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Abstract

Orientation of plasmonic nanostructures is an important feature in many nanoscale applications
such as photovoltaics, catalyst, biosensors DNA interactions, protein detections, hotspot of
surface-enhanced Raman spectroscopy (SERS), and fluorescence resonant energy transfer (FRET)
experiments. Silver nanocubes with significant spectral signatures between 400-700 nm are
observed in this experimental research. Whereas study of single cells will enable the analysis of
cell-to-cell variations within a heterogeneous population. These variations are important for further
analysis and understanding of disease propagation, drug development, stem cell differentiation,
embryos development, and how cells respond to each other and their environment. Adipose-
derived mesenchymal stem cells possess the capability to undergo differentiation into adipocytes,
chondrocytes, and adipocytes and convert to adipose tissues, bones, and cartilages respectively.
This regenerative ability has augmented stem-cell research and the need to characterize them
quickly with minimal invasiveness. An imaging and spectroscopic technology supported with
correlative techniques which can address the capability to probe single stem-cell and single
nanostructure non-invasively, without photo bleaching, is accurate, quick, cost-efficient, requires
simple sample preparation, and curbs diffraction limitations are implemented in this research.

Almost a decade ago, Hyperspectral Imaging (HSI) was employed by the NASA in satellite
imaging applications such as remote sensing technology. This technology has since been
extensively used in the exploration of minerals, agricultural purposes, water resources, and urban
development needs. Due to recent advancements in optical re-construction, imaging, and advance
computing technologies, HSI can now be applied down to micro- and nano-meter scales possibly
allowing for exquisite control and quantitative spectral analysis of single nanostructures to

ensemble spectroscopy and single cell to complex biological systems.



In this work, we use transmitted dark field imaging technique to locate individual nanostructure
and single stem-cell on a glass substrate. Then we employ a hyperspectral imaging technique
within Vis-NIR spectrum (400-900 nm) at the same spot to collect spectral response of a single
silver nanoparticle and single ASCs. No special tagging or staining of the nanoparticle or
biological cell has been done, as more likely required in traditional microscopy techniques.
Different orientations exhibiting dissimilar dipole moments and differentiated stem-cells with
variable tissue scattering have been identified by carefully understanding and analyzing shift in
spectral response from the sample.

The orientations measured by hyperspectral microscopy were validated using the finite difference
time domain (FDTD) electrodynamics calculations and correlative scanning electron microscopy
(SEM) analysis. The combination of high resolution nanometer-scale imaging techniques and the
modern numerical modeling capacities thus enables a meaningful advance in our knowledge of
manipulating plasmon response and fabricating shaped nanostructures. To obtain insight of single
molecule-level proteins, fats, and other constituents, matrix-assisted laser deposition/ionization
(MALDI) was performed on stem-cells. Spectra collected from these mono-constituents were
required to create libraries. Using the library data, then cells were mapped via single angle mapping
(SAM) algorithms. The optical images were characterized using template match and edge
detection algorithms to analyze the cell differentiation. Developing this label-free protocol enables
the possibility to non-invasively analyze stem cell differentiation.

This work has advanced our understanding of the behavior of small nanoparticle clusters and single
stem cell probing protocol useful for sensing, nanomedicine, tissue regeneration, cellular

morphological analysis, and surface sciences.
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CHAPTER 1: INTRODUCTION

1.1. Motivation

Nanotechnology applications are becoming omnipresent in a variety of daily activities and
research endeavors. For example, investigating, fabricating, and modifying substances at the
nanoscale has helped advance and transform products ranging from clothing/wearable
technologies, bio-sensors, coatings with self-healing capacities, energy storage and transmission,
sports equipment to computers. Concurrently, significant improvements in the field of nano-
imaging and analysis have vastly improved the modalities in precision/personalized medicine,
photovoltaics, energy enhancement, targeted drug delivery systems and image-guided surgery. To
further advance these transformative activities precise and highly accurate probing methods to
detect, characterize, and measure distinct characteristics of nano-substances are required, apart
from the currently available microscopy and spectroscopy technologies such as optical microscopy
[1, 2], transmission electron microscopy [3, 4] and electron energy-loss spectroscopy, cryo-
electron-microscopy [5, 6], atomic force microscopy [7, 8], scanning ion-conductance microscopy,
atom probe tomography [9, 10], positron emission tomography [11, 12], scanning electro-chemical
microscopy [13], X-ray microscopy [14, 15], linear & nonlinear vibrational spectroscopy [16, 17],
mass spectrometry, Fourier-transformed infrared (FTIR) spectroscopy, photo thermal imaging
[18], and nuclear magnetic resonance imaging with paramagnetic metal particles [19, 20].
Microscopy technologies provide two-dimensional intensity information at each pixel (x, y) of the
images. On the other hand, spectroscopy technologies provide averaged spectral information (L)
of the entire field of view. Hyperspectral imaging (HSI) combines both of these modalities by
providing intensity and spectral information (X, y, A) at each pixel. These new techniques can be

either used for preliminary survey/validation tool or replace traditional methods [21].



1.2. Principle

When electromagnetic radiation is incident on the sub-wavelength level nano-sized particles, there
is a formation of approximated dipole moment amongst free electrons cloud on the dielectric
materials. At the optical cross-section, incoming photons are either scattered or absorbed creating
resonance of the dipoles and generating strong optical response from the nano-particles. When a
precisely deflected beam of light enters or impinges upon a heterogeneous sample (for example, a
surface or a biological tissue or cell), various light-matter interactions such as scattering,
absorption, and transmission takes place due to the intrinsic radiative properties of the surface
and/or the sample. These radiative properties can be correlated to, and are intrinsic, to the multiple
multi-sized structures and/or organelles present within the sample.

The underlying principle of spectral imaging (e.g. HSI), thus, is simple and straightforward: By
quantifying the radiative properties (reflectance or absorbance in-homogeneities) for a given
sample at the sub-wavelength level, it should be possible to analyze and assess characteristics of
the system under investigation. Spectral imaging is typically achieved by a combination of optical
imaging with specialized spectrographic attachments for data storage as well as specialized
software for data analysis [22]. Due to successive advancements in optical simulation techniques
and optics, spectral imaging can now be translated down to macro- and nano-scales and radiative
properties collected across the entire electromagnetic spectrum; such a system is termed as hyper
spectral imaging (HSI). Specifically, advances in dark-field imaging conditions enabled high
contrast and signal-to-noise ratio and consequently, an ability to focus light on samples with high
collimation even at oblique angles and with controlled detection settings [23-25]. HSI enables
precise information (quantitative and qualitative) about various surfaces and morphologies to be

stored in the form of optical images. These optical images consist of hundreds of pixels; each pixel



is stored as a three-dimensional hypercube data-set containing information on two spectral
dimensions and one spatial dimension [26, 27]. Ideally, the hypercube data from the entire electro-
magnetic spectrum in visible-near infrared range is stored using an imaging spectrophotometer.
The stored data can then be compared and cross-correlated with previously obtained reference
spectral libraries to develop protocols for precise and quick analysis of micro- and nano-materials.
Additionally, by integrating HSI with other imaging techniques one can produce complimentary
data; for example, in combination with fluorescence microscopy one can also obtain information
about chemical changes or by solely using light for quantification without any additional probes,
one can develop noninvasive medical diagnostic platforms as well as image guided surgical
techniques [26].

1.3. Outline

This thesis is organized in different chapters. Chapter 1 provides introduction of the thesis. Chapter
2 provides an overview of hyperspectral imaging system. Chapter 3 shows the orientational
imaging of single plasmonic nanoparticle. Chapter 4 demonstrates noninvasive analysis of single
stem-cell differentiation. Chapter 5 provides the summary and future work for the thesis. Finally,
Chapter 6 identifies the limitation of the method mentioned in the thesis. The chapters are outlined
to provide research findings on detecting orientation of single nano-particles using hyperspectral
dark-field imaging and developing non-invasive method to detect stem-cell differentiation using
HSI along with information on nanoscale plasmonics and information on biological optics.
Overview on hardware and software of the system is also mentioned in the thesis (Chapter 2) in
order to understand the system before diving into the details of the experimental procedure for

each experiment.



CHAPTER 2: OVERVIEW OF HYPERSPECTRAL IMAGING SYSTEM
Traditionally, the following spectral ranges have been defined for various imaging techniques:
ultraviolet (200 to 400 nm), visible (400 to 780 nm), near-infrared (780 to 2,500 nm) and mid-
infrared (2,500 to 25,000 nm) as shown in Figure 1. The imaging modalities are generally

categorized into: monochrome, RGB, spectroscopy, multispectral, and hyperspectral imaging.

Reflectance

Monochrome RGB Spectroscopy Multispectral Hyperspectral

Figure 1: Schematic showing the differences between monochrome, RGB, spectroscopy, multispectral, and
hyperspectral imaging [26]

Appendix-A provides information on differences between HSI and RGB as well as information on
various types of hyperspectral imaging systems available in the market.
Additionally, HSI unlike other spectral imaging methods, collects and processes information from
across the entire electromagnetic spectrum [22-25, 28]. Figure-2 shows complete schematic
diagram of a typical optical path within HIS system.
The various hardware components of a typical HSI system are as follows:
i) a light source to illuminate the sample and depending on the application, is either a light emitting
diode or a halogen bulb or a tunable laser. The source image is eliminated by passing the light
through light-guide and the image is further reflected inside a light adapter.
ii) a high resolution light collimator or adapter.
iii) A visible and hyperspectral spectrometer or detector array which is situated at the focal point

in the HSI setup and receives and converts the electromagnetic energy into electrical signals for



hyperspectral image formation. Charged-coupled devices (CCDs) are widely used as detector
arrays and are mainly made up of materials like silicon, indium gallium arsenide, mercury
cadmium telluride, and indium antimonite. A cooling system is typically attached to the CCDs to
reduce thermal vibrations and to minimize dark-current noises. Other detector arrays used in HSI

systems are photomultiplier tubes and metal oxides [26].
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Figure 2: Condenser optics of CytoViva hyperspectral imaging system [25, 29]



iv) a stage that commonly includes an optical microscope or a Fourier transform spectrometer
and/or a Raman imaging system.

v) an optical dual mode fluorescence module coupled with an optical imaging camera and other
lens/slit combinations for bright-field and dark-field analysis.

vi) several light dispersive elements such as prism-grating, monochromatic lens or optical filters.
These elements disperse incident white light into its constituent color spectrum and project the

spectrum onto the detector arrays. Grating based spectrograph is shown in Figure-3.
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Figure 3: Hyperspectral imaging system spectrograph light path and optics [26, 29]



vii) Different HSI image capture schemes are implemented in commercial microscopy systems.
These HSI image capture schemes are classified as whiskbroom (spatial or point scan), pushbroom
(line scanning), staring (spectral scan) and snapshot (no scan). All these hyperspectral data cube
acquisition strategies affect the light throughput and image acquisition time. For example, the
snapshot will be the fastest one as it captures the whole data cube in a single acquisition.

viii) Software for the hyperspectral imaging system is highly specialized. For example, the number
of scan lines and the RGB default bands are user defined in accordance with the desired field of
view and the sensitivity of the application. In general, 200-300 lines are sufficient for single cell
imaging. Proprietary imaging software provides an easy to use interface to enhance acquired
images and to improve the signal-to-noise ratio by filtering end wavelengths. Spectral data of each
pixel or for a collection of selected area pixels as well as that of an entire image can be stored in
the spectral library for further analysis. Ideally, the imaging software should also provide a
normalizing procedure to filter out spectral irregularities, loss of information, and to account for
false information due to effects of fiber optics cables, camera, and the spectrograph. The most
important function embedded within the imaging software is the SAM or spectral angle mapping
function. As described in the CytoViva system user manual, the SAM method determines the
distance from the origin to the intensity of light registered in each band of the known spectrum
(such as control or reference sample) and the unknown spectrum (target sample under probe) and
stores this as an N-dimensional vector(s). The direction of these vector(s) is a unit vector in the N-
dimensional space representing the unknown as well as the reference spectrum. The angle between
these two unit vectors one obtained from the sample and another from the reference is a measure
of spectral match or mismatch between them. Thus, by analyzing the data cube and comparing the

spectrum at each pixel from different samples one can deduce similarities and differences between



samples and subsequently, if baseline (reference) libraries are available, precise and quantitative
analysis of the samples can also be performed with the purpose of finding objects, identifying
materials, or detecting processes.

In Table A.1 of Appendix-A, information regarding various different commercially available

hyperspectral imaging systems is provided.



CHAPTER 3: ORIENTATIONAL IMAGING OF SINGLE PLASMONIC

NANOPARTICLE

3.1. Literature Review and Theory

Existing methods of interrogation of nanoparticles like fluorescence polarization spectroscopy are
not feasible to obtain single particle level information on a large scale (to have statistical
significance of the results), are time intensive, expensive and require many resources for sample
preparation and analysis [30]; in addition the conventional optical microscope is diffraction limited
(~ 250 nm) and only provides intensity images without spectral information. Fluorescence dye
labelled nanoparticles are prone to photo-bleaching and the intensity is distance dependent (how
far the dye is located from the nanoparticle surfaces). Conventional techniques to characterize
nanoparticles such as fluorescence imaging and magnetic resonance spectroscopy [31] involve
complex sample preparation, probing and labelling expertise. When nano structures are
characterized using ensemble methods, many of the properties are heterogeneously lost or hidden
as well as predicted on much broader sense. Hence ability to get information from one single
particle at a time can solve this issue. Therefore, new probing methods such as hyperspectral
imaging system are needed to investigate characteristics of nanoscale structures that can be done
in a label-free and efficient manner on large scale.

Localized surface plasmon resonance is generated when there is collective electron oscillation
triggered by incident electromagnetic radiation as shown in Figure-4. Plasmon response from the
nanostructures can be tuned ranging from ultraviolet spectrum to visible region to near-infrared
spectrum in the electromagnetic spectral range. This change in optical response can be achieved
by modifying/changing size of the particles, shape and material composition. By controlling the

dimension for individual nano-structures, we can modify the color of dispersions and thin films.



Most recurring used metal particles are made of gold, silver or platinum. Phenomenon termed as
‘Surface Plasmon Resonance’ is created due to relative oscillation of electrons on the metal
nanostructures. The harmonious oscillation of the electrons in nano-particles is created because
only certain wavelengths from the entire electromagnetic spectrum are absorbed and scattered by
the nanoparticles. All the radiation which are incident on these nano-structures eventually become
extinct and the phenomena is described as extinction spectrum. These absorbed wavelengths from
illumination source interact with surface electron cloud to excite the absorption and scattering

intensities almost 50 times than nano-particles which are non-plasmonic in nature [32].

Scattering
Metal Sphere X 4
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Electron Cloud

Figure 4: Optical cross-section depicting extinction (scattering and absorbance) when electromagnetic radiation is
incident on the nanostructures

Optical properties of metal nano-particles are significantly dominated by surface plasmon
(oscillation of electrons). Energies stored in visible and mid-infrared region of light spectrum are
enough to excite the surface plasmons of nanostructures because these energies correspond to the
atomic transitions and molecular vibrations [33]. The plasmon resonance characteristics of the
nano-particles which have dielectric constant with small imaginary part and negative real part

depend mainly on particle size, material, shape and orientation, especially when the structures are
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small compared to incident wavelength of light [34]. Optical response due to surface plasmons is
dominated by the orientation of the nanostructures while probing the structures with similar size
and shape. Red shifting or blue shifting in scattering spectra of nano-particles are observed due to
the difference in the excitation frequency-dependent plasmons wave-vector that are directly
corresponding to the different orientations of these nano-particles. By controlling the plasmon
excitation and emission with orientation of nano-particles, there is a possibility of condensing and
channeling light at subwavelength level [35].

Principles of conventional geometrical optics and ray trace method is used when the diameter of
the object under investigation is greater than the wavelength of incident light. Intensity distribution
of the interference and diffraction patterns are studied to characterize the subjects whose
dimensions are equivalent to the wavelength of the incident light i.e. x-ray. In this research, focus
is only channeled to evaluate properties of the objects whose radius is much smaller than the
wavelength of the incident light. Due to a (radius) << A, we can assume quasi-static condition and
directly apply harmonic wave equation model to provide analytical solution to Maxwell’s
equations. Materials that have small positive part of the dielectric constant and negative real part
generally exhibit surface plasmon resonance properties. Mie theory can provide theoretical values
of the optical response by providing analytical solution to Maxwell’s equations. Considering quasi-
static condition, electric field around the nano-structures is considered constant and theoretical
solutions can be provided by accounting spherical wave harmonics [36, 37].

Mie theory polarizability equation is true for particles spherical in nature. This equation does not
hold true for more complicated geometries. Generalized steps of derivation [38] are provided in
Appendix-B. While Rayleigh-Gans theory can provide theoretical solution for ellipsoidal nano-

particles [38].
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ellipsoidal nano-structures.
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Here, V = volume, €,, = dieletric permittivity of surrounding,
€real and €y = real and imaginary components of permittivity of metal
A, = wavelength of the incident light and [, = depolarization factors
In the above equation, we can note that as the volume increases, scattering from the particle
becomes more dominant than the absorption. Therefore it is noted from the theoretical calculations
that for particle sizes above 20 nm, scattering is more dominant than absorption in the overall
extinction spectrum as shown in Figure-5 by plotting Mie equations with varying radius of
nanostructure from 0 to >60nm. And resonance is achieved at E (real) =-2 E (medium). Dielectric
function can be modified in a broader sense by accounting for nonlocal effects, electron spill out,
strong damping due to extremely small size of the particles. The case when the electrons will not

have enough mean free path to move within the electron cloud. In such cases, there is strong
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electron-scattering and hence large damping effect. There is the dissipation of electric field when
charges are in motion. Hence imaginary component of the relative dielectric permittivity takes into

consideration this phenomena.

«10®  Extinction Spectrum Components
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Figure 5: Extinction spectra components (scattering, absorption) as given by Mie-theory are plotted as a function of
radius of the nanostructure

Dielectric environment around the nanostructures and the geometrical properties have significant
impact on the spectral response exhibited by these particles. Unique property is that nanoparticles
scatter and absorb light at specific wavelengths. The exhibited color of the nanostructures
illuminated by incident electromagnetic radiation is mainly dependent on material of metal, shape
and size of individual structures as shown in Figure-6. Size and shape distribution can be achieved

with good consistency due to modern chemical engineering process techniques.
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Figure 6: Representation of size-dependence of resonance wavelength of nano-particles. Red-shift in resonance is
observed with increase in length (fixed aspect ratio and thickness) and increasing dimensions

Metallic nanostructures have very different mechanical, electric, and optical properties compared
to macro/micro metal particles. These particles exhibit variety of colors and hence can be used for
engineering application which can be color-defined such as plasmonic sensors for medical
diagnosis, cancer detection, targeted drug delivery, manufactured composite materials, anti-
microbe coatings, ceramics, photovoltaics, surface enhanced Raman spectroscopy, and more.
Pictorial representation of some of the applications is shown in Figure-7.

What we attempted to probe in this experiment is dependency of nanostructure plasmonics based
on orientation of individual structures. Information about the orientation of plasmonic
nanostructures is highly important for the study of biomolecular absorption and developing bio-
optical sensing platform, protein-protein interaction, drug-protein detections, and opto-magnetic
data storing devices. Control over orientation is important in order to modify single-nanoparticle
to create Janus particles as well as to create dimers by placing two different metal nanostructures
in close vicinity [39]. By developing this non-invasive probing protocol, we also develop ground
for scattering based probing of more heterogeneous and complex nano-structures. This method can
also be applied to in vivo studies of interaction of nanoparticles with biological cells that can

provide intracellular information.
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Figure 7: Applications of nano-particles in energy, bio sensing, and light emission [40-42]

Chang et al in “Plasmonic Nano rod absorbers as orientation sensors” utilized absorption based
spectroscopy such as photo thermal imaging to detect orientation of Au Nano rods (25 X 73 nm)
[43]. According to analytical solutions of Gans theory and Mie theory in the aforementioned
mathematical relationships, nanostructures above 20 nm have scattering field as major contributor
to extinction. Hence scattering based technique to detect orientation is important. Tablor et al in
“Effect of Orientation on Plasmonic Coupling between Gold Nano rods” have applied grid-based
discrete dipole approximation (DDA) to establish mathematical relationship between effects of
orientation on spectral shift [44]. Many studies have been pursued to find effect of size, shape,
dielectric environment on metal nanostructures. For example, “The Optical Properties of Metal
Nanoparticles: The Influence of Size, Shape and Dielectric Environment” [45]. Therefore there is
a strong requirement to develop non-invasive orientational imaging protocol.

3.2. Research Goals
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In this experimental study, nanostructures were carefully chosen by analyzing them using
transmission electron microscopy (TEM) and double beam spectrophotometer, localization
techniques were employed in order to perform correlative microscopy, we have developed the
correspondence between hyperspectral data and scanning electron microscopy using finely
patterned substrate (via focused ion beam), and validation through finite-difference time-domain
numerical simulation. Multiple points of interest can be mapped or characterized within the single
image/sample.

3.3. Experiment

To investigate spectral shift in surface plasmon resonance of metallic nanostructures with respect
to 2D orientation, polarized light is transmitted in Z-direction to excite Surface Plasmon
Resonance.

Nanoparticles used in this research were manufactured by nanoComposix using large scale
processing and concentration via filtering using cross-flow method. Polyvinylpyrrolidone (PVP)
Silver Nanocubes were purchased from nanoComposix, Inc. UV-6300 Double Beam
Spectrophotometer (line diagram in figure-8) is used to obtain the absorption spectrum of the

nanocube sample. Extinction spectrum is negative log of intensity ratio of sample to reference.
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Peaks obtained in the wavelength spectrum represent average line widths and resonance energy
values as depicted in Figure-8. Several spectral features in the range 300-900 nm wavelengths are
observed in the absorption spectra of the nanocube with the peak of the spectrum lying between
500-600 nm. Two prominent plasmon resonance peaks (468, 564 nm) are clearly visible (Figure
8). There are two resonance peaks with good features. Bigger peak depicts the strong resonance

along long axis (lower energy) and smaller peak depicts the weak resonance along shorter axis
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(higher in energy). This is because at longer axis, dipole moment is much stronger than the dipole

moment at shorter axis.
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Figure 8: (A) Block diagram of absorbance double beam spectrophotometer (B) Ensemble spectra resonance
distribution over the wavelength range 300-900nm

JEOL JEM-2011 high resolution Transmission Electron Microscopy (TEM) equipped with Gatan
SC1000 CCD camera is used to conform shape and size distribution of the nano-particles. This
procedure was performed to select nanoparticles with maximum symmetry for detecting
orientation of a nano-structure via scattering spectroscopy as shown in Figure-9. Four different
plasmonic structures were analyzed, namely gold micro-structures, silver nanocubes, gold
nanorods, and silver nano-plates. It was observed that silver nanocubes were highly symmetric and
consistent in shape and size. Transmission Electron Microscopy analysis of silver nanocubes was

done in order to determine the average size distribution of the particles as shown in Figure-10.
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Figure 9: (A) Gold Micro rods (B) Silver Nanoplates (C) Gold Nanorods (D) Silver Nanocubes
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Figure 10: Size distribution of 30 silver nano-structures with frequency distributed over 8 bins

From the TEM image analysis of 30 silver nano-cube particles, the average diameter of the

nanocubes with standard deviation was calculated to be 99.5+5 nm. Histogram depicts bell-curve.
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Nano coupling effect in the plasmon resonance of the nano-structures is observed when distance
is less than two or more plasmonic particles (edge-to-edge one particle diameter or less).
Oscillating electrons on both the neighboring particles assume lowest energy state (similar to
molecular orbital theory) and resonance red-shifts to longer wavelength (lower energy). Inter
particle distance between nano-structures greatly influences the optical spectrum as shown in
Figure 11. Blue or red shift is observed and becomes more prominent when it is compared with
spectra from single nanostructure. Best concentration was designed at 0.01 mg/ml. Relationship is

given by the following equation [46] where M=center-to-center distance and D=Diameter of the

particle,
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Figure 11: (A) Spectral response of single nano-particles, nano-coupled and agglomerated particles (B) 100 nm
agglomerated silver nano-structures at 1mg/ml (B) Optimized concentration at 0.01 mg/ml
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In the nano-particle localization, 2D Gaussian function is conveniently fitted to the intensity count
at each wavelength of the Mie scattering from single nanocube vie equation [47]. Here I,=intensity
of background noise, A= amplitude of the Gaussian fitting function, x,, y,= central point of the

pixel, and oy, o,= standard deviation of the intensity emitted.
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Particular attention was devoted to avoid particle agglomerations due to so called “coffee-ring”
effect. Principle of “coffee ring effect” is the time-dependent contest between the particle mobility
and vaporization of the liquid state of the solution [48, 49]. The coffee-ring effect can be avoided
if during the drop-casting of the liquid nano-particle solution, the solution is vaporized well before
reaching three-phase condition and capillary flow is prevented by constant stirring. Figure 12
shows the distribution of silver nanocubes (scattering images) on the unheated and on the heated
substrate prior to drop casting nanoparticles solution. The environment is kept well below the
oxidation potential for the metal nano-structures. Avoiding formation of coffee-ring structures
greatly reduces the agglomeration of the nanoparticles, thereby preventing erroneous spectral data.
Silver nanocubes were imaged again after 10 days of the initial experiment to confirm that the
shape and size were unaffected due to environment and beam current before analyzing the same
structures using hyperspectral imaging system.

In order to obtain precise information about intensity dots which can be seen in optical microscope
as the light diffraction patterns of light scattered from the nano-structures, it is important to perform
correlative microscopy as selecting the particles in optical microscope simply based on their
intensity is not sufficient. Spectral libraries can be built to define characteristics based on physical

features. Several methods can be employed in order to perform the correlative microscopy.
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Figure 12: (A) Unheated substrate (B) Heated substrate at 50 degrees Celsius for 10 minutes and continuous stirring

Different techniques like nanosphere lithography, e-beam lithography, commercial patterned glass
substrates, and focused ion beam milling were employed in order to determine and correlate
location and orientation of a single nano-particle in SEM as well as in the hyperspectral optical
setup.

Electron beam lithography is one of the popular methods where PMMA resist (950K) is spin
coated at 3000 rpm for 45 seconds on the conductive film coated glass substrate. The protocol for
e-beam lithography is depicted in Figure-13 A-D. Sample is then heated at 180 degrees for 45
seconds. Current value of 40 pA was utilized for writing user designed CAD patterns
(5um X 5 um squares) on the substrate via NPGS (Nanometer Pattern Generation System)
system. Substrate was developed in the solution to eliminate the exposed parts. During the
experiment, while imaging the sample in SEM using electron beam, it was observed that the
PMMA layer detached from the glass substrate and this is then washed away while drop-coating

media containing nanostructures as shown in Figure 14.
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Figure 13: (A) PMMA resist spin-coated on ITO-coated substrate (B) E beam exposed on the resist for array of
5um X 5 um area input by user defined CAD-file (C) Chemical development to detach and remove exposed areas
(D) Drop-casting silver nano-structures to localize particles and determine their orientation

Figure 14: (A) 4 um X 4 um square structures generated using positive resist e-beam lithography (B) Peeling off of
the resist due to fluid force and exposure to high intensity scanning electron beam

One of the effective and quick lithography techniques include nanosphere lithography in order to
produce cost-effective and circular periodic arrays. Idea was to identify localized nano-structures
and determine orientation via angles in a circle method by forming triangles and quadrants within

the circular etched structures on the 1TO-coated glass substrates. In nanosphere lithography,
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polymer nanosphere of polystyrene material are drop-coated on the substrate via self-assembling
technique. Using reactive-ion etching technique, markings in the glass substrate are carried out as
shown in Figure 15.
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Figure 15: (A) 300 nm polystyrene nanosphere are carefully self-assembled on a substrate (B) Chromium is electro-
deposited on the assembly (C) Nanosphere are removed via toluene and glass reactive ion etching is performed (D)
Chromium removal (E) SEM image
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In nanosphere lithography, etching of the glass substrate was obtained in a merged fashion and
hence the localization of the single nano-structures was not efficient with this method.

In order to locate and study the same nanoparticle in the hyperspectral microscope and SEM
successfully, Focused Gallium lon Beam was used to make square arrays of X-Y dimensions 1-
1.5 um [50]. Focused lon Beam (FIB) milling was used to generate sharp 90 degrees angled
grooves of about 0.5 pm depth (using a high ion beam energy of 20 keV) as shown in Figure 16.
Markings/Pattern were created using highly accurate processing step on glass substrate with
Indium Tin Oxide (ITO) coating of 30 nm thickness which is finely deposited over the whole glass
surface. ITO coating provides good conductivity for bombarded ions and thereby generating fine
resolution milled nano-patterns avoiding filleted edges due to charge localization inside vacuum
chamber. Substrate is placed on the 5 directional motor controlled stage and milled by orienting
the sample at 51 degrees. FIB is similar to electron beam except that beam is gallium beam. When
the Ga ions hit the substrate, energy transfer takes place. Breaking of bonds for substrate occurs
due to intense energy and high atomic momentum due to extraction voltage at 7000 V. Milling is
carried out in the vacuum chamber. Benefit of patterning using FIB micromachining includes

super-resolution achieved <100 nm.

Figure 16: (A) Carbon tape marking to identify field of view at 50x magnification (B) Thick grooves of 2 um depth
and thickness viewed at 2500x magnification. Milled to locate arrays during optical microscopy and SEM imaging
(C) At 20,000x magnification, Sharp 90 degrees angled grooves of about 0.5 pm depth
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Micro-milled glass substrate is preheated in oven to 50 degrees for 10 minutes before drop-casting
particles in order to prevent coffee-ring phenomena in nanostructure distribution by quick
elimination of solution water. 5 uL solution containing silver nanoparticles was drop-coated on
indexed glass slide and water was allowed to vaporize. Electron Beam analytical tool such as
Scanning Electron Microscopy (SEM) was used to determine angular orientation of nanostructure
with respect to indexed grid substrate. Two dimensional angular orientation of particles was then
analyzed with respect to parallel features in Image J software. Optical microscopes are diffraction
limited (250 nm) and therefore image viewed in hyperspectral dark field imaging system appears

10x more magnified than SEM image as shown in Figure-17.
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Figure 17: Pixel to distance comparison between SEM image and the hyperspectral image. Hyperspectral image is
10x the SEM image.

Color of concentrated gold nanostructures appears red in color as it has strong absorbance and
scattering value in green region of spectrum. Whereas solution of silver appears yellow in color
due to strong scattering and absorbance properties in blue region of the spectrum. Only particular

wavelengths of light can drive the phenomena known as surface plasmon resonance (SPR).
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Wavelength at which incoming photons are absorbed are not emitted in the scattering spectrum.
Dipole oscillation of electrons is induced at specific wavelengths.

CytoViva Hyperspectral Microscope with hyperspectral imaging modality in the visible near-
infrared range (400-1000 nm) was used. High intensity halogen light source is focused at oblique
angles through the liquid light guide and illumination condenser. Spectral resolution of 2 nm and
spatial pixel width of 25 nm was achieved using the system. Oil objectives with 100x magnification
were used in our experiment in order to obtain high resolution images as shown in Figure-18.
Immersion oil contributes in reducing the speed of light thereby shortening the wavelength while
at the same time keeping frequency constant. According to relation A = 2mc/w, where c is speed of
light and w angular frequency [33]. Polarizing filter was placed between condenser and glass
substrate in order to minimize random glare. Particles were sandwiched by gently placing coverslip
over the substrate and fixing the same by using colorless nail-polish to avoid oil-interaction. Care
is taken to not allow air-bubbles between cover-slip and glass substrate. Exposure for each pixel

is set constant at 0.25 sec.

Figure 18: Dark-field optical image at 100x correlated with SEM image of the same array (drop-coated with silver
nanocubes)
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Hyperspectral spectrograph was used to collect spectral data at room temperature and intensity
count adjusted between 1000 and 10000 in order to minimize noise. Images were processed using
ENVI 4.8 software (CytoViva®, Inc.) in dark-field mode. Spectral information of nanoparticles
obtained from experiments and simulation are normalized to maximum intensity value of 1 as

shown in Figure-19.
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Figure 19: (A) Nanostructures as seen in dark-field hyperspectral image (B) Spectral distribution over the
wavelength an3d intensity normalized to 1

Regions of Interest are carefully selected from the particles which can be correlated within SEM
image and hyperspectral image to collect spectra from pixels that contain information from
individual nanostructures after carefully subtracting background irregularities. In this
hyperspectral modality, information is collected one row of pixel at a time by raster scanning over
the whole field of view. This method is identified as a pushbroom method. The grids patterned
using FIB are marked with letters A, B, C, D in order to correlate exact position of nano-particles
as shown in Figure-20. Geometrical axes X and Y of the dark-field image matches with the
patterned grid structures horizontal and vertical axes. No special tagging or staining was done for

100 nm silver nanoparticles. Hyperspectral Images are corrected for normalized incident lamp

Isanuﬂe_lbackground

spectrum. Lamp correction, I =
Ilight_Ibackground
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Figure 20: Correlative analysis between SEM image and hyperspectral image along with corresponding spectral
signature of the single nano-particle (A) oriented at 70.5 degrees (B) oriented at 46 degrees

Additional methods to numerically discretize the electromagnetic interaction with the object in
study have been developed by the researchers. Two major theories to numerically calculate
electromagnetic spectrum are discrete dipole approximation and the finite-difference time-domain
methods. We have used time domain discretization for the calculation of spectral data of N-number
of polarizable small elements. These elements interact with incoming incident light. For elements
with arbitrary shape and size, solving Maxwell’s equation [51] in time domain gives good results

for the particles of interest.
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Figure 21 shows the Finite difference time domain simulation results. Finite-difference time-

domain (FDTD) simulations were performed by utilizing Lumerical FDTD Solutions. The
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refractive index of silver was obtained from CRC data [52], and the refractive index of glass was
chosen 1.51. The mesh size was chosen 2 nm throughout the simulation domain which was
terminated to perfectly matched layers (PML) in all directions. A plane wave (Total-Field
Scattered-Field) was used to excite the nanostructure as the pump signal (normally incident from
top) in the wavelength range of 400 nm to 900 nm. The local electric field distribution in the
surface of nano-cube at the resonance frequency was obtained using a plane frequency-domain

field monitors on all sides.
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Figure 21: Finite-difference-time-domain simulation results depicting electro-magnetic distribution (due to dipole
moment) and resonance for the light incident on the silver nanocube oriented at (A) O degrees (B) 45 degrees (C)
22.5 degrees (D) 70 degrees

3.4. Results and Discussion

Single particle spectral analysis in hyperspectral microscope is possible due to conversion of
electromagnetic energy in electrical signals using Fourier transform spectrometer situated at focal
point in the optical setup. Imaging conditions were kept same for all the hyperspectral images.

Figure-22 shows spectral distribution of the scattering wavelengths emitted by the surface plasmon
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of a single particle by defining precise region of interest for single nano-structures oriented at
different angles. We observe that the spectral peak lie between 652-657 nm when the orientation
of nanocubes is around 70 and 22.5 degrees with respect to the horizontal polarization direction;
whereas the spectral peaks blue-shifted to 630-635 nm when orientation of the cube is

approximately about 0 or 45 degrees.
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Figure 22: (A) Plasmon resonance experimental spectra from the cubes oriented at 3 degrees, 70.5, 46, and 22.5
degrees is compared against (B) Simulation spectral results at 0, 22.5, 45, and 70 degrees

We observe red-shift in spectrum by 12-15 nm when particles are oriented between 15<6 < 35 and
60<6<80. When the orientation of the particles changed from 70 to 45 degree, the FDTD results
showed a spectral blue-shift (Figure 22) confirming our experimental observation. Redshift of
about 5 nm is observed for angles closer to 22.5 (0<6<45) and 70 (45<6<90) in both experiments
and simulations due to inhomogeneous polarization. Wider spectral shift could be expected for
less symmetric objects compared to nanocubes (for example, gold nanorods). This close
correspondence between FDTD simulation and experimental results allows us to expand the scope
of developing precise libraries in hyperspectral system for quick, label-free and cost efficient
analysis of nanostructures. Differences in the value of spectral-shift in the experimental data and
simulation results may be due to the surface roughness of the particles that are not captured in the

FDTD simulation set up. There is no noticeable broadening of plasmon linewidth because particle
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size remains constant and same. While there is red-shifting of the wavelength observed which

implies there are retardation effects and incident light cannot be polarized homogenously.
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CHAPTER 4: NONINVASIVE SINGLE STEM-CELL DIFFERENTIATION
ANALYSIS

4.1. Literature Review

In this research, we have developed cost-effective and non-invasive imaging methodology to study
the single-cell differentiation process of human adult stem cells (ASCs) into osteocytes and
adipocytes. Adipose derived mesenchymal stem cells (ASCs) can be used for multiple regenerative

medicinal purposes as shown in Figure 23.
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Figure 23: Application of Adipose Derived Stem-cells (ASCs) in regenerative therapies [53]

Although individual cells in a particular organ, tissue or cell culture may be morphologically and
genetically identical, they are heterogeneous in nature. Some of the most commonly used single-
cell imaging techniques include differential interference contrast (DIC), SEM, AFM, laser
scanning confocal fluorescence microscopy, fluorescence cross-correlation spectroscopy and
matrix-assisted laser desorption/ionization-mass spectrometry [54]. The primary advantage of HSI
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over these techniques is an ability to allow for a more accurate segmentation and classification of
the acquired image. For example, in cellular imaging, taking into account only mono-chromatic
color change to detect abnormalities is always not enough as certain bio-phenomena might not
produce significant optical contrast. HSI offers a significant advantage by storing the value of an
entire spectrum within one single pixel in the image along with the precise spatial (location)
information. As is well known, biological cells are composed of different subcellular level
organelles varying in size that ranges from a couple of nanometers to a few tens of microns.
Scattering and absorption of light from each of these minor components are mainly dependent on
their molecular composition. Refractive index of the components such as fatty acids which find a
match with index of HSI microscope objective lubricant show extremely redundant high-noise
spectra whereas organelles such as mitochondria are the dominant scatters. Scattering spectra
variation from the cellular walls in mainly due to structural formation against molecular
composition [26]. Hence the absorbed, scattered, and transmitted light from the biological sample
captured by HSI at a resolution less than 50 nm can capture spectral data from minute components
of a single cell. This facility till date cannot be efficiently achieved in spectroscopy, RGB or
monochrome.

As noted earlier in chapter-2, a primary requirement for the use of HSI is a reference library (or
prior knowledge of the optical-radiative properties of the control samples). Fortuitously, an
extensive body of supporting literature exists to describe the optical properties of biological
samples (such as absorption and scattering in tissues, fluorescence anisotropy, diffused scattering,
and refractive index modulation within cells) and their properties/values have been extensively
studied and tabulated [55-57]. An excellent review by Jacques [58] calculates the anisotropy, g, to

characterizes the effective scattering in tissues in terms of optical absorption coefficient (na),
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average hemoglobin concentration in the tissue, scattering coefficient (us), and angle of scattering
(p(0)). Jacques [58] argues that “generic tissue” properties may be adequate, but not sufficient to
address subject specific, temporal and variations between patients. Thus, accurate prediction(s)
will necessitate real-time optical property quantification when working on individual patients as
well as in analyzing the in vitro response of cell populations, a task which HSI is uniquely qualified
to accomplish.

Extensive literature exists for single cell analysis of cancer cells and tissues. Here we will focus
on the monitoring and quantification of stem cell functionality, viability and/or differentiation.
Controlled differentiation and maintaining the purity of differentiated cells are two of the most
important challenges today in stem cell research. For example, it is important to monitor stem cell
differentiation carefully for clinical application as undifferentiated implanted cells may lead to
teratomas. Routinely used methods include cell staining and flow sorting techniques; cell staining
can be tedious, laborious and error-prone if improperly handled or assessed, while cell sorting
techniques are quite fast and quantitative but are population/average based and are unable to
capture cell to cell variations and spatial variations within the cell sample. Additionally, due to
photo-bleaching and photo-stability issues, the cell-sorting technique cannot readily be translated
for use with long-term cell differentiation studies. Both these techniques, cell staining and flow
methods are also damaging and rate-limiting processes, i.e., cells utilized for these assays are
treated as waste materials and unable to be processed further. Thus, additional matching and
duplicate/representative samples need to be prepared for parallel biological assays (e.g. RNA,
cDNA analysis) studies. For example, to monitor the progression of osteogenesis in stem cells, at
different time points requires, multiple cell cultures with a concomitant reduction in efficiency and

an increased use of costly operational resources [59].
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In general, spectroscopy based techniques are also ideally suited to address the challenge of stem
cell sorting and to ensure their purity. Currently available and magnetic bead-based cell sorting
assays are limited and cell specific, and sub-optimal for therapy. Hence there is a need to develop
techniques that are non-invasive, sensitive, easy to use and rapid, to analyze single cells as well as
to monitor or sort through a population of cells. Specifically, a HSI based spectroscopic mapping
method has the potential to rapidly and non-invasively monitor cell differentiation. The usage of
spectroscopy-based techniques will also allow for a direct correlation between the osteogenic
(mineralization) data and RNA/cDNA analysis. This capability has the potential to significantly
improve the robustness and sensitivity of cell differentiation studies. In addition, by combining
microfluidic devices and technologies to the spectroscopy based techniques, the HSI system can
achieve high-throughput screening as well as sorting-based assays [60].

Vermaas et al. [61] combined fluorescence and a label-free Raman spectroscopy technique
(resonance Raman scattering) to visualize carotenoid within the cell wall and the membranes of
live photosynthetic (Synechocystis) cells. Vermaas et al. [61] utilized the hyperspectral confocal
fluorescence imaging system along with multivariate curve resolution (MCR) algorithms to
achieve a spatial resolution that is diffraction-limited (~ 250 x 250 x 600 nm). Vermaas et al. [61]
were then able to distinguish and analyze the maximum intensity of the fluorescence spectrum that
was only 10-15 nm apart and also illustrated the confidence level of multivariate data by analyzing
the signal-to-noise ratio of the experimental data as well as the level of the agreement between the
experimentally collected and the simulated spectra. Thus, this MCR based approach by Vermaas
et al [61] allowed for a thorough analysis of each fluorescent component and their intensities
compared to each other within a single cell in three dimensions. Interestingly, Haaland and Thomas

[62] suggest an improvement over the MCR algorithm by using partially constrained models

35



instead of the fully constrained MCR models. Haaland and Thomas [62] applied the new partially
constrained algorithm to fixed lung epithelial cells as well as to images of mercurochrome-stained
endosperm portions of a wild-type corn seed and showed improved interpretability of the results.
Thus, careful attention to the modalities of the MCR algorithms is required when analyzing the
hyperspectral imaging data [63].

It is worth mentioning that, besides HSI, other spectroscopy techniques are also capable of doing
single stem cell analysis with high spatial (x, y) resolution. Here, we will mention two of those
techniques such as non-linear Raman spectroscopy imaging and surface plasmon resonance
imaging. Those two techniques are chosen here as they are capable of performing video-rate
acquisition similar to HSI. Wang et al. [64] presented a new label-free technique called
electrochemical impedance (EIM) based on Surface Plasmon Resonance (SPR). SPR are surface
waves at a metal/dielectric interface due to the collective oscillation of free electrons, reported first
by Wood in 1902 [65]. Subsequently, in 1968 both Otto [66] and Kretschmann & Raether [67]
showed that SPR can be generated on a glass-metal interface using two different configurations.
In the Otto’s configuration the thin metal film is separated from the glass block (prism) through
which light with a precise wavelength and incident angle can undergo total internal reflection to
generate SPR. In the Kretschmann and Raether’s set up the thin metal film is evaporated on to the
glass block (prism) through which light with a precise wavelength and incident angle generate
SPR. SPR is highly sensitive to refractive index changes and hence, can be utilized as a sensor.
However, the effectiveness of SPR lies within the penetration depth of the evanescent wave
(typically ~ 200 nm). The EIM method developed by Wang et al. [64] is based on the inter-
dependence between SPR and the surface charge density as opposed to changes in refractive index

resulting from the molecular binding process [68]. By simultaneously recording the optical, SPR,
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and EIM images Wang et al. [64] studied the induction and progression of cellular apoptotic events
in the human papilloma virus 16 infected cervical Si-Ha cell line as well as electroporation in
individual adherent cultured mammalian cells. Wang et al. [69] then imaged the cell-substrate
interaction on a single cell with a resolution that is finer than the dimension of a cell. By varying
the osmotic pressure from 300mOsm to 350mOsm (achieved by varying the concentration of
mannitol in solution) they measured the associated SPR intensity changes. By postulating that the
larger displacement obtained from the SPR intensity changes signifies smaller adhesion strength
they mapped the local adhesion strength of the cell to the substrate. Thus, the EIM method allowed
Wang et al. [64] to monitor with sub-micron spatial resolution the dynamics of apoptosis and
electroporation of individual cells with millisecond time resolution.

Current SPR imaging (SPRi) is typically achieved by scanning the laser and collecting the surface
plasmon wave light using a microscope objective. SPRi can be generated through evanescent wave
coupling of prism excitation or free wave coupling with metallic nanostructures. Being a label-
free imaging modality, SPRi preserves the integrity of the cells and allow observation of external
and internal cellular processes (within a penetration depth). So far, SPRi has been used for cell
adhesion and basic cell biology studies [70] and for rapid and accurate detection of bacteria at low
concentrations in health and food industries [71]. More importantly, these studies provided
statistically significant data through the analysis of individual cells [72]. Thus demonstrating that
SPRIi is capable of providing high spatial resolution required to perform single-cell level analysis
as well as providing a wide field-of-view to observe a statistically significant number of cells
concurrently within the analysis zone [73].

Building upon these early studies, recent advances in dark field-based HSI techniques represent

an encouraging analytical tool for investigating objects that scatter efficiently (e.g. nanoparticles)
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in bio-systems. As stated earlier, HSI is capable of combining imaging with spectroscopy, thus
allowing for the positive identification of the location and distribution of unknown nanoparticles
in vivo or ex vivo [21]. Other advantages of using HSI systems over conventional imaging
techniques include minimal and non-destructive sample preparation, rapid image acquisition and
analysis, a relatively cheap and cost-effective system, and the ability to determine the spatial
distribution and identification of materials in complex matrices (with known or custom-built
reference libraries) [21]. HSI has also been successfully applied to provide real-time images of
biomarker information and to analyze cell pathophysiology based on the spectral resonance
characteristics of relevant tissues. Therefore, the use of HSI for medical diagnostics and image
guided surgeries is on an upward slope. HSI has been reportedly used for the diagnosis of
peripheral artery disease, the assessment of hemorrhagic shock, early recognition of dental
decay/cavities, faster classification of kidney stones, and in detecting laryngeal disorders as briefly
described below.

As it stands, HSI spectral imaging is sufficiently validated as a modality for ex vivo AP aggregate
detection in mouse brain and retina, in vitro screening of chemical entities for amyloid genesis
modulatory activity [25]. These findings have served as the basis for an extensive ongoing program
on in vivo HSI imaging of live mouse/human retina [25, 74]. Taking advantage of the plasmonic
nano-probes with characteristic localized SPR, Wang et al. [23] have demonstrated the capability
of a dark field HSI method for quantification and mapping of multiple epigenetic marks at a
resolution which allows this analysis in single cells. The dark field HSI was used for breaking the
spatial diffraction limit and improved the low signal-to-noise ratio associated with quantification
of cytosine modifications using fluorescence microscopy. Fluorescence microscopy is one of the

most widely used optical methods for in situ visualization of biological molecules at the cellular
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and molecular levels. Compared with fluorescence microscopy, the dark field HSI approach
suffers minimally from errors associated with auto-fluorescence, photo-bleaching, and photo-
toxicity [23].

HSI has also been utilized to study the dynamics inside a single cell. Chaudhari and Pradeep [75]
demonstrated the use of polarized HSI to track rotational dynamics of gold nanorods inside live
HEK?293 cells. This study [75] provided a method to assess and for improved understanding of the
state of an anisotropic nanostructure in complex environments. These observations in three-
dimensions of intracellular rotational dynamics of gold nanorods represented a new landmark in
single particle scattering spectroscopy [75]. Subsequently, Oh et al. [28] visualized and quantified
the distribution of cellular iron using an intrinsic hyperspectral fluorescence signal to analyze the
physiological role of iron in substantia nigra and its relationship to the progression of Parkinson’s
disease. The availability of commercial software for analyzing hyperspectral images has
significantly enhanced the ease and access of HSI systems and exponentially increased the number
and variety of biological problems that can be addressed. For example, Verebes et al. [76] obtained
unique spectral signatures of red blood cells (RBCs); while Mortimer et al. [77] examined the
uptake of different metal-based nanoparticles/quantum dots at concentrations in the ciliated
protozoan Tetrahymena thermophile.

In addition to the fast cellular dynamics study mentioned above, HSI was also utilized to
investigate drug delivery over a longer time scale. Misra et al. [78] performed HSI imaging to
quantify and detect sub 30 nm phospholipid stabilized nanoparticles without the use of a
fluorophore. The spatial and temporal resolution permitted by HSI allowed Misra et al [78] to
detect and quantify the delivery of drugs from these nanoparticle carriers inside a 3-dimensional

MCF-7 breast cancer cells. Conti et al. [24] developed a protocol for imaging of healthy RBCs
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using a dark field HSI technique and developed a specific spectral library to analyze the
composition of RBCs. As described by Conti et al. [24] the spectra correctly characterized the
erythrocyte components such as the membrane and sub-membrane regions. Such precision in
mapping cellular components is promising for the future use of HSI for the analysis of single
molecules, small or large proteins, and the membrane phospholipid assembly [24]. HSI has also
been reported for the identification of stem cell subpopulations [79], diabetic tissue diagnostics
[80], and evaluating the condition of preimplantation embryo [81]. Briefly, Gosnell et al. [79]
detected genetic mutations in cancer (or CD90 expression) using novel image processing
techniques along with a multispectral wide-field fluorescence microscope while Khoadiar et al.
[80] demonstrated that HSI has the capability to identify microvascular abnormalities and
oxygenation patterns in diabetic foot.

4.2. Research Goal

To develop and refine non-invasive and cost-effective dark-field imaging protocol coupled with
hyperspectral spectroscopy in order to study the differentiation of adult human stem cells (ASCs)
into osteoblasts and adipocytes. ASCs undergoing adipogenesis (at days 3, 6 and 9 of the cell-
culture) and osteogenesis (at days 7, 14 and 21 of the culture process) are monitored. Unique
biochemical signals within control and differentiated cells are identified via matrix assisted laser
desorption/ionization spectroscopy. Spectra collected from the pure chemicals are then mapped on
hyperspectral images via spectral angle mapping algorithm and map density is obtained for the
control and differentiated cells. Additional image analysis technique like template match algorithm
is explored in order to complement spectra based sorting protocol. In future, techniques like
confocal fluorescence imaging and Raman spectroscopy, gene expression experiments can

supplement the quest of developing full-proof stem cell differentiation analysis protocol.
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4.3. Materials and Methods

Cell culture - Frozen-thawed ASCs plated on 12 well-plate at a density of 3 X 10* cells/cm?.
Sample was delivered in salt-media to let the cells remain alive. Sample was analyzed within 2
hours of ejecting out of stromal media in order to obtain good results. Stromal media for control
consist of DMEM, FBS, and FB. In order to induce growth characteristics for differentiation, more

chemicals are added over the sample containing stromal media which can been inferred in detail

from Table-1 and Table-2.

Table 1 - Constituents of the adipogenic differentiation cell-culture

Adipogenic Differentiation

Stromal Media for Control

DMEM, FBS, AB

Stromal Media + Chemicals

for Differentiation

DMEM, FBS, AB+ (changed

concentration)

Up to Day-3: Biotin,
Pantothenate, Bovine, Insulin,
Dexamethasone, IBMX,
Penicillin, Rosiglitazone

After Day-3: Omission of

IBMX and Rosiglitazone

Differentiation Secreted

Molecules

RUNX2 and PPAR-c
proteins, Tissue proteins like
inter-Leukins and TNF-a

(inflammatory cytokines)

Adiponectin, Adipsin, Apelin,
apolipoprotein  E,  leptin,
glycerol 3—phosphate

dehydrogenase

No bio-markers were infused into the sample in order to probe non-invasively.
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Table 2 - Constituents of the osteogenic differentiation cell-culture

Osteogenic Differentiation

Stromal Media for Control

DMEM, FBS, AB

Stromal Media + Chemicals

for Differentiation

DMEM, FBS, AB+ (changed

concentration)

10 mM pB-glycerophosphate,
50 ug/mL L-ascorbic acid 2-

phosphate sesquimagnesium

Collagen I, Decorin, DMP-1

salt hydrate, and 10 mM

dexamethasone
Differentiation Secreted | Aggrecan, Alkaline | Fibronectin, Fibronectin/
Molecules Phosphate/ALPL, Biglycan, | Anastellin, IBSP/Sialoprotein

I, Hydroxyapatite, IGFBP-3,

IGFBP-RP10, MEPE/OF45

Sample preparation - Parallel sample preparation with 4% paraformaldehyde + oil o red

(adipocytes) and 70% ice cold ethanol + 2% alizarin red solution (osteocytes) is carried out in

order to perform inverted optical microscopy and check bulk sample growth characteristics as

shown in Figure-24. This step in the sample preparation provides qualitative information regarding

health of the differentiating donor cells.

3 uL solution was drop-casted on the glass substrate and sandwich structure was generated by

placing the cover-slip over it. Sealing was done using colorless nail-polish in order to prevent oil

interaction. Here we use label-free sample. Traditional invasive method includes staining the cells

with oil-o red in order to differentiate them from control sample.
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Adipogenic Day-3 Adipogenic Day-6 Adipogenic Day-9
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Figure 24: Adipogenic differentiating sample mixed with oil o red + 4% paraformaldehyde and imaged on (A) day-
3 (B) day-6 (C) day-9. Osteogenic differentiating sample with alizarin red and 70% ice cold ethanol imaged at (D)
day-7 (E) day-14 (F) day-21

Dark field optical imaging and hyperspectral spectroscopy - Our experimental set up consists of a
hyperspectral microscope from CytoViva equipped with high intensity halogen light source and a
patented nanoscale illumination condenser. The system provides hyperspectral/optical imaging in
the visible near-infrared range (400-1000 nm). Spectral data is collected using spectrograph at
room temperature with the intensity count being adjusted to a value between 1,000 and 10,000.
Each pixel has a spatial area of 25 nm? and is exposed for 0.35 seconds in order to capture the
entire visible near-infrared spectrum. Light derived from high intensity halogen lamp is projected
at oblique angles using the patented condenser in order to obtain fine scattering from all the inter-
cellular components with a resolution of ~ 2 nm. Numerical aperture of the condenser lies between
1.2 and 1.4. Dark field optical and hyperspectral images are recorded for three adult human donors
after trypsinization of the sample to obtain the best yield at day-3, day-6, and day-9. Difference

between optical and hyperspectral images is shown in Figure-25.
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Control Differentiated

Dark-Field Optical

Hyperspectral

Figure 25: (A) and (B) represent dark-field optical images of control and differentiated cells respectively captured
at day-9 of the adipogenic differentiation cell-culture. (C) and (D) represent dark-field hyperspectral images of the
control and differentiated cells at day-9 of the adipogenic differentiation

In order to develop spectra based mapping protocol, it is important to have knowledge of the
interaction of light with specific scattering chemical/surface constituent. Spectral contribution is
different from each cell due to complexity and difference in tissue optics faced by incident light
due to membrane and cellular heterogeneity (as shown in Figure-26) due to dissimilar molecular
composition. Matrix-assisted laser ionization/desorption (MALDI) is used to identify individual
chemical constituents and proteins for the stem-cell sample. By understanding the potential
constituents such as peptides, proteins, oligonucleotides, glycopepetides, and phosphopeptides, we
can better understand constituent molecules of differentiating and non-differentiating ASCs and

develop efficient spectral angle mapping (SAM) algorithms.
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Figure 26: (A) Control ASC marked with three regions of interest on hyperspectral image at 100x in order to collect
corresponding spectral signatures (B) Intensity distribution depicting heterogeneous nature of the cell in the VNIR-
range from the marked regions in (A)

In this research, three different matrix are used for the optimization. A saturated solution of 2, 5-
Dihydroxybenzoic acid (DHB; Sigma-Aldrich, St. Louis, MO, USA) dissolved in a 0.1%
trifluoroacetic acid (TFA) in water was used as the matrix. A sample solution of 1 puL was first
deposited to the MALDI target plate followed by 1 uL matrix deposition above it and mixing
before the drying of the components. MALDI-TOF MS measurements were performed on a

commercial instrument (Ultraflextreme, Bruker Daltonics), schematic is shown in Figure-27.
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Figure 27: Schematic of MALDI-TOF Mass Spectrometry System
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4.4. Results and Discussion

As expected, our investigation of adipogenic stem-cells using dark-field hyperspectral microscope
suggest that compared to control (non-differentiated) stem cells, a higher degree of cellular
heterogeneity is observed within the differentiated stem-cell populations compared to control
biological samples as shown in Figure 28. In particular, we observe the heterogeneous changes
within the stem cell morphology due to formation of oil-wells (deposition of fatty acids) during
adipogenic differentiation as well as the formation of calcium deposits within ASCs undergoing

osteogenesis. Heterogeneity increases with the gain in differentiation time.

Control

Differentiation

Figure 28: (A), (B), and (C) represent control sample of ASCs imaged at day-3, day-6, and day-9 respectively while
(D), (E), (F) represent sample of stem-cells undergoing differentiation due to growth factors induced in stromal
media

It is observed that number of oil-wells with varying sizes from 4-8 um observed at Day-6 increases
significantly within the single cells observed at Day-9. Biochemical spectra exhibited from the
entire cell and the walls of oil-well is observed to be very distinct from the spectrum exhibited by

control stem cells as shown in Figure-29 due to secretion of adiponectin, adipsin, apelin, leptin,
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glycerol 3-phosphate dehydrogenase in differentiated adipogenic stem-cell samples. From the
Figure-29 we observe no or negligible change in full-width half-maximum of spectra over day-3,

day-6, and day-9. Consistent highest intensity peak was observed at 850 nm wavelength.
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Figure 29: Spectral distribution in VNIR collected from region of interest embedding pixel information of entire
adipogenic control cell and from cell wall for (A) day-3, (B) day-6, and (C) day-9

Two very distinct spectral features of the differentiating cells such as peak broadening of full-
width half-maximum with gain in cell culture days and blue shifting of the spectra from the wall
structures were observed from the intensity distribution over the visible-near infrared region of
spectrum as seen in Figure-30. Plots in these figures are the representative spectral distribution of

the 25 differentiating cells from the three donors carefully picked and analyzed at day-3, 6 and 9.
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Figure 30: Spectral distribution in VNIR collected from region of interest embedding pixel information of entire
differentiated adipogenic cells and from oil-well wall for (A) day-3, (B) day-6, and (C) day-9

We observe variability of hyperspectral signatures and high data redundancy due to significant
correlation with the adjacent bands. There is no spectral response from chemical composition close

to immersion oil or glycerol while system is not sensitive enough to detect low concentration
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molecules. In order to reveal identity of the biological factors being secreted by the cells under all
probed different days, mass spectrometry is a good fit for proteomic profiling. Mass spectra of
differentiated and control cells from day-9 were recorded in positive ion reflection mode for initial
analysis with an accelerating voltage of 25 kilo Volts (kV) from the laser and analyzed in the mass
range of 150-5000 Da. The spectra were acquired after calibration of the instrument with a peptide
standard (Peptide Calibration Standard Il, Bruker Daltonics, MA, USA). Three different matrices
were used. A minimum of 500 laser shots per each differentiated as well as control sample was

used to generate each mass spectrum as shown in Figure 31.
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Figure 31: (A) Mass spectrum from control sample of ASCs at day-9 (B) Mass spectrum from differentiated sample
of ASCs undergoing adipogenic differentiation imaged at day-9

It was observed that prominent peaks of interest in control sample were observed at 487.835,
582.086, 655.842, 671.819, 724.995, and 860.804 while prominent peaks for differentiation were
observed at 542.944, 582.065, 604.044, 677.455, 699.114, 721.093, 745.053, and 782.341.
Continuing work includes non-invasive analysis of stem cell osteogenic differentiation process as

shown in Figure-32. Mass profiling data is compared with available online proteomic databases to
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identify and obtain individual secreted chemicals occurring in differentiated cells. Plan is to record
spectrum from this individual chemicals and define the spectral-bands. Mapping of these bands
onto control and differentiated cell images can be performed using spectral angle mapping (SAM
function). These maps can provide information regarding scattering angle distribution and help

identify differentiation rate.

Differentiation

Figure 32: Osteogenic differentiation sample imaged non-invasively at day-7, day-14, and day-21. We observe
increase in fusing of the stem-cells and calcium depostion outside of the cellular walls to eventually culture into
bone structures

4.5. Future Work

Spectral response of each pixel is stored as a vector. Each vector has dimension value equal to
number of wavelengths. And the component of each dimension is corresponding intensity count
incident on detector. Inner product of vectors is measured in order to find pixel match as shown in

equation [25] where, Ip; = pixel vector at point of interest, Iz, = reference vector.

o 2=1(Ipalra)
VZr=1p)? X201 (Ira)?

When there is a match between angles confined within corresponding vectors of reference and
point of interest, pixels are color mapped and are left uncolored when there is no match as shown
in the Figure-33. Cells mapped in this figure are imaged at 100x on day-9 of adipogenic

differentiation cell-culture. After acquiring the HSI images, the images are lamp corrected and
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spectral libraries are built after defining regions of interest. The library is filtered then against

negative control and SAM algorithm is employed to generate chemical maps.

Figure 33: (A) and (B) represent adipogenic differentiated stem cells mapped using reference spectra of unknown
chemical detected and recorded at the cell wall of the biological sample

Secondary method to augment processing of the dark-field images of sample non-invasively
include developing template match and edge detection algorithms. Statistical study can be
performed on the morphology of biological cell and the images can be feed into Matlab. Figure 34

depicts the proposed method.

Converting Kinect data l . . l Edge Detection
into Mat Data By G Operation -
— CE— C—
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Figure 34: Template match algorithm to analyze dark-field optical images of differentiated stem-cells
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Combining spectral angle mapping (SAM) function which includes spectral mapping, with
template match algorithms to detect edges on dark-field optical images, we can develop precise
and accurate non-invasive protocol to detect single-cell level automated detection of differentiation

process.
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CHAPTER 5: CONCLUSIONS AND FUTURE PROJECTS

5.1. Conclusions

We have presented a method for large-scale and high throughput characterization of a single nano-
particle by combining high resolution nanometer-scale optical imaging technique and
hyperspectral spectrometer. Micro-milling and lithography techniques were utilized to cross-
correlate optical and electron microscopy technique. Reference libraries for the scattering spectra
can provide a high throughput method to perform single particle level polarization dependent
microscopy and spectroscopy on large scale. Developing accurate and economic technique to
characterize nano-structures will complement high throughput nanofabrication and advanced
manufacturing. Also, we have proposed cost efficient and quick characterization of stem-cell
differentiation by combing intensity tracking of optical images and mapping of spectral variance
based hyperspectral spectrographic data-cubes. In spite of all the progress, practical
implementation of a system to control the differentiation of stem cell and maintaining the purity
of the isolated cells remains a challenge. There is a need to develop multi-modal imaging
modalities which can simultaneously provide functional, morphological and biochemical
information of cells, scaffolds as well as extracellular matrix components. Light microscopy and
phase contrast microscopy have the advantage of monitoring cells over a large time scale, however,
the methods are currently limited by the array of specific chemical information related to cell
activity and metabolism they can provide. Hyperspectral microscopy-based imaging is shown to
be capable of performing single-cell level analysis. Furthermore, hyperspectral microscopy
provides intrinsic imaging contrast due to variations in refractive index and cell thickness, which
effects the absorption, reflection, and scattering of light from the cells being investigated. Efforts

are being made to combine hyperspectral microscopy with other modalities like FTIR and Raman
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spectroscopy to enhance the chemical and material specificity from the imaging data. Other areas
of interest include enhancing the resolution and penetration depth of the hyperspectral microscopy
to better understand spatial variations within heterogeneous tissues and asymmetric
nanostructures.

5.2. Future work

1) When there is increase in aspect ratio, plasmonic resonance wavelengths red-shift to lower
energy state. Logical extension of the work mentioned in this thesis is to generate differently
oriented nanostructures with similar and precisely calibrated size, shape and thickness of the nano-
particle. Popular choice is gold nanorods. Preliminary results include parametric study and mono-

directional nanostructures created using e-beam lithography as shown in Figure-35.

Figure 35: Gold nanorods structures generated using electron beam lithography and oriented at 90 degrees
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2) Nano-particles used as a drug delivery or bio sensing probes within biological cellular sample
for precise scattering based single-cell quantification and for intra-cellular study. Preliminary data

is obtained by embedding gold nanostructures in cells as shown in Figure-36.

Figure 36: Gold nanostructures infused in human cells and imaged at 10x magnification
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CHAPTER 6: LIMITATIONS

Although the HSI systems described above have several advantages over traditional imaging
methods, there are some disadvantages and restrictions that are intrinsic to the method. Some of
them are:

1) Substantial computing power is required to analyze and collate large amount of spatial and
spectral data from the nanoparticles and stem-cells.

2) Constructing the reference spectral libraries can be time-consuming especially in the initial
stages of data gathering and analysis. Additionally, it is not always trivial to create reference
libraries for in vitro and in vivo scenarios. For example, since the scattering spectrum of the particle
is modified due to changes in its microenvironment such as changes in acidity levels, dissolution
characteristics, cluster formation and protein binding, the reference spectral library generated
under controlled reference conditions might not be pertinent or relevant to dynamically changing
conditions within tissues and cells [21]. Additionally, the deconvolution and/or construction of
characteristic spectra for complex systems will require the development of specific and unique
control systems. This inability to construct specific and unique control systems will severely limit
the generation and realization of standard, universally applicable reference libraries [24]. It
requires prolonged exposure time and therefore it is beset by continuous motion from the
specimen. In vivo studies become difficult. Rapid movements of the shifting artifacts affect pixel
scanning and linear scanning instruments. This generates laborious image analysis and processing
after the experiment or diagnosis. High intensity of light sometimes damages the original
morphology of the biomolecule.

3) HSI is slower than simple dark field imaging. However, HSI is still less cumbersome and rapid

in comparison to corresponding sample preparation time and analysis by standard imaging
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methods like electron microscopy. Finally, HSI does generate lower resolution images than
scanning probe microscopy-based techniques (such as the atomic force microscopy, AFM or
electron-microscopy) and electron microscopy based techniques (such as transmission electron
microscopy, TEM). AFM and TEM are capable of resolving individual atoms, whereas the
resolution of HSI is typically limited to ~200 nm; although HSI can theoretically detect 10 nm
individual particles [7].

4) Image formation is only two-dimensional compared to 3 —dimensional view. Therefore we face
high difficulty in probing abnormalities which can only be probed by appreciating depth. Because
vital spectral wavelengths and spatial information might be affected or lost for which user might
not be aware about the same.

5) Hyperspectral imaging system is not portable. Due to bulk optics and complex setup, HSI

system is mostly benchtop.
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APPENDIX A: HYPERSPECTRAL IMAGING SYSTEM

Traditionally, the following spectral ranges have been defined for various imaging techniques:
ultraviolet (200 to 400 nm), visible (400 to 780 nm), near-infrared (780 to 2500 nm) and mid-
infrared (2500 to 25,000 nm); there are some of the major differences between various imaging
modalities: monochrome, RGB, spectroscopy, multispectral, and hyperspectral imaging.
Monochrome collects light interacting with a sample at a single wavelength, RGB at three distinct
wavelengths (red, green and blue) as well as information on the location (spatial) from which the
light is being collected while spectroscopy allows a full range of wavelengths to be collected but
not the location, while multispectral imaging or hyperspectral imaging (HSI) allows a full range
of wavelengths to be collected as well as location information [26]. However, multispectral
imaging has a spectral resolution greater than 10 nm and the number of spectral bands are limited
from three to ten spaced bands while commercially available HIS systems have a finer resolution
(< 5 nm) with spectral bands numbering from tens to hundreds in a continuous range. The
differences between HSI and RGB which depicts light reflectance curve of a single pixel from an
arbitrary sample imaged using both these methods. The hyperspectral image contains information
in a continuous visible-near infrared spectrum compared to the intensity curve from RGB imaging
that provides data centered at only three prominent wavelengths. The additional spectral
information contained with the continuous hyperspectral image can be utilized to more accurately
analyze and understand micro- and nano-scale features that are not feasible using the discrete RGB
imaging dataset [26].

Table 3 provides a summary of the current commercially available HSI systems. Briefly, spectral
resolution below 1 nm can be achieved using hyperspectral imaging systems from P&P Optica,

Photon Etc., Gooch & and PARISS. Other commercially available HSI systems include Montana
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based Resonon and Alabama based CytoViva both of whom offer resolution of ~2 nm while the

San Diego based Surface Optics Corporation has a lower resolution of ~4 nm.

Table A.1: A Summary of the Current Commercially Available HIS systems

Commercially Illumination
Available Spectral Spectral -
. Source  for Software Origin
Hyperspectral Resolution Range
. the HSI
Imaging Systems
600-1000 California,
Bayspec <5nm - nm ENVI USA
High
CytoViva 2.0 nm Intensity 400-1000 | vy Alabama,
nm USA
Halogen
liminster,
Gooch & Housego 0.6 nm Halogen ;1?7]0-1000 u-Manager | United
Kingdom
Norsk Elektro Optikk | 3.7 nm LED 400-2500 | _ Skedsmokors
nm et, Norway
PARISS 1nm Application 1365920 | papiss | UsA
Based nm
P&P Optica 0.1 nm Halogen 350-2500 | ppgy Ry | Ontario,
nm Canada
Photon Etc. 0.2 nm Tunable 400-1000 PHYSpec Montreal,
Laser nm Canada
350-1700 | Spectronon | Montana,
Resonon 2.1 nm Halogen nm Pro USA
Application | 400-1000 | SpecSensor | Oulu,
SPECIM 2.8nm Based nm SDK Finland
Surface Optics 400-1000 .| California,
Corporation 4.68 nm Halogen nm SRAnNalysis USA

Irrespective of the resolution of these systems, all of these systems are capable of assessing

subcellular components (at sub-micron scales). Thus, there is no relative advantage or
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disadvantage between these systems for single cell analysis. However, P&P Optica offers wider
spectral range from 350-2500 nm (i.e. the spectrum of visible and near-infrared) while the other
three systems have a range within visible and some part of near-infrared region (i.e. between 360-
1000 nm). Although it should be noted that the spectral range of those system can be increased by
changing the Si-based detector to InGaAs detectors for the short-wave infra-red (SWIR) regions.
The wider spectral range should theoretically enable more information to be gleaned from the
system but the accompanying complexity in data analysis should also be noted. The light source
used in the system from Photon Etc. is a laser compared to halogen light sources offered in most
other systems. Norway headquartered Norsk Elekto Optikk offers relatively different illumination
mode consisting of a light emitting diode source. CytoViva hyperspectral imaging system is
comparatively newer and has been most widely used in recent research studies [21]. The relative
advantages and disadvantages of these systems are dependent on the choice of specific applications
as well as the availability of references libraries for data analysis. All of which can affect the
overall cost of the system.

Hyperspectral imagers either use the point imaging modality or slit imaging modality. Image
capturing methods include time-based scanning of the two dimensional scene pixel-by-pixel using
various types of spectrometers such as Fourier transform spectrometer, spectra-dependent time
based, Hadamard transform slit spectrometers or use bandpass filters to capture the image in
spectral bandwidths. Filter based method is less robust and include opto-acoustic tuning filters or
liquid-crystal based spectral filtering. Recently holographic imaging volume-based methods have

been used in practice.
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APPENDIX B: PROPERTIES OF PLASMONIC NANOSTRUCTURES

When the electromagnetic radiation is incident on the plasmonic nanostructure, incoming photons
are either absorbed or scattered. In order to find the analytical solution to scattering and absorption
components of the light incident on nanoparticle, Mie theory is used to solve Maxwell’s equations
for quasi-static condition. Here we have directly taken into account electric field in z-direction and

incoming at the cross-section [38],

€in — €out

]R3E[1 3Z(+ +7)
€in + 2€out olz™ 3 ¥TY z)]

Eextinction = Eo — [

_ WScattering
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img

Wextinction
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Particle of radius R, dielectric function is given by €nanoparticle = €real + i€img and for the

medium is €,. Expression for scattering and extinction cross-section [82]are given as follow:

2R2
Sscattering = 3o D12k + D{lak| + [bF)
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Here modes can vary from k=1 (single mode), k=2 (quadrupole mode) to higher order multi-
modes. To simplify the solutions, we introduce Bessel function coefficients to solve for a, and by,.
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P = (57),10)

nyl :
& (y) = (T)Z[Ik%(y) + lYk%(y)]

Here ] and Y;, are the power series expansion terms of the Bessel functions for structures which

are spherical in shape.
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