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PREFACE

This thesis aims at exploiting Raman Spectroscopy for various biomedical
applications. It highlights the tool’s versatility ranging from understanding
microenvironmental effects on proteins during their aggregation, using Surface
Enhanced Raman Spectroscopy (SERS) to distinguish Extracellular Vesicles based on
their origin, all the way to designing a strategy to detect Indels in tomato plants. Along
with these, a low-cost tabletop Raman spectrometer with automated XYZ mapping

was constructed that can find applications in various settings.

Chapter 1 introduces the basic concepts of Raman Spectroscopy, SERS,

Raman spectroscopy of biomolecules and their applications for biomolecular detection.

Chapter 2 describes the various experimental and characterisation techniques

that were used throughout the thesis.

Chapter 3 demonstrates the application of Raman Spectroscopy in
understanding the Lysozyme protein aggregation in alkaline pH. The Raman spectra
gave multiple insights into the effects of aggregation compared to many other
techniques that provide one or few properties per study. The shift in the Amide I band
from 1657 cm™! to 1672 cm! reveals that upon incubation in a pH 12.2 buffer at 25 °C,
hen egg-white lysozyme (HEWL) goes from an alpha-helical dominated system to a
beta-sheet dominated structure, in ten days. The inhibitor molecule studies show that

disulphide links are essential for polymerization, resulting in beta-sheet structures.

Chapter 4 illustrates the potential of combining Principal Component Analysis
with SERS to detect Extracellular vesicles (EVs) laden with lipid, protein, DNA,
micro-RNAs that play essential roles in intercellular communication and waste
disposal. Simple citrate reduced silver nanoparticles assisted SERS was used to
distinguish EVs extracted from several cell lines isolated under normal and autophagic

conditions (nitrogen starvation). This study is the first report of its kind in
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characterising EVs from cells under autophagic conditions using SERS. We used two
cancerous cell lines, HeLa, its corresponding autophagy-deficient cell line (Atg5/-), and
a non-cancerous cell line, HEK293, to isolate EVs. Along with the differentiation of

EVs, few biochemical insights were obtained through these studies.

Chapter 5 involves the development of a PCR-based SERS strategy to detect
indels in tomato plants. The Tomato Yellow Leaf Curl (TYLC) virus transmitted by
the Silverleaf Whitefly causes its leaves to turn yellow, stunt its growth, reduce fruit
production and eventually cause the death of the plant. A presence of an Indel in the
Ty3 gene makes the plant resistant to the attack of this virus. With this as inspiration,
we developed a strategy that involves the design of an oligomeric probe with a Raman
active dye molecule that can help predict the presence or absence of the indel in the

extracted DNA sample.

Chapter 6 consists of constructing a miniature tabletop Raman Spectrometer
that can find applications ranging from biomedical detection, material characterisation,
pharmaceuticals to educational purposes. A low-cost benchtop Raman spectrometer
was assembled, calibrated and demonstrated. The XYZ mapping stage was automated
to accommodate a 96 well plate. It was compared with a commercially available
research-grade spectrometer and was seen to have good sensitivity, functionality and

sturdiness.

Chapter 7 summarizes the thesis and provides an outlook to the various

chapters discussed above.
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Chapter 1. Introduction

Transmission, reflection, absorption, elastic and inelastic scattering constitute
the light-matter interactions. The behaviour of these various phenomena can be
exploited to get a better understanding of the material properties. For example, the
UV-visible absorption spectroscopy measures the attenuation of the light in the
wavelengths ranging from ultraviolet (UV), visible to near-infrared (IR) after it passes
through the sample.! This technique can help obtain quantitative measurements of
material components and also characterise optical and electronic properties of a
material using this spectroscopy. Similarly, the scattering of light from different

materials can be studied to obtain their several physical and chemical properties.

In the 1860s, John Tyndall made a fascinating observation when he shone light
on a tube that was being gradually filled with smoke. The beam appeared blue from
the sides, but it seemed to be red from the far end. The scattering of light by particles
in a colloid or a fine suspension was then called the Tyndall effect. This was the first
step towards explaining the blue colour of the sky. In the 1870s, James Maxwell
postulated that when light scatters off a particle, the scattered radiation carries
information about its molecular properties. A while after this, Lord Rayleigh
theoretically analysed and established the scattering of light from suspended particles.?
The Rayleigh scattering law expresses that the amount of scattering of light is
conversely related to the fourth power of the incident wavelength. The origin of the
colour of the sky was then explained to be the scattering of light from macroparticles

suspended like dust, water droplets and ice particles.

In the 1920s, Adolf Smekal established the existence of inelastic scattering of
light from particles through his theoretical studies.? Sir C.V. Raman was able to attest
that the blue colour of the sea is a result of a mix of the absorption and the scattering
of sunlight by the water molecules and not just the reflection of the sky in the sea. He,
along with K.S. Krishnan, was able to show that when a sample was irradiated with

the violet light of the spectrum, along with violet, it also scattered light of a different
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wavelength that was isolated using a green filter.* > He was awarded the Nobel Prize
in 1930 for his discovery which was later known as the “Raman Effect”. He then
methodically developed a spectroscope that contained a piece of quartz that could

photograph the spectrum of the scattered light and measure its wavelength.

Around this time in history, many spectroscopic tools were being developed to
exploit the various aspects of molecular transitions. Depending on the energy scales
probed, molecular spectroscopy can be electronic, vibrational, or rotational. Electronic
spectroscopy can be studied using UV or visible radiation, vibrational spectroscopy
using IR radiation or inelastic Raman scattering and rotational spectroscopy using
microwave radiation. As every molecule has a characteristic vibrational spectrum,
which can be used as their fingerprints, vibrational spectroscopy has become the most
extensively used tool. Over years of study, it has been proved effective to study and
understand the structure and dynamics of molecules and thus advantageous in
molecular detection, sensing, and characterisation. Vibrational spectroscopic
techniques find applications in various fields, including physical sciences, chemistry,
pharmacy, cosmetics, food, medicine, agriculture, and astronomy. Due to its wide
outreach, extensive research has been carried out over the past century to make these
techniques stronger, more sensitive and provide more detailed molecular information.
This has been achievable by advances in various fields like optical instrumentation,
nanoscience, and biotechnology. The invention of lasers that can produce
monochromatic light with high spatial and temporal coherence has led to the increased
sensitivity and higher resolution of these techniques, hence providing a better
microscopic picture. This thesis focuses on the use of a molecular spectroscopy
technique, the Raman spectroscopy and its variants, to study the chemical properties

of various biomaterials and also to detect them.

1.1. Raman Scattering

When light is incident on the matter, the molecules can get excited from a stable

ground state to a higher energy state through several different pathways. After
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excitation, the molecule transitions back to the ground state by emitting a photon.
Most of the emitted photons have the same energy, while a few may lose or gain energy
after interaction with the molecules. The elastic scattering where the energy of the
photons doesn’t change is called the Rayleigh Scattering. The most common inelastic
scattering where the energy of the photons is different from the incident photon is
called the Raman scattering. The Raman scattering is either anti-Stokes or Stokes

scattering, depending on whether the photon has gained or lost energy (Fig. 1.1).

v=2 py g T
S, v=1 =
v=0 --1
Virtual Energy Level
“R1TTTTRT AT
v=2 ” A 4 T y L 4
SO :f; A L 2 L
IR Anti- Rayleigh  Stokes Anti- Rayleigh Stokes Fluorescence
\stokes J \stokes J

Y Y
Normal Raman Effect Resonance Raman Effect

Fig. 1.1. Energy level diagram comparing IR, Rayleigh scattering, Raman scattering,
Resonance Raman scattering and fluorescence.

Raman and IR absorption spectroscopy are two vibrational spectroscopy tools.
In IR absorption spectroscopy, when an IR photon is incident, the molecule transitions
to a higher vibrational energy level within the same electronic state, thus absorbing

the photon. In comparison, Raman scattering is a two-photon process (Fig. 1.2).

Vo

a) b)
lo(v) I{v) —> v, (Rayleigh Scattering)
—>| Sample p——> Sample _
—3 v+ v, (Raman Scattering)

Fig. 1.2. Differences in the mechanism of a) IR absorption vs b) Raman scattering.

The incoming radiation induces a dipole in the molecule depending on the
polarizability. The induced dipole can oscillate with the same frequency as the exciting

3
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radiation or with an altered frequency due to the molecule’s vibrations. Thus the
scattered light has both Rayleigh and Raman scattered photons. The polarizability
tensor has two cartesian components, one for the incident photon and the other for the
scattered photon. A quantum mechanical process causes a single coherent event to
connects the two photons. Rayleigh and Raman scattering are thus two-photon
processes involving the absorption of one followed by the emission of a different photon.
Raman scattering can consist of vibrational and rotational transitions but never be
purely rotational. The following part of this chapter discusses the classical and

quantum pictures of Raman scattering.

1.1.1. Classical Picture of Raman Scattering

The classical approach to Raman scattering is based on the first-order of
induced electrical dipoles. In a static electric field, E the positively charged nucleus
and the negatively charged electron cloud of a molecule get spatially distorted. This
separation of charges creates an induced dipole moment, p and the molecule is
polarized. The strength of the induced polarization is directly proportional to the

applied external electric field. The polarization is given by the following equation,

(1.1)

ol
I
X
tru

where & is the polarizability of the molecule represented by a 3x3 polarizability
tensor, consisting of 9 components in the cartesian coordinate system. The tensor
components depend on the positions of the nuclei of the atoms with respect to the
electron cloud. They thus are sensitive to the changes in the bonding hence the

molecular coordinates. The polarization equation can be represented as,

tyx Ay @yl |E, (1.2)

3T 2T SO

[axx Ay axz] E,

Uzx Azy Oyy
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When a molecule is exposed to a time-varying electric field of frequency v,

E = E,cos 2mvt (1.3)

then the magnitude of the induced dipole moment varies as,

P=aFE= aE, cos 2mvt (1.4)

This oscillatory dipole produces Rayleigh scattering, the elastic scattering
component. Molecules have internal degrees of freedom like vibration or rotation that
periodically modulate the polarizability of the molecule. Hence, the oscillating dipole
is a superposition of the varying electric field and the polarizability of the molecule. A
molecule consisting of N atoms has (3N-6) vibrational modes if it is non-linear and
(3N-5) modes if it is linear. The polarizability of a molecule is a function of its
independent normal vibrational modes. If the molecule vibrates with a normal mode

of frequency v,,, the nuclear displacement q is given by,

q = Qo CoS2mv,, t (1.5)

where q, is the amplitude of the vibration. Thus, for a small amplitude of

vibration, the polarizability can be expressed as,

+ (a“) + (1.6)
a = ao —_— q cee .
dq =0
where aq is the equilibrium polarizability and (Z_Z) is the rate of change of
q=0

polarizability. Then the magnitude of the induced dipole moment is given by,
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(6_0() qoEo[cos2n(v + v,,) — cos2m(v — v,,,)] (1.7)

1
P = aE,cos2nvt + =
aq q:O

2

From this equation, we can see that the oscillating dipole has three frequency
terms, v, v +v,, and v —v,,. The component v corresponds to the elastic Rayleigh
scattering, where the frequency of the scattered light is the same as the incident light.
The terms, v +v,, and v —v,, correspond to the inelastically scattered components,

i.e., the Stokes and anti-Stokes scattered radiation, respectively. If the vibrational

mode doesn’t alter the polarizability of the molecule, then (z—g) =0, and the
q=0

frequency of the induced dipole moment is not altered. Thus, for a vibrational mode
to be active, the molecular polarizability needs to change, and it should be a monotonic

function of the molecular displacement.

1.1.2. Quantum Picture of Raman Scattering

: Raman Shift Raman Shift "

I (anti-Stokes) (Stokes)

: A 1 1 A 1 1
V=—— V=——

! /1() ’{anri ’10 )“Stokes

ﬂami /10 )Lst'okes A
Fig. 1.3. Schematic representation of the intensities of the Stokes and anti-Stokes Raman
peaks.

The origin of the Stokes and anti-Stokes lines can be well understood from the
classical theory of Raman scattering. According to this classical picture, both Stokes
and anti-Stokes scattering lines have the same intensity. But it is always observed that
Stokes scattering that involves loss of energy of the photon gives a more intense signal
than anti-Stokes scattering and the intensity ratio of anti-Stokes to Stokes keeps
decreasing with increasing wavenumber (Fig. 1.3). Hence, the quantum mechanical

picture is needed to get a better understanding of this difference in intensities. This

6
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quantum picture of Raman scattering was derived by Placzekb using the dispersion
theory given by Kramers and Heisenberg.” 8 It is a two-photon process based on
second-order perturbation theory. In this picture, the molecule is treated quantum

mechanically, while the radiation is treated classically.

According to the fundamentals of quantum mechanics, the energy corresponding
to the electronic, vibrational, and rotational degrees of freedom of a molecule, can take
discrete values. This discrete set consists of quantized energy levels corresponding to
the possible stationary states of the molecule. These states are characterised by a
specific set of quantum numbers describing the level of excitation of each quantum
degree of freedom and by a corresponding wave function. A molecule can transition
from one vibrational quantum state of energy E; (Sp) to another state having energy
Es (S1) through a virtual state having energy Ev (Fig. 1.1). The virtual state is an
imaginary state that doesn’t have a corresponding eigenstate of the molecule. The
incident electromagnetic radiation perturbs the molecule. If the transition’s dipole
moment is non-zero, a direct transition between two energy levels is accompanied by
emission or absorption. The amplitude for a transition from an initial state i to a final

state f induced by radiation of wavenumber v is,

[ulsi = (Yrlaly:).E (1.8)

where ¥y and 1; are the wavefunctions of the final and initial states. The
transition polarizability tensor determines the intensity of Raman scattered radiation.
By ignoring the electrical and mechanical anharmonicity only for the non-zero
elements, the vibrational quantum number changes by unity, whereas all other
quantum numbers remain unchanged. The typical matrix element of the transition

polarizability associated with Stokes Raman scattering at Raman shift is,

[axy] = bBVV +1 (1.9)
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where v is the vibrational quantum number and b = h/4mcV is the quantum-
mechanical analog of the amplitude of a classical oscillator. From Eq. ( 1.8 ), it is seen
that at least one component of the polarizability tensor should be non-zero for the

transition to be Raman active. The intensity ratio of Stokes to anti-Stokes lines is,

I Vg — 7V hcv
Stokes — (~O ~k) exp (_) ( 1.10 )
Ianti—Stokes Vo + Vg kT

The Raman scattering cross-section representing the cross-sectional area of the

molecule interacting with the incident electromagnetic radiation is given by,

o(i—f)=

wijj —wp — Y, Wi — w1y

8w (aipyerlaiprés  (aeépa;r)és
o z ( n ) (1.11)

where é; and é; are unit vectors, which represent the polarisation of the incident laser
beam and the scattered light. The sum extends over all molecular levels j with the
homogenous width y. The initial and final are connected by two-photon transitions.
The probability term in the Raman scattering cross-section should be non-zero for any

vibration to be Raman active.

1.2. Information from a Raman spectrum

The characteristic Raman frequencies represented by a band position at a
specific Raman shift originates from the specific functional groups and chemical species
(Fig. 1.4). The whole Raman spectrum as a set of these multiple Raman bands is a
molecular fingerprint indicating the composition of the material. The intensity of the
Raman band is directly proportional to the concentration of the corresponding
chemical species. Also, it is affected by its scattering cross-section of the various
vibrational modes, which varies amongst different chemical species. The FWHM of the
Raman band indicates the quality of the material, i.e. the crystallinity, the defects,

doping and structural disorders. It also indicates the lifetime of the phonon or vibron
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in the system. The shift in the position of a Raman band is directly related to external
chemical and physical factors like temperature, pH, pressure, stress, strain, or
deformation changes. Overall, comparing two Raman spectra under different
conditions can give us a picture of the effects on a molecule. The polarisation
dependence of a Raman peak provides insight into the crystal symmetry and

orientation of the crystals in the sample.

Biomaterials have a large number of atoms, indicating many active vibrational
modes. These modes result in a complex spectrum, where a peak’s origin cannot be
directly correlated to a single vibrational mode but rather a result of many similar
vibrations throughout the molecule. When affected by environmental parametric

changes, these vibrations are reflected as changes in the Raman spectral features.

Band Position:
Chemical Species, Functional groups

Frequency
Shift:
Temperature,
Pressure, pH,
Stress / Strain,
Deformation

Intensity:
Concentration

FWHM:
Defects, Doping, Structural Disorder

Fig. 1.4. Various components of a Raman spectrum provide insight into different aspects of
the effect on the molecular vibrational modes.

Though the Raman spectrum is very informative, interpretation of the data gets
difficult if there is no sufficient spectral signal. This happens because Raman scattering
is a weak phenomenon. When light scatters off from a sample, most of the light is
elastically scattered, making the majority of the photons Rayleigh scattered. A tiny
fraction, i.e., one in 107 photons, is only Raman scattered, thus making it is a weak

phenomenon.
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At lower concentrations of the sample, normal laser Raman scattering suffers
from low scattering cross-section of the molecules. The fluorescence cross-section of a
molecule is typically of the order of 10717 ¢m? per molecule, and the non-resonant
Raman cross-section is around 10726 c¢cm? per molecule.? Thus, Raman signals are
sometimes masked by the fluorescence background for fluorescent molecules. Many
techniques can be employed to improve the Raman signal. Some of them include a)
changing the wavelength of the laser to avoid the fluorescence background, b) Use a
choice of lasers to excite specific vibrational modes of the molecule, thus producing
resonant Raman spectra and c¢) using surface-enhanced Raman spectroscopy (SERS)

to improve the intensity by a many-fold.

1.3. Surface-enhanced Raman spectroscopy

In 1974, Fleischmann et al. observed an increase in the Raman intensity of
molecules on roughened electrodes, thus establishing the Surface-enhanced Raman
scattering phenomenon.!® In the following years, other groups also observed and
interpreted these observations.!!: 12 From their research it was evident that, plasmonic
nanostructures of noble metals like gold, silver and copper show higher SERS
enhancement than metals like aluminium, lithium, and sodium.!® Colloidal metallic
nanoparticles, arrays of metallic nanoparticles on a surface and metal electrodes have

proven to be good SERS substrates.

Au
nanorod

Electrone o ‘L i
cloud "€

Fig. 1.5. Surface plasmon polaritons in metallic gold nanorods, a) Longitudinal charge density

waves and b) Transverse charge density waves.

SERS is a technique of enhancing Raman scattering cross-section by adsorption
of molecules on metallic nano surfaces.14 The collective oscillations of electrons on the

surface of these mnanostructures are called surface plasmons. The incident

10
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electromagnetic radiation excites the surface plasmons, resulting in surface plasmon
polaritons (Fig. 1.5). When the plasmons come into resonance with the frequency of
the incoming radiation, there is surface plasmon resonance. Their nano surfaces exhibit
atomic-scale roughness and act as plasmonic surfaces to the molecules in their close
vicinity. If the dimensions of these plasmonic nanostructures are lesser than the
wavelength of light, localized surface plasmon resonance is created. The excited surface
plasmon creates an oscillating dipole that produces an intense electromagnetic field
close to the surface. A molecule in the proximity of the nanostructure experiences this
highly intense field, leading to SERS. The scattering cross-section is now comparable

to fluorescence, thus enhancing the Raman intensities.!4

1.3.1. Factors affecting SERS enhancement

In standard Raman spectroscopy, the average Raman intensity of a molecule is
directly proportional to the laser power density and the Raman scattering cross-section.
However there are many factors that affect the SERS intensity. The ones that directly
affect the Raman spectrum include the strength and wavelength of the laser, collection
optics and scattering geometry, and intrinsic Raman cross-sections of the molecule.
The parameters specific to SERS include the analyte adsorption properties and the
SERS substrate’s material, geometry, dimensionality, and orientation with respect to
incident light. An understanding of the mechanism of how the enhancement happens
is essential. This allows one to tune these factors and thus produce high SERS
enhancements. Traditionally, SERS enhancement can be explained using two
mechanisms, electromagnetic and chemical enhancements.!'® The first one involves
enhancement from the local electric field, while the latter is a result of enhancement
in polarizability of the molecule due to chemical effects such as charge transfer excited

states and the formation of resonant intermediates.

1.3.1.1. Electromagnetic enhancement

Electromagnetic enhancement occurs when the molecule is in close vicinity of

the plasmonic nanoparticle. When an appropriate incident photon of energy hv-

11
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incident interacts with the nanoparticle, the plasmon gets excited. On resonance, the
electron oscillations in the nanoparticle induce a strong electric field on its surface, due
to the localised surface plasmon resonance (LSPR). This strong electric field transfers
energy to the molecule, thus exciting it to a higher virtual energy state. As it returns
to the ground state, it transfers the energy back to the nanoparticle, which gets released
as hv-scattered. This photon can get scattered or be reabsorbed and further enhanced.
A schematic describing the various paths of the energy beginning from the absorption

of the photon to the scattering of another photon is represented in Fig. 1.6.

Vibration Activated

hv Incident hv Scattered

Dipole- Energy
Dipole \ Transfer

Fig. 1.6. Schematic representation of the Electromagnetic enhancement mechanism in SERS.

According to the Drude model, metals are considered as periodically distributed
static positive charges that are surrounded by a sea of electrons. When the electrons
are displaced, a momentary dipole can be induced. This dipole oscillates with its own
characteristic frequency and generates an electric field (Fig. 1.7). When a molecule is
placed in its vicinity, it can experience the enhanced electric field. To understand the
enhancement, we can consider a metallic sphere that is excited by an oscillating electric

field and observe the energy of the scattered radiation.
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E, = Eg+Es

E S
Sﬁ\{' ‘ Molecule
. Ep

Eout = ED+Een

en

Nanoparticle

Fig. 1.7. An incident time-varying electric field Eo on a metallic nanoparticle results in an
electromagnetic enhancement. (Inspired from Siddhanta, S. et al,!f)

When an electric field E; is incident on a metallic nanoparticle, the resultant
field that is incident on the molecule is E; = E, + Es, where Es is due to the surface
plasmon oscillations. Eg depends on the sphere’s radius r and the distance of the
molecule from the sphere, d. It also depends on the dielectric constant & of the metal

and the incident light’s electric field, E,. From Drude’s model, Eg is given by,

3

8_80 T
Es = E 1.12
s £+2£0(r+d) 0 ( )

The resultant field, which is now incident on the molecule, E; induces a dipole
W; in the molecule. This resultant dipole is directly proportional to the electrical field
E; and the polarizability tensor of the molecule a. As discussed earlier, the molecular
vibrations combine with the oscillating field of the incident E;, resulting in three kinds
of frequencies Rayleigh, Stokes and anti-Stokes scattering. In the case of Stokes
scattering, the radiation from the dipole, Ep, is redshifted. The resultant outgoing field
is given by E,y+ = Ep + E,y,, where E,, is the additional component of enhancement
due to the elastic scattering producing further induced dipole in the molecule. The

enhancement in the field is thus given by the ratio of the field amplitudes, E;/E, and
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E,u:/E, for the laser and the Raman scattered field, respectively. The SERS

enhancement is the product of the laser and the Raman scattered fields,

2 2

ro\12

£0s) — & ( +d) (1.13)
r

e(vs) + 2¢

e(vy) — &
e(vy) + 2¢

Gsgrs = |A(VL)|2|A(VS)|2 =

Gspgrs 1s proportional to the fourth power of the local electric field at the vicinity
of the metallic nanostructure and is strong when the scattered and plasmon fields are
in resonance. Gggrs is maximum when the real part of €(v) is equal to —2¢, and the
imaginary part is negligible. Metals like silver (Ag), gold (Au) and copper (Cu) satisfy
the conditions at visible wavelengths where most molecules’ vibrational modes are

activated.l” Thus, they show high SERS enhancements in visible light. The

enhancement factor is distance-dependent, and it decays as (ﬁ)lz. So, the closer the
molecule is to the metallic nanoparticle, the higher is the enhancement factor. For
electromagnetic enhancement to occur, the molecule's presence in close proximity is
essential, while it is not a compulsion for the molecule to form a chemical bond with
the metallic nanoparticle. Hence, electromagnetic enhancement is an analyte

independent phenomenon. It has been shown that the enhancements of the order of

106-109 have been obtained from its contribution.

a) b
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Fig. 1.8. a) Enhanced electric fields in the tips and the gaps of nanoparticles, b) comparison
of the field in single nanoparticle vs gap in two, c¢) Distance dependent electric field
enhancement. (Figures adapted from *2°) Copyright (C) 2013, The Materials Research Society;
Copyright (C) 2019, Xin Zhang et al.
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The enhancement factor also depends on the specific geometries of the
nanostructures or more localized areas with extremely high enhancements. Such
localised areas with high SERS enhancements are called “hotspots”. These hotspots are
formed in the gaps between closely spaced nanostructures and at sharp tips. (Fig.
1.8a).19 Tt has been calculated that the electric field strength in this gap between
adjacent particles is a few orders higher in magnitude than on the surface of a single
isolated plasmonic nanoparticle, thus resulting in much larger SERS enhancement
factors (Fig. 1.8b).18 As seen in Fig. 1.8¢c, the closer the nanoparticles are, the larger
the enhancement in the electric field created in the gap between them.2?0 In this thesis,
AgNPs have been seen to form aggregates in the presence of spermine
tetrahydrochloride or by placing them on ice, thus increasing the number of formed

hotspots.

1.3.1.2. Chemical Enhancement

Chemical enhancement occurs when a bond is formed between the molecule and
the surface of the metal nanoparticle. It is also known as a first layer effect and forms
an adsorbate-surface complex. Electronic coupling can occur when a molecule is in
contact with the surface of the metal. This causes an enhancement in the Raman cross-
section of the adsorbed molecule as compared to its free form in the case of normal
Raman. This charge transfer leads to the broadening and shifting of the electronic level

in the molecule, similar to the resonance Raman effect.

The energies of the highest occupied molecular orbital (HOMO) and the lowest
unoccupied orbital (LUMO) are symmetric to the Fermi level of metal (Fig. 1.9). The
shift in Fermi Level changes the resonance conditions. When a photon is absorbed by
the metal, it results in a hot electron state. This hot electron transitions from the
HOMO to the LUMO of the molecule. When the metal returns to its ground HOMO

state, it does so by emitting a Stokes photon.
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Fig. 1.9. Schematic representation of the four-step process of the photon-driven charge transfer
model for a molecule adsorbed on a metal surface resulting in chemical enhancement.

There are mainly three kinds of contributions for chemical enhancement
contribution to the SERS enhancement factor. They include, (i) resonance Raman
(RR) effect, which occurs when the energy of the incident light matches an electronic
transition in the molecule (103-10° contribution), (ii) a charge-transfer (CT) effect
where the incident light resonates with a metal-molecule or molecule-metal transition
(10-10* contribution), and (iii) a non-resonant chemical effect that occurs due to
ground-state orbital overlap between the molecule and the metal (<10-100
contribution).?! The charge transfer mechanism is greatly dependent on the geometry,
bonding, and the energy levels of the molecule, though it is very short-ranged (0.1-0.5

nm).

1.3.2. Nanostructures for SERS

For large enhancement factors, an intense surface plasmon resonance and nano-
scale roughness of the metallic surface play a significant role. The shape, component,
size, and interparticle spacing of the metallic nanostructures are critical factors
influencing the SPR and electromagnetic fields. As for metallic nanoparticles, the
surface to volume ratio is high, indicating that most of their atoms are on the surface.
This feature provides both surface roughness and increases the chances of surface
plasmon resonance. As seen earlier, the most commonly used metals for preparing
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nanostructures for SERS include Ag and Au, and sometimes Cu, Pd and Pt. They

have their surface plasmon resonances in the visible region.

Of the many processes that can be used to develop SERS substrates, the
solution-based synthesis is the most common. This widespread use is owed to the
simplicity and ease of their preparation. This method can result in dispersed particles
and aggregated or assembled systems. Various nanostructures can be made from simple
nanospheres to more complex nano-stars,??2 nanorods,?3: 24 nano-urchins,?* 26 and core-
shell nanoparticles.?”> 28 In SERS literature, there are two extensively used nanoparticle
synthesis techniques. The most popular method is the citrate-reduction method by
Lee-Meisel.?? Here, silver nitrate is reduced by sodium citrate, where the citrate ions
act as reducing agents and as capping agents to provide stability to the nanoparticles.??
The other method is by Creighton et al., where sodium borohydride is used as the

reducing agent.30

There are many other advanced techniques that result in more intricate
nanostructures. Some solid-supported SERS substrates include nanotriangle arrays,3!:
32 metal film over a nanosphere substrate,3® and metal nanoparticles over Si
nanopillars.3* These have advantages for single-molecule detection ultralow volumes
and can be integrated with microfluidic setups. They suffer from higher costs for using
nanolithography techniques. The imaging capabilities of a scanning probe microscope
can be combined with the high enhancement properties of SERS to give a new
technique called tip-enhanced Raman spectroscopy. Here, either a metallic film,3°
nanospheres36 and nanocubes?” are used to modify a probe to obtain highly sensitive
and spatially resolved Raman information from a sample. Spatially organised nano-
architectures obtained through controlled aggregation by forming nanometre gaps
between different components are an essential feature for single molecular detection

SERS substrates.

Many techniques allow for the construction of different nanostructures and their

assemblies for SERS applications. Depending on the final aim of the SERS study, either
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simpler solution-based nanoparticles or sophisticated nano-architectures can be used.
In this thesis, simple citrate reduced nanoparticles based on the Lee-Meisel method
have been used for all the SERS studies. These nanoparticles have been shown to

provide enhancement factors of the order of 10* to 106. 38

1.4. Raman spectroscopy for biosystem analysis and detection

Biomolecules are essential building blocks of life. Studying living creatures’
cellular activities and how these processes relate to the organism’s functioning is a key
focus of biochemistry. Over the last century, biochemistry has allowed us to understand
atoms and biomolecules that make up living organisms, the central dogma around
which biological information is transferred. This allows for a better understanding of
ourselves and our surroundings. The functional homeostasis of a cell is maintained by
various biomolecules, including nucleic acids, proteins, lipids, and carbohydrates.
Impressively, each of these biomolecules has a distinctive chemical identity and, as a
result, a specific molecular structure. Any biological system or material is a
combination of these various biomolecules; hence it becomes essential to understand

their structure and properties.

Studying the function of membrane protein drug targets for certain diseases, we
can establish the link between structural biology and medical applications.?? Structural
studies at the molecular level provide an in-depth understanding of these biomolecules
and can reflect in establishing new medical applications or strategies. The positions,
widths, and heights of the Raman bands are sensitive to the molecular structure that
can be affected by minor perturbations induced by intramolecular and intermolecular
interactions. Hence, Raman spectroscopy has been proved competent in establishing
the connection between the structure and function of biomolecules. The overall Raman
spectrum can provide an idea of the chemical composition of the biosystem under

study, thus making it useful for characterisation and detection.

Raman, NIR and fluorescence spectroscopy are the most important for

biomedical applications of the many optical molecular spectroscopy techniques.
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Fluorescence spectroscopy depends on extrinsically applied labels to provide specific
information. Though sensitive, it is disadvantageous as it can’t be used to explore
structural changes of biomolecules or study in situ systems due to the limited number
of non-toxic dyes. NIR spectroscopy has high permeability, thus allowing for studying
whole cells or bodies in situ and therefore examining internal structures non-
destructively. It offers high sensitivity and specificity, but is disadvantageous due to
highly intense water bands in an NIR spectrum of a sample containing water, which

most biomolecules do.

With advancements in lasers, optical instrumentation and a better
understanding of the information obtained by a Raman spectrum, Raman spectroscopy
has become an essential tool for chemists, physicists, and biologists over the past many
years. The most significant benefit of this technique lies in its high sensitivity to subtle
molecular changes that can occur due to any external parameters. As this technique is
simple to use and doesn’t require any sample preparation, it is versatile of the range
of samples, this can be used for. Additionally simple spectrometers can be built for its
study and the sample can be studied in situ under a variety of extreme conditions such
as temperature, pressure, and pH. Further, water having very weak Raman modes
allows for studying biosystems in their natural environment, without solvent
interference. And as the technique is non-destructive, it can also be used for many in
situ measurements. Further, the spatial resolution of micro Raman spectroscopy in the
low micrometre scales and its ability to probe samples under in vivo conditions allows
new insights into systems like living single cells.*0 Over the past many years, research
involving isotope labelling, model compounds, site-directed mutagenesis and normal
coordinate analysis has led to the identification of so-called marker bands.*! The
characteristic vibrational bands and these marker bands act as bridges in establishing

the correlations between the spectrum and the composition and structures.

Most biosystems are comprised of proteins, lipids, nucleic acids, and

carbohydrates. Hence, a Raman spectrum of a biosystem results from vibrations from
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all these components combined into one. Broadly, the biochemical information in a
spectrum can represent the classes of chemical bonds but can get tricky due to its
complex nature. Analysing these complex spectra and assigning the various peaks can
be challenging but can yield precious information regarding the structure and dynamics
of the system under study. As it gets challenging to provide spectral assignments to
specific bonding schemes, concentrations or geometries, biological Raman spectra are
analysed as phenomenological signatures. Irrespective of the complexities, some Raman
bands can be assigned to a direct chemical bond, for example, the in-phase ring
breathing of Tryptophan around 750 cm™! and C-H stretching around 2900 cm-!. The
differences amongst the biological Raman spectra are mainly due to the subtle
differences that occur due to compositional and structural variations. While
understanding and assigning the peaks is beneficial, it is not required to chemically
evaluate the entire spectrum to utilise it for comparison under different conditions. It
is essential to understand and assess phenotypic variability resulting from external
environmental factors like temperature, age, nutrients and intensive properties like

structural and organism composition, which can reflect as small spectral differences.*?

The Raman spectra of biological samples can be divided into three spectral
regions. The spectral range 500 to 1800 cm™ is the “fingerprint region” consisting of
sharp, localized spectral features unique to the constituent molecules.*? These allow for
classifying samples and chemometric analysis. The bands in this region originate from
vibrations of slightly larger atoms like carbon, oxygen, nitrogen, sulphur, or complexes
of many hydrogen atoms. Independently vibrating hydrogen atoms vibrate with much
higher energies than other bonds, as the smaller mass of hydrogen causes an overall
smaller reduced mass for the system. These appear in the 2500 to 3600 cm! spectral
range and are called the “high wavenumber region”.*3 In between these two regions lies
the “silent region”, ranging from 1800 to 2500 cm-!. This region is mostly empty and
has no biomolecular contributions, except for a few exceptions.®? In this thesis, the
fingerprint regions of the biosystems under study have been used to characterise them

as well as monitor changes due to external environmental parameters.
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As seen earlier, spontaneous or standard Raman spectroscopy produces very low
signals. If the sample doesn’t have a large Raman scattering cross-section like most
biomolecules, even longer acquisitions result in low signals. Over the recent past, many
new variations of the Raman technique have been developed to overcome this
limitation. Exploiting the use of metallic nanostructures for their localised surface
plasmons allows for a many-fold increase in the Raman spectral intensities. Techniques
like SERS (surface-enhanced Raman spectroscopy) employs silver or gold
nanostructures that significantly increase the Raman intensity of the molecules in their
close vicinity. This can allow single molecular detection** 4> and is useful for trace
material analysis.#6 SERS has an added benefit of quenching the autofluorescence
generated by biomolecules, thus reducing the background obtained in the spectrum.?
Within biosciences, SERS has been used to study from single biomolecules to cells to
tissues. They have applications in cell studies, medical applications and toxicology.
Various cells and organelles like lymphocytes, haemoglobin, red blood cells,
mitochondria, cardiomyocytes, neuronal cells, etc., have been detected using SERS.43
Additionally, SERS has been used to detect other biosystems like bacteria, proteins,

and antigens.

Resonant Raman spectroscopy occurs when the laser wavelength is chosen to
match the energy of the electronic transition, thus causing resonance. In the presence
of plasmonic nanostructures and the optimal choice of laser, surface-enhanced
resonance Raman spectroscopy (SERRS) can be achieved, producing an even higher
enhancement in the Raman signal. When Raman is combined with an optical
microscope, molecular properties of the sample can be extracted with diffraction-
limited spatial resolution. Raman imaging can be performed by spatially mapping the
sample and collecting Raman spectra at different points. When a Raman spectrometer
is integrated with a scanning probe microscope, the optical coupling brings the
excitation laser to the functionalized probe (metallic tip), thus providing Raman
spectra with local enhancement and an increased spatial resolution. These different

techniques can be employed to improve the signal of the biosystems under study.
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Specific techniques can be chosen depending on what aspects need to be studied. There
are many other variations of Raman spectroscopy that can be explored, including
spatially offset Raman spectroscopy (SORS), transmission Raman spectroscopy (TRS),
stimulated Raman spectroscopy (SRS), coherent anti-stokes Raman spectroscopy
(CARS), and selