements, polarization-resolved SHG
provides an interesting way to probe the molecular structure
of organized organic media [91-93], material characterization
[94] and also biological tissues (fibrotic collagen, human dermis,
keloid, cornea, microtubules as well as myosin of the skeletal
muscle) through the measurements of sample retardance,
anisotropy via birefringence, attenuation, and depolarization
of the SHG light [91, 95-102]. Conventional polarization-
resolved SHG microscopy examines the linear birefringence and
polarization anisotropy of samples [91, 103, 104]. However,
various components in the optical path including a high
numerical aperture objective lens cause polarization distortions
in excitation and detection arms [105, 106]. Therefore, Stokes
vector based SHG microscopy overcomes the above-mentioned
drawbacks and measures various polarization parameters; the
degree of polarization (DOP), degree of linear polarization
(DOLP), and degree of circular polarization (DOCP) through
the full polarization states of SHG light. The method investigates
the molecular organization through the characterization of the
polarization properties of SH signal from KDP crystal, collagen
type-I, starch granules, skeletal muscle fiber, etc. [107]. Hence,
polarization-resolved SHG imaging offers additional parameters
including circular dichroism, susceptibility, Stokes vectors and
can be used as measuring parameters in the detection of
subtle changes in tissue structure associated with collagen-
related diseases including fibrosis, cancer, wound healing,
osteoarthritis, etc. and as an alternative for histopathology studies
[13, 40, 41, 63, 90].

SHG microscopy is applied to image the representative
fibrillar structures of bio-molecules and photonic materials,
namely collagen in rat-tail tendon, skeletal muscle fibers from
the hind legs of adult mice, potato starch granules, urea crystals,
and BaTiO3; nanocrystals as shown in Figure 5. The samples are
sandwiched between two cover glass slips and mounted upside-
down in the microscope stage for SHG imaging. The acquired
images are analyzed by Image] (Fiji, NIH, USA) software.
A strong SHG signal is observed from collagen (Figure 5A)
since it forms positively birefringent in respect to the length
of the individual fibers and cylindrical array of polypeptide
coils comprising glycine-proline helices [120]. As we can see in
Figure 5B, strong SHG signals are observed from the myosin
macromolecules in muscle. The high second-order non-linearity
demonstrates that the fibrous protein myosins are densely
packed in an orderly fashion. Muscles are organized in fiber
bundles called myofibrils and are longitudinally segmented into
contractile units called sarcomeres. The sarcomeres are the
structural and functional unit of the muscle fiber and are
connected serially [121, 122]. The direction of the myofibrils
depends on the alignment and length of the sarcomeres, which
are around 2-3 pum, depending on the type of muscles [123] and
the SHG signal depends on the molecular structure and order
of the myofibrils. SHG image of skeletal muscle fiber highlights
the different morphologies of the adjacent striated appearance
of microfibrils present within skeletal muscle with several

sarcomeres. Again, the intrinsic SHG signal is related to the
structural organization and functional physiological properties of
myofibrils [102, 116]. Figure 5C shows the SHG image of potato
starch granules which are composed of the alternating concentric
120-400 nm thick amorphous and semi-crystalline domains
structure. The crystalline layers consist of short amylopectin
branches which form the double-helical structures are strongly
anisotropically aligned within the focal volume of the laser and
thus yield a strong second-order non-linear optical response.
The radial arrangement of amylopectin in the starch granules is
clearly visualized with a hilum in SHG image. Figure 5D shows
the SHG image from urea crystals. Figure 5E shows the SHG
image of BaTiO3 nanocrystals. It possesses large second-order
non-linearities having a non-centrosymmetric structure, and the
SHG signal from BaTiO3 nanocrystals propagates in a forward
direction due to the phase matching.

SHG-CD Microscopy on Collagen

SHG microscopy with circularly polarized excitation has been
attracting considerable attention for its applicability in the
detection of chiral molecules. Differences in SHG intensity
resulting from right-handed circular polarization (RCP) vs. left-
handed circular polarization (LCP) can be used for the three-
dimensional (3D) imaging of chiral macromolecular structures
at the tissue level. The term used to describe this effect is SHG-
circular dichroism (CD), which is formulated as

2(1 — 1
SHGep — (Ircp LCP), @)

Ircp + Iicp

where Ipcp and Ircp are the intensities with right circular
polarization and left circular polarization, respectively. SHG-CD
results from electric dipole interactions at surfaces/interfaces.
There is evidence to suggest that the effect of SHG-CD is 2-3
orders of magnitude larger than that of traditional CD [124-126].

Despite the advantages of SHG-CD in terms of contrast ratio,
no attempts were made to apply this phenomenon to microscopic
imaging until methods were devised for implementation in
an optical microscope with counter-propagating geometry to
investigate the intrinsic chirality of a supported planar lipid
bilayer [127]. SHG-CD has also been integrated into a laser
scanning microscope to increase imaging speed and enable 3D
tissue imaging. This approach takes advantage of the optical
sectioning capability of SHG and shares the same microscope
base with other non-linear optical imaging modalities [128-131].

To the best of our knowledge, SHG-CD microscopy is the
first imaging scheme capable of differentiating normal tissue
from osteogenesis imperfecta (OI) [128]. Structural defects in the
collagen triple helix can be detected by observing the SHG-CD
contrast, wherein a sign change is associated with the orientation
of collagen fibers. After that, type-I collagen and starch granules
are utilized to explain the sign change and variations in
SHG-CD, which are sensitive to 3D macromolecular structure
(macroscopic chirality) rather than the molecular arrangement
in the supramolecule (molecular chirality) [109, 130]. This
makes it easy to determine the 3D molecular orientation based
on the SHG-CD ratio, as long as the correlation between
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FIGURE 5 | SHG images of (A) Collagen fibers in ex vivo biopsies of thyroid capsule [115], (B) myofibrils in mice [116], (C) potato starch granules [117], (D) urea
crystals [118], and (E) BaTiO3z nanocrystals [119]. All figures were modified with permission from respective Journal publishers.

molecular orientation and second-order susceptibility x? is
known. Recently, this relationship has been characterized using
the x® tensor transformation between the laboratory frame
and the frame defining a single collagen fibril, while taking into
account the chiral tensor element, x4 [110]. The pixel by pixel
calculation on SHG intensity images for RCP and LCP excitations
derives SHG-CD ratios (Equation 2). In the following, we present
a number of important issues about SHG-CD microscopy. Coov
symmetry is commonly used in cases of type-I collagen, under the
assumption that the collagen molecules are rod-shaped, which
would mean that the hyperpolarizability in al- and a2-chains
is the same [114]. In this situation, the entire system is achiral,
such that no SHG-CD effects would be observed. By contrast,
cases where hyperpolarizability in al- and a2-chains is different
the system becomes chiral which manifests as a chiral tensor
component y14. In this situation, the symmetry is C,, which is
suitable for the analysis of SHG-CD images [109].

Moreover, the SHG-CD ratio provides an indication of the out
of plane angle § of collagen fibrils (relative to the image plane)
within the voxel. It follows that the pixel with the highest average
SHG intensity among the images for RCP and LCP possesses
zero SHG-CD and zero 8. Conversely, a smaller average SHG
intensity is associated with a higher absolute SHG-CD value and
larger § (Figures 6D-F). Note that a transition from negative to
positive SHG-CD values would indicate that the collagen fibrils
are pointing downward to upward from the image plane. The
image size is 470 x 470 pixels with a pixel dwell time of 50 js.
Figure 6B shows the difference in SHG intensity for RCP and

LCP excitations. Consequently, the correlative analysis of Fast
Fourier Transform (FFT) on planner orientation (Figure 6A,
insets) [132] and SHG-CD on § (Figure 6C) fully determines the
molecular orientation of collagen fibrils in 3D.

In the following, we outline some of the advantages of
SHG-CD microscopy. Image stacking is widely used to resolve
the organization of collagen in 3D; however, this method
is time-consuming and inapplicable to the real-time imaging
of structural variations in collagen fibrils. In contrast, SHG-
CD microscopy can be used to determine the 3D molecular
orientation using only two cross-polarized SHG images (through
the excitations of RCP and LCP), which makes it possible
to obtain 3D-resolved SHG images [109, 130]. This method
eliminates much of the workload of photon collection to produce
an image stack. It also reduces the problems of drift and
sample variation in in-vivo biological experiments. Furthermore,
image stacking is inapplicable to dense connective tissue due
to difficulties in determining the 3D molecular orientation of
individual collagen fibrils. There is insufficient image contrast
by which the orientation angle with two adjacent image sections
can be measured. However, SHG-CD microscopy prevents this
problem and is readily used to determine the fibril orientation
angle without the need for an image stack.

Susceptibility Based SHG Microscopy

SHG microscopy with linearly polarized excitation light can
differentiate the type of molecular sources of SHG signals based
on its susceptibility (x) components, which typically cannot
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FIGURE 6 | (A-C) Representative images used to determine the 3D molecular orientation in a pig tendon. The images clearly show the alignment of a large number of
collagen fibrils, thereby demonstrating the feasibility of SHG-CD microscopy for collagen characterization. An Olympus objective lens, UPlanSApo 40X/N.A. 0.95 is
used for SHG forward imaging. The insets besides (A) present the FFT results from the selected fibrils (indicated by the red circles), in which the planner orientation
(double-headed arrow) is perpendicular to its orientation in the frequency domain. In (D=F), we can see how SHG-CD is correlated with the average SHG intensity
with respect to layer depth [analyzed in the red squares, namely Area 1-3 on (A)]. The black dashed line in (D) indicates that the maximal average SHG intensity
corresponds to zero SHG-CD, such that a significant change occurs at this point. In regions where SHG-CD is positive (§ > 0) or negative (§ < 0), they have the
opposite or the same trend with the curve of average SHG intensity, as shown in (E,F), respectively. The label AVE in (A) refers to an average of the images for RCP
and LCP, whereas R-L in (B) refers to the difference between the images for RCP and LCP. Image volume: 200 x 200 x 58 um?. The figures have been reproduced
with permission from American Institute of Physics (AIP) [110].

be distinguished in a standard SHG intensity image [133]. In  can be modeled as
biomedical diagnostic applications, differentiation among the
constituents of the tissue and, sensitive detection of pathological
features are essential. For example, the major constituent of
fibrocartilage is collagen type I while the major constituent of 5
hyaline cartilage is collagen type II. In osteoarthritic cartilage 4 (Xxxz) 2(0—0,) 3)
replacement treatment, the regenerated cartilage (newly replaced
cartilage) is typically fibrous one and not the hyaline cartilage.
Therefore, a tool that can differentiate the type of collagen fiber ~ where I, 6}, 6,,, ;Zi X X1, ;’Z‘Z A x, represent intensity of
in the extracellular matrix (ECM) of articular cartilage without  SHG signal, polarization angle of the excitation light, orientation
biopsy could be highly valuable during cartilage assessment. angle of the collagen fiber and the second-order susceptibility
The mathematical model associated with SHG intensity due  tensor ratios, respectively. By fitting the Equation (3) to the
to collagen fibers has been described in several articles [123,  numerical values of measurements, the x-tensor element ratios
133-135]. In brief [136], applying the cylindrical symmetry je., y;andy, can be determined. The intensity (I) and the angle of
for collagen fibers, assuming that the sample lies in the xz- polarization (6;) are known variables while other variables can be
plane (Figure 7A) and, the propagation direction of the linearly  obtained by least-square fit to the model. The Gaussian fit to the
polarized excitation light is along the y-direction (out-of-plane);  histogram plot of susceptibility tensor components provides the
the intensity (I) of the emitted SHG signal from collagen fibers  quantitative value of x;, andy, which are characteristics of the

zxXx

2
I =c¢ |:sin2 O —0m) + Xzzz cos? (01—0,”)]

Xzxx
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FIGURE 7 | The simplified schematic diagram of the coordinate system that demonstrates the principle of susceptibility based SHG microscopy of tissue. (A) The
direction of linearly polarized excitation light beam (dotted line) and orientation of fiber (brown colored line) are shown. (B) SHG (red) and TP auto-fluorescence signal
(green) of ovary tissue. (C) The Gaussian fit of the histogram to x1 values demonstrates the relative content of collagens. (D) Pseudo-colored yx1 image of collagen in
ovary tissue. The x tensor element ratio is shown in the color-coded scale. Images are adapted and reproduced after permission [90].

tissue [90]. By providing a pseudo-color to the x -tensor element
ratios, SHG based susceptibility image can be obtained.

To perform susceptibility imaging, several SHG images of
tissue are acquired by the rotation of linearly polarized light.
These acquired images can be termed as excitation resolved SHG
images. Depending on the experimental system, at each rotation
of linearly polarized excitation light, the ellipticity introduced
by the optical elements is compensated along the path. Thus,
a suitable calibration and associated compensation are highly
recommended before the acquisition of excitation resolved SHG
images. Also, the polarization scrambling due to the high NA
microscope objective lens and tissue birefringence should be
taken into account [90, 137].

The application of susceptibility based SHG microscopy is
very limited to date. In the past few years, polarization-resolved
susceptibility based SHG microscopy has been used for several
biomedical applications such as characterization of breast cancer,
skin, muscle, and engineered cartilage tissues [135, 136, 138].
Automated control for the linearly-polarized excitation light to
perform susceptibility based SHG microscopy on commercial
microscopes is demonstrated recently [139]. Collagen is one
of the commonly found structural proteins in ECM in a
human body that is modified in structure or content in several
disorders, e.g., connective tissue diseases, cardiovascular diseases,
autoimmune diseases, ovarian diseases, etc. [91]. Recently, Dong

et al. has demonstrated the optical discrimination of type I
and type III in rat skin while Rajesh et al. has shown the
detection capability of type I and type II collagen in osteoarthritic
human cartilage [90, 140]. The ovary is a highly dynamic
tissue whose ECM composition is changing continuously. Label-
free detection of collagen types and associated alteration using
susceptibility based SHG microscopy could be highly useful in
finding the hidden features of a biophysical dynamic process
in the ovary tissue (Figures 7B-D). In general, susceptibility
based SHG microscopy can quantitatively discriminate several
harmonophores (e.g., collagen type I, II, III, muscles etc.)
and thus could emerge as a powerful tool for detecting
early-stage ECM modification at molecular level with high
sensitivity, and can contribute in understanding various
associated pathophysiological process [130, 133, 139, 140].

Stokes Vector Based SHG Microscopy

The experimental arrangement of four-channel photon counting
based Stokes polarimeter integrated to the SHG imaging system
is shown in Figure4 and described in detail in Mazumder
et al. [112, 117]. The SHG signal is collected in the forward
direction and divided into four polarization components which
are a combination of linear and circular states. The signals
are synchronized by four-channel detector router (PHR 800,
PicoQuant GmbH, Berlin, Germany) and TCSPC system.
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Stokes vector based SHG microscopy measures the complete
polarization states and various polarization properties of
SHG signal from starch granules in laboratory conditions.
Starch is a polysaccharide, which is common in human diet.
Starch generates a strong SHG signal due to the geometrical
characteristic and SHG active molecule (amylopectin) present in
it [136]. The conventional optical microscopy does not provide
any information about the structure of starch granules. However,
non-linear optical microscopy, specifically SHG microscopy,
provides exact structural information on molecular order and
orientation of starch granules along with the 3D resolution and
deep imaging capabilities [117, 141]. Polarization measurements
integrated to SHG imaging provides complementary information
about starch micro-domains. Further, physically important
polarization parameters, such as DOP, DOLP, DOCP, and
anisotropy (r) of the SHG signal are calculated at each pixel of
the scanning area from the Stokes parameters [107, 112, 141].

Figure 8 shows the 2D Stokes images of SHG signal from
starch granules with varying the incident polarization and
detecting the SHG signal originating from a single plane. Sy
denotes the total intensity of emitted SHG signal, S; gives the
difference between the intensities of horizontal and vertical
linearly polarized light at 0 and 90°, S, is the difference in
intensities of the polarization states of linearly polarized light at
45 and —45°, and S3 is the intensity difference between right and
left circularly polarized light. With linearly polarized excitation
light, the SHG signal is observed from a region perpendicular to
the axis of polarization, which indicates the radial distribution of
SHG active molecule (amylopectin) in starch.

Figure 9 shows 2D images of various polarization parameters
when illuminated with different polarized states of light.
This microscopic technique allows us to obtain the complete
polarization states of the resulting SHG signal and gives
significant molecular orientation information with high spatial
resolution on further analysis of the Stokes parameter. For
example, analysis of S3 and DOCP parameters depict the chirality
of the amylopectin in starch. This study also concluded that
linearly polarized light can be used to find out the right
or left-handedness of helical structures of amylopectin. SHG
provides a full understanding of complex material with detailed
knowledge of the non-centrosymmetric molecular structures or
arrangement of molecules involved.

The use of SHG microscopy for imaging of starch granules
and cellulose has offered us a lot more information about its
structure and molecular properties. On further combining of
SHG microscopy with other microscopy techniques including
CARS microscopy, highly detailed information of the specimen
can be obtained.

COHERENT ANTI-STOKES RAMAN
SCATTERING (CARS) MICROSCOPY

SHG and THG techniques provide label-free imaging with high
contrast due to the non-linearity of the material. One of the
major limitations of these techniques is the molecular contrast.
However, Raman spectroscopy is a powerful optical method to

identify the molecules uniquely [142, 143]. Unfortunately, the
cross-section of spontaneous Raman scattering is very small
(more than 10 orders of magnitude than fluorescence), which
needs high excitation power and long data acquisition time
and hence limits its applications for live cells. Multiphoton
vibrational microscopy based on CARS, which was first reported
by Maker and Terhune in 1965, has taken care of the difficulties in
spontaneous Raman microscopy [144]. The first CARS images of
living cells were demonstrated in 1999 by Zumbusch et al. [145].
CARS microscopy has risen as a promising imaging methodology
that is free of exogenous labeling for identification and employed
on biomedical applications including the viruses, cell, tissue
imaging, and also in drug delivery [146-149]. CARS microscopy
is described as a four-wave mixing process, that probes the
third-order non-linearity of molecules and it consists of the
pump (W), Stokes (Ws), probe (Wp) beams (same as a pump
in the case of degenerate CARS). These beams simultaneously
interact with the sample and when the frequency of Wp -
Ws matches with the frequency of a Raman active molecular
vibration then an anti-Stokes frequency (Was = Wp - Ws +
Wp) is generated. The blue-shifted light (anti-Stokes signal) is
used for microscopy application and is free from fluorescence
background. By excitation of the CH vibrations (2,600-3,000
cm™!) in proteins and lipids, CARS has been used to image them
inside the cells and tissues. However, CARS signal produces a
non-resonant background.

The development of the experimental CARS microscopy setup
has been previously described in Mazumder et al. [68] and
Slepkov etal. [150, 151]. Briefly, a single femtosecond Ti:Sapphire
oscillator (Coherent Mira Optima 900—F) was used as the
excitation source in the CARS microscopy system (as shown
in Figure 10). The center wavelength of the laser is at 800 nm,
and with transform-limited pulses of ~100 fs, the average power
was ~550 mW, and the repetition rate is 76 MHz. The laser
beam passes through two chirp mirrors to compensate the
dispersion and then is split into two by a 50:50 beam splitter.
One beam is used as a Stokes pulse (Ws) and is propagated
in a photonic crystal fiber (PCE NKT Photonics, FemtoWhite
CARS) to generate fundamental soliton pulse. The output of the
fiber is filtered by 950 nm long-pass filter. The broad infrared
pulse of Stokes beam from PCF is automatically synchronized
with pump laser. This broad Stokes spectrum allows us to tune
the Raman difference from 2,300 to 4,000 cm~!. The other
half of the laser, pump pulse (Wp) is sent to a retroreflector
mounted on a computer-controlled delay stage. After the delay
stage, both the pump and Stokes beam are overlapped collinearly
and focused on the sample using an objective lens (40X 1.15
NA UAPO water immersion lens). The total average power
of combined pump and Stokes beam is 120 mW before the
objective lens. In this experiment, a modified Olympus IX71
inverted microscope with FluoView 300 laser scanning system
was used. Both CARS and SHG signals from the samples are
collected in the forward direction with a 0.8 NA objective lens.
The signals are discriminated using a 400-700 nm bandpass filter
against pump and Stokes beams and are collected by PMT with
enhanced red sensitivity (PMT, R2949, and Hamamatsu, Japan).
Two-photon auto-fluorescence signal is collected using PMT in
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FIGURE 8 | Experimental reconstructed 2D Stokes images of the SHG response from starch granules for horizontally, vertically, right and left circularly polarized
illumination, respectively. White arrows in the leftmost images indicate the direction of polarization. The color scale shows the value of each Stokes parameter
increasing from blue to red. The figure has been reproduced with permission from OSA [111].

20 um

epi-detection mode and the CARS signal is detected both in epi
and forward direction depending upon the samples under study.
TCSPC system integrated with Symphotime software (Picoquant,
Germany) is used for detection and analysis of both auto-
fluorescence and CARS signal. Its coherent nature is an advantage
over traditional Raman signal, thus offering video-rate imaging
speed [147]. A recent publication demonstrated that multiplex
CARS microscopy has been utilized in the detection of cancer
and to differentiate the normal breast tissue and tumor [148].
Integration with multimodal multiphoton microscopy provides
more information; simultaneous detection of CARS and SHG
signals help to investigate the chemical and structural properties
of the sample [149].

Polarization Resolved CARS Microscopy

Conventional CARS microscopy maps the 3D distribution of a
molecular species with high spatial resolution. But this technique
is inherently capable of deciphering the average orientation
of the molecules in 3D using the polarization of light [153,
154] which is valuable information for studying molecular
assembly, dynamics, and function. For example, an organization

of lipid molecules in biological membranes, local changes in lipid
orientation due to molecular interactions or steric hindrance help
us in understanding the functioning of these membranes [155].
Polarization-resolved fluorescence microscopy can provide us
similar information, but it requires rigidly attached fluorescent
probes which might perturb the local environment due to steric
hindrance [156]. On the other hand, since polarization-resolved
CARS (P-CARS) is based on the endogenous contrast of a
molecular species, it can monitor the molecules directly in their
native environment. Before proceeding to describe P-CARS in
greater detail, it is worth pointing out another technique called
polarization CARS which suppresses non-resonant background
in CARS microscopy by selecting the polarization of signal [157].
There is very little difference in the naming of these techniques,
but one is focused on decreasing the background, and the other
is aimed at determining the orientation of molecules. Here the
discussion is focused on the later only.

In order to get a strong CARS signal, the polarization of the
lasers (pump and Stokes) should be aligned so as to maximize
vibrations in the bonds within the focal volume. Bond vibration
can have different modes, that result in closely spaced but
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20 pm 0

FIGURE 9 | Experimental polarization-resolved SHG response from starch granules; the 2D reconstructed DOP, DOLP and DOCP and anisotropy (r) images of SHG
signal from the starch for horizontal, vertical, right, and left circular polarization, respectively. The direction of polarization is indicated by a white arrow in the images.
The color-coded scale shows the values of each parameter, from blue (minimum) to red (maximum). The figure has been reproduced with permission from OSA [111].

spectrally distinct Raman peaks. In the following text, unless
explicitly mentioned, we will only look at vibrations parallel to the
target bonds. In other words, we focus only on three components
of the CARS tensor yygr, ¥,g7,and y,gr where x, y, z are the axes in
lab frame, f = f(6,,¢,) is the average orientation of the bonds in
the focal volume with respect to the lab frame of reference. The
direction of propagation of light is along the z-axis, x-y defines
the transverse plane, and 6, and ¢, refer to angles in the spherical
coordinate system. In the most common form of P-CARS, the
pump (Epymp) and the Stokes (Egores) lasers are linearly polarized
and parallel. The polarization angle (¢) of the two beams is
simultaneously rotated from 0 to 180° in small steps (Figure 11)
while recording the corresponding CARS signal [159]. Being a
third-order non-linear process, CARS (Ecars) is highly sensitive

to the angle between exciting lasers and the vibrating bonds.
The signal is maximum when the exciting lasers are parallel
to the bond and minimum when they are orthogonal to the
bond (Equation 4). This modulation of CARS signal with the
polarization angle helps in determining the average orientation
of molecules in the focal volume. If fif is a unit vector along the
direction of the targeted bonds, the strength of the CARS signal
varies as

2
Ecars (nf°Epump> (nf 'Esmkes>
2

Icars o [(ﬁf.lzpmp)2 (AroEgup.)] @)
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permission from Slepkov et al. [150, 151] and Pegoraro et al. [152].
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FIGURE 10 | Experimental setup of CARS microscopy integrated into a time-resolved fluorescence lifetime imaging system. BS, beam splitter; PD, photodiode; CM,
chirp mirror; RR, retro-reflector; LP, long-pass filter; PCF, photonic crystal fiber; %/2, half-wave plate; P, polarizer; DM, dichroic mirror; OL, objective lens; S, sample;
F1, 670/30 nm filter; L, lens; F2, 480/40 nm filter; PMT, photomultiplier tubes; TCSPC, time-correlated single-photon counting. The figure is reproduced with

Py, PCF LP

This polarization dependence of the CARS signal was evident in
experimental results soon after the technique gained popularity
as a form of non-linear optical microscopy. The ordered
arrangement of water molecules sandwiched between lipid
bilayers in multi-lamellar vesicles (MLVs) was observed for the
first time using CARS microscopy [160]. By tuning to C-H bond
vibration, the orientation of lipid molecules in stacks of bilayers
[161, 162] and even a single bilayer like cell membrane can be
determined with high accuracy [141]. P-CARS of the same C-
H bond has shown that the orientation of polyglucan chains in
cotton and rayon fibers remains unaltered in dry and hydrated
states [158]. In neurobiology, the charge insulating myelin sheath
around axons consists of multiple lipid bilayers and P-CARS
was used to study the arrangement of lipid molecules in ex
vivo [163] as well as in in-vivo samples [4, 164]. P-CARS and
polarized non-linear optical microscopy, in general, can be
used to determine not just the orientation of molecules but
also the nature of molecular assembly [89, 159, 165]. It can
quantify how the packing of lipid molecules changes with their
composition in bilayers [159, 162]. Quantitative evaluation of
high order lipid assembly in myelin sheath can be used for early
diagnosis of neurodegenerative diseases [165]. Advances with
hardware-based demodulation of P-CARS signal [166] and fast
electro-optic polarization [167] have improved the speed of the
technique to enable the study of dynamical changes in molecular
assemblies. The fast polarization modulation technique is also

sensitive enough to track changes in the lipid orientation of
cell membrane as it moves freely, and it is a worthy alternative
to polarization resolved fluorescence techniques in membrane
studies. Another implementation of P-CARS uses different
combinations of circularly polarized lasers to target vibration
symmetries in molecular assemblies [168].

To summarize, P-CARS gives us the ability to look at
molecular assembly within sub-micrometric volumes along with
3D-resolved imaging. It is a far-field optical microscopy tool,
which can be used with a wide variety of samples, and it is non-
invasive. It also enjoys the molecular specificity of CARS, and
therefore no external contrast agents are required. These features
make P-CARS a promising tool for imaging ex vivo and in vivo
biological samples. Recent advances to improving the speed of
polarization modulation and hardware-based demodulation have
made it possible to study the dynamics of molecular assemblies
on millisecond timescales [159, 165, 167]. Applications of P-
CARS have so far been limited given its advantages, primarily
because of lack of access to such advanced imaging tools but that
should change the near future.

MULTIMODAL NON-LINEAR
MICROSCOPY APPROACHES

Similar experimental set-up is used in all the microscopy
techniques as discussed above and help us to get a different
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FIGURE 11 | (A) Cartoon depicting lipid bilayers membranes with orientation of C-H bonds (¢,) and laser polarization (¢). (B) A stack of CARS images of myelin
sheaths in a mouse spinal cord tissue for different polarizations of excitation lasers and (C) the corresponding modulation in CARS signal from the while circular region
in (B). Scale bar: 5um (Adapted from Gasecka et al. [158] with permission from ©Biophysical Society).

contrast/information from the sample (Table 1). It is therefore  healing which is due the deposition of collagen to fill the wound
common to combine these techniques based on the nature of the ~ gap. It is an example of a detailed study of biological activity in
experimental study and it is referred to as multimodal imaging.  a live animal without the aid of external contrast agents which
Special attention is required to ensure that these contrast solely relies on the capabilities of the imaging system. Analysis
mechanisms do not interfere with one another. The number of  of chronic wounds using label-free multiphoton microscopy has
multimodal imaging experiments reported in the literature is  emerged as a useful imaging modality capable of quantifying

enormous, but we will focus on only a few examples here. changes in cellular metabolism. It includes estimation of an
optical redox ratio of FAD/(NADH+FAD) auto-fluorescence.
TPF+FLIM+SHG Microscopy An ability of application of multiphoton microscopy to monitor

One of the most common forms of multimodal non-linear  changes in the metabolism of individual full-thickness skin
optical microscopy involves simultaneous SHG and TPF imaging ~ wounds in vivo was demonstrated [152, 172].

as the excitation laser and the image acquisition mode are To characterize epithelia morphology in-vivo as well as ex-
the same, and the two signals can be separated spectrally in ~ vivo in animal and human tissues involving fresh biopsies,
two-channel detection. The fluorescence signal can be further  cellular NADH auto-fluorescence in two-photon modality has
analyzed when the detector is attached to TCSPC electronics.  been used asa marker [173]. Several epidermal layers of skin were
SHG technique along with TPF imaging investigate the molecular ~ resolved in vivo at subcellular spatial resolution with the use of
organization and key aspects of cellular metabolism through ~ TPF imaging based on the morphology of the cellular features
auto-fluorescence signals from endogenous fluorophores such as ~ [115, 174, 175]. Wound healing in cutaneous tissues, especially
flavins, NADH and retinol or exogenous labels [39, 71, 72, 171].  in cases of chronic wounds are characterized by prolonged
Therefore, metabolic activity from endogenous TPF and collagen ~ and excessive inflammation followed by the formation of callus
distribution from SHG is a simple but potent combination for ~ and infection. The wound shows improper vascularity due to
in vivo microscopy. It was reported that the combination of TP-  endothelial inflammation. The current therapies target extensive
FLIM and SHG microscopy investigated cellular metabolism and ~ clinical success, but there is no exact therapy or development
collagen deposition during skin wound healing [172, 173]. At  of biomarkers to determine and evaluate the status of these
the beginning of healing, the average fluorescence lifetimes of =~ wounds. TPF microscope has shown numerous advantages in
NADH and also SHG intensity were decreased which suggests the ~ depth evaluation and collection of the signal. The measurements
lower metabolic activity and degradation of collagen in dermal  of intrinsic fluorescence of NADH and FAD, an optical redox
layer (Figure 12). The SHG intensity is increased with wound  ratio, eventually find out the relative rates of glucose metabolism
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TABLE 1 | Comparison of various microscopy techniques.

Type of
microscopy

Principle

Information

Targets References

Two-photon

fluorescence (TPF)

Second-harmonic
generation (SHG)

SHG-circular
dichroism (CD)

Susceptibility
based
polarization-
resolved
SHG

Stokes vector
based SHG

Simultaneously absorb two
photons at the identical frequency
to excite a fluorophore

Two photons at identical
frequency simultaneously interact
with a non-linear medium and
then generate a new photon at
the doubled frequency

The ratio calculated from the SHG
via the interactions between right-
and left-handed circular
polarization

The yx-tensor element ratio i.e., x1
and x» is determined using least
square fit to the model. SHG
images of tissue are acquired by
the rotation of linearly polarized
light

Sort SHG into four different
polarization components and
represent them as a Stokes vector

o

o

o

©

>

o

]

o

o

o

. Allow label-free (for auto-fluorescence), non-invasive,

optically sectioned, deep imaging

Enable high speed as well as time-resolved or
time-lapse imaging to unravel the dynamic behaviors
of light-cell and light-tissue interactions

Facilitate the observation for a long period of time with
reduced photobleaching/photodamage and other
toxic effects due to lower excitation energy

Easy integration into quantitative measurements such
as FRET, FLIM, Fluorescence recovery after
photobleaching (FRAP), Fluorescence correlation
spectroscopy (FCS), etc.

Ratiometric imaging for varied fluorescence spectrum
such as laurdan imaging

Cell and tissue auto-fluorescence for cancer detection
Multicolor imaging by wavelength mixing

Commonly combined with SHG for medical research

Allow label-free, non-invasive, optically sectioned,
deep imaging

A contrast mechanism for the material with a
non-centrosymmetric structure

Polarization sensitive: signal strength depends on the
relative direction between molecular orientation and
an incident polarization direction

. Allow derivation of 3D molecular orientation, point

symmetry of molecules, second-order susceptibility,
and helical pitch angle

. A diagnostic tool for collagen-based diseases

A tool for quality control of SHG crystals including
nanoparticles

. Real-time monitoring of neuronal action potential
. In vivo long-term continuous observation suited for

the studies of developmental biology

. Determine sample thickness by the ratio of forward to

backward SHG

Allow derivation of macromolecular chirality and
molecular tilt angle

. Suitable for the chiroptical studies at the

surface/interface or in the bulk
A new contrast mechanism for morphological
structure and 3D molecular orientation

. SHG-CD is 2-3 orders of magnitude larger than the

CD via absorption

A new label-free contrast mechanism to detect the
morphological and structural changes and 3D
molecular orientation

. Differentiate the type of SHG molecular sources

(selective imaging) e.g., collagen type | and collagen
type-Il and, can provide their relative quantification
Allow quantitative detection of a change in anisotropy
Allow determination of methylene and peptide pitch
angle in collagen that is beyond the limit of

optical resolution

A contrast mechanism to characterize the polarization

properties of SHG, molecular structure, and
orientation

. Quantify the polarization state of arbitrary polarized

SHG using the parameters of DOP, DOLP, DOCP, and
polarization anisotropy

Monitor the degree of polarization and anisotropy of
SHG through a birefringent material

Reveal the circular birefringence properties of SHG

All'kinds of cell and tissue
autofluorescence,
fluorescent proteins,
fluorescent probes, lignin,
chlorophyll, N-V center,
iron-doped crystals, stem
cells, etc.

[2-32]

Collagen, myosin, starch,
cellulose, cornea, tendon,
cartilage, tooth, blood
vessel, neuron, silk, spindle
fiber, birefringent crystals,
liquid crystals, silicon
carbide, cancerous tissues,
microtubule assemblies in
brain, etc.

[89-94, 106-
114, 169]

Same as SHG [107, 109, 110,

119, 124-128]

Same as SHG [90, 135, 14Q]

Same as SHG [107,108, 112,

118, 141]

(Continued)
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TABLE 1 | Continued

Type of Principle Information Targets References
microscopy
Coherent The anti-Stokes emission occurs a. Allow label-free, non-invasive, optically sectioned, Lipid, proteins, and DNA in [145-154]
anti-Stokes only when the difference deep, “chemical” imaging live cells, supported lipid
Raman scattering frequency between the pump and  b. Vibrational mapping of protein distribution in live cells bilayers, lipid droplets,
(CARS) Stokes beam matches with the based on the contrast from specific molecular bond unilamellar vesicles, liquid
vibrational frequency of molecules ~ ¢. Monitor the dynamic process with chemical selectivity — crystals, lignocellulosic
d. CARS is temperature dependent and thus can be a biomass, starch,
thermometer B-carotene, rat spinal cord,
e. CARS prevents the overwhelming from the etc.
fluorescent signal
Polarization- The CARS signal varies with the a. Allow high contrast CARS imaging by suppressing the ~ Same as CARS [4, 157-168,
resolved CARS relative polarization direction of non-resonant background from the electronic 170]
(P-CARS) the pump and Stokes beam and contribution of x® non-linearity
is analyzed with an analyzer b. Visualize the molecular orientation, the degree of
orientation anisotropy and symmetries of the probed
molecular bonds
c. Decompose overlapping bands with different Raman
depolarization ratios
d. Study neuron diseases regarding the cerebral
white matter
Fluorescence Measurement of the different a. Image protein-protein interactions and intramolecular Same as TPF [45-55, 64-79]
lifetime imaging decay rate of fluorophores staying changes with high spatiotemporal resolution

(time-domain) in the excited state using a b.
time-correlated single photon

counting (TCSPC) system

]

Discriminate endogenous fluorophores or different
dye molecules in live cells and tissues
High throughput screening for molecular species and

pharmacological compounds
d. Indicate a FRET event when the lifetime of donor
molecules is greatly reduced

@

A local sensor for fluorophore environment such as

pH, temperature, ion concentration, polarity, etc.

—

. Ca?* imaging to study neuronal activities

g. Monitor cancer cell metastasis

and oxidative phosphorylation increase the quality of prognosis.
Label-free multiphoton microscopy (MPM) assesses the initial
quantitation of the metabolic biomarkers in diabetic and non-
diabetic patients [176].

In vivo imaging of pigmented lesions in human skin was
performed with MPM (MPTflex, JenLab, Germany) [177]. The
goal of the study was to identify in vivo the characteristic
features in pigmented lesions at different stages (benign,
atypical, and malignant) and to evaluate the ability of in vivo
MPM to distinguish atypical nevi from melanoma. Benign
melanocytic nevi were shown to be characterized by the
presence of nevus cell nests at the epidermal-dermal junction.
Lentiginous hyperplasia, acanthosis, and architectural disorder
were presented in atypical nevi. Cytological atypia was present
in the melanoma lesions. The MPM imaging demonstrated very
good correlation with histological analysis, suggesting that MPM
could be a promising tool for in-vivo non-invasive pigmented
lesion diagnosis, particularly distinguishing atypical nevi from
melanoma. A non-invasive in vivo method for determining skin
aging at the microscopic level by detecting signals from the
main structural proteins of the skin, elastin, and collagen, was
realized. The ratio of these signals usually is called SAAID.
This parameter allows us to evaluate the dermatological status
of the skin and evaluate the effect of cosmetic products, such

as anti-aging creams, or physical procedures, such as ones
involving laser, in microscopic in-vivo conditions. Also, the
SAAID parameter provides information about the effects of
ultraviolet radiation and other skin-damaging processes [178].
The multiphoton microscopy with autofluorescence and second
harmonic generation was used to monitor the optic-thermal
response of skin tissue irradiated by CO, and the process
of regeneration [179]. This method was shown to have the
potential ability to monitor the process of tissue change and the
remodeling in mouse dermis. Multiphoton microscopes allow
a quick scan only the crosswise plane, by adjusting the relative
distance between the focusing optics and the sample. However,
the ability to quickly scan along the longitudinal direction
has recently become available, which is an additional leap in
the use of multiphoton tomography in clinical studies [180].
Using unprocessed biopsies, multiphoton microscopy can readily
distinguish between benign lesions and breast cancers. For breast
cancers, the tumor cells were shown to display marked cellular
and nuclear pleomorphism. The tumor cells, characterized by
irregular size and shape, enlarged nuclei, and increased nuclear-
cytoplasmic ratio, infiltrated into disrupted connective tissue,
leading to the loss of SHG signals [181].

In summary, these observations indicate that MPM could be
an important tool to provide label-free noninvasive diagnostic
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[172]) with kind permission from SPIE.

SHG image

FIGURE 12 | TP-FLIM (color-coded) image of NADH free-to-bound ratio (a1/a2) and SHG (gray) images of collagen during wound healing. Figure reproduced (from

TPF:al/a2

SHG image

impressions that can guide the surgeon in biopsy and patient
management [182]. The ability to quantify cellular metabolic rate
through NADH/FAD/Tryptophan auto-fluorescence lifetime
imaging in healthy and disease state is, therefore, an important
requirement for basic research, drug development, and clinical
diagnosis. Diabetes is an important global health problem with
persistently affected individuals, and the dynamics of metabolism
in a diabetic wound are not well-understood at the cellular
level [175, 176]. To understand diabetic tissue function better,
the multi-parametric approach addresses initial quantitative
assessment: (i) the metabolic activities during different stages of
the wound healing using NADH and FAD fluorescence lifetime
and redox ratio; (ii) with resolved collagen structural information
in extracellular matrix using SHG microscopy, (iii) the correlated
metabolic and structural changes. Multimodal TP-FLIM and
SHG microscopy can investigate the cellular metabolism and
morphological alterations of the wound healing process in
diabetic patients [176].

Multimodal (SHG and CARS) Imaging of

Macromolecules (Starch, Cellulose)

CARS microscopy has been used to study lipid-rich systems such
as myelin [163], atherosclerotic tissues [183], and lipid droplets
in live cells [184], as well as non-lipid based systems rich in C-
H vibrations such as collagen arrays [185]. However, when CARS
microscopy is integrated with microstructure sensitive modalities
such as SHG, it can enable simultaneous imaging of several
molecules. Starch and cellulose are carbohydrate polymers and
condensed biomaterials; both are made from the same monomer,

glucose, and have the same glucose-based repeat units. Starch
is composed of amylose and amylopectin molecules and these
form crystalline and amorphous concentric layers. Both starch
and cellulose provide very strong CARS signals in (2,850-3,400
cm~ ') C-H and O-H vibrational regions [150]. The cellulose
fiber was immersed in D,O during the experimental. When
the polarization of the recombined pump and Stokes beams
was rotated the contrast from the fiber also changed. By tuning
Wp - Ws to 2,845cm ™! we observed strong CARS signals for
symmetric CH; stretching vibration. The CARS signal from
the symmetric CH;- stretching mode is maximized when the
excitation polarization was along the CH, group symmetry axis
that is perpendicular to the lipid hydrocarbon chain [157, 159].
The broad CARS signal from the OH-stretching Raman band
are observed when Wp - W tuned at 3,350 cm ™. Furthermore,
they provide strong SHG signals [142, 150, 186], and recent
research demonstrates the concurrent combination of SHG and
CARS microscopy can identify the internal molecular structure
and density. The crystalline and amorphous regions of starch
and cellulose are differentiated by the combination of SHG and
CARS microscopy [150]. The crystalline layers are anisotropically
aligned by amylopectin chains within the focal volume of the laser
and thus yield a strong second-order non-linear optical response.

The utility of multimodal CARS microscopy in a combination
of SHG technique for the study of starch grains is a current
topic of research interest. Figure 13 shows the simultaneous
acquisition of CARS and SHG signals from potato starch and
cellulose. The signals are collected in the forward direction,
and the respective signals are separated from each other using
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FIGURE 13 | Overlaid CARS and SHG images of potato starch grains and
cotton cellulose fiber in D2O. (A) CARS (red) and SHG (green) signals.
Alternating crystalline and amorphous layers in potato starch are visible and
appear to be anti-correlated between SHG and CARS. (B) CARS (red) and
SHG (cyan) signals. The pump and Stokes beams are polarized in the vertical
direction. The image size is 512 x 512 pixels. By tuning the delay stage to give
Wp - Ws = 2,890 cm~' CARS images were taken. Figure reproduced (from
[150]) with kind permission from OSA.

bandpass filters (400/40 nm for SHG and 670/30 nm for CARS);
it was observed that both signals were complementary to each
other. The CARS signal is stronger than the SHG signal in case of
potato starch; this suggests that crystalline shells (amylopectin)
of starch are less dense than the amorphous shells (amylose). The
hilum is also visible as a dark dimple in SHG imaging. The images
of potato starch grains obtained by CARS (red) and SHG (green)
microscopy were merged together to obtain a single image in
which the striations of both the images were anti-correlated
to each other (Figure 13A) with alternating amorphous and
crystalline layers are clearly visible.

Thus, multimodal CARS and SHG imaging of starch granules
and cellulose offer highly detailed information about the
internal structure and molecular organization. Therefore, the
fundamental understanding of the optical non-linearity of starch
granules and cellulose will provide a valid basis for future
studies in food science and technology. For example, slowly-
digestible or resistant starch derived from uncooked food,
whole grains, legumes, tubers, and vegetables can be used
as an appropriate source of carbohydrates to reduce the risk
of various conditions/diseases such as cardiovascular diseases,
obesity, and diabetes.

Integration of CARS and FLIM Technique

CARS microscopy is a powerful label-free live cell imaging
tool for monitoring the changes in lipid droplets (LD)
localization, size, and abundance in cells [187-191] and has
previously been successfully applied to investigate the host-
virus interactions [68]. Simultaneous detection of TPF and
CARS signal and separation of CARS signal from endogenous
auto-fluorescence in rat arterial tissue as well as intact roots
of plant seedlings were performed using TCSPC electronics,
thus improving the CARS contrast [151, 191]. The temporal
dynamics of the two process viz., CARS and fluorescence
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FIGURE 14 | Simultaneous multichannel Time-gated F-CARS and FLIM
imaging on a single detector of live Huh-7 cells. (A) F-CARS image collected
through a multimode fiber. Image of all photons arriving in the vicinity of the IRF
peak, representing CARS signals. The average lifetime of Hoechst in the
nucleus is 1.6 + 0.4 ns and that of the DiO in the cytoplasm is sub 1 ns. A
670/30 nm bandpass filter is placed between the condenser and the fiber in
the F-CARS channel. (B) Epi-collected FLIM image showing spatial
segregation of the Hoechst and DiO stains. Image of all photons arriving
between 1.5 ns after the IRF peak and the end of the laser repetition period,
representing the TPF signal. The color bar represents the range of the average
fluorescence lifetime. Figure reproduced (from [151]) with kind permission from
SPIE.

can be exploited to separate them using a TCSPC system.
CARS is an instantaneous process, the decay time is system’s
instrument response function (IRF), however, TPF lifetimes are
in the nanosecond scale and can be separated by detecting
the photon arrival time to the PMT. Again, simultaneous
TPF and CARS microscopy were used to track D2-GFP (a
stabilized version of green fluorescent protein) localization
and measure changes in the hepatic lipid content of Huh7
hepatoma cells [68]. We have demonstrated that TCSPC-FLIM
system distinguishes the CARS signal from the fluorescence
of live Huh7 cells stained with Hoechst3342. Hoechst is a
nucleus-staining fluorescent dye. The CARS signal is collected
in the forward direction (F-CARS) coupled through a fiber
while simultaneously performing epi-detected TP-FLIM using
a separate detection channel in inverted microscope. The
pump beam is used as a two-photon excitation wavelength
of Hoechst3342. We have selected Huh-7 cells for their high
lipid droplet content. Figure 14 shows the resulting FLIM and
CARS images of cells. Lipid droplets in the cytoplasm are clearly
observed in CARS image. A lifetime map reveals that the average
fluorescence decay lifetime of Hoechst in the nucleus is 1.6 £
0.4 ns. The combination of TP-FLIM and CARS microscopy
illustrates the power of complementary imaging modalities for
probing molecular interactions in the vicinity of lipid-rich
cellular architecture.

CONCLUSION

In conclusion, the uniqueness and the prospects of non-
linear optical microscopy are elucidated in this review.
We have presented the basics and applications of TPE
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FLIM, SHG, and CARS microscopy techniques in detail.
These techniques provide powerful, non-destructive, and
label-free methods for visualization of biomolecules. TP-FLIM
enables the measurement of auto-fluorescence lifetimes of
endogenous fluorophores. Fluorescence lifetime is independent
of intensity variations of fluorophores, however, sensitive
to the molecular environment. Additionally, time-resolved
fluorescence measurement may yield unprecedented information
on molecular dynamics. The use of SHG microscopy for imaging
of starch, collagen, skeletal muscles, urea crystals, nanocrystals
has offered a lot more information about their molecular
structures. Again, polarization-resolved Stokes vector based
SHG microscopy investigates the polarization properties of
the SHG signal to visualize the birefringence and crystal
orientation from the samples under study. Thus, this newly
developed instrument provides information contained in
SHG light and has valuable applications in biology through
the measurements of different polarization properties. Novel
applications of SHG-CD (circular dichroism) microscopy for
resolving 3D collagen chirality organization is also addressed.
With multimodal label-free optical imaging techniques (TPE
SHG, FLIM, and CARS), we have targeted several components.
A combination of SHG microscopy and TPF microscopy helped
to reveal the process of collagen fiber regeneration in wound
healing in vivo. CARS provides information on lipid-rich
regions, while FLIM characterizes cellular metabolism using
auto-fluorescence/fluorescence. The integration of photon
counting under FLIM configuration with CARS separates
the CARS signal from the autofluorescence background and
improves the signal-to-noise ratio of CARS detection as
well. SHG and CARS microscopy enabled characterization
of structural and chemical properties of starch granules and
cellulose fibers. As was said above, while several reviews
have been written for each of the presented areas in recent
years, in our review we have gathered the main approaches
carried out with the help of NLO and also expanded the
existing reviews with recent work in this direction. Moreover,
the work demonstrated possibilities of the use of current
approaches in practice and showed their effectiveness in
many examples.
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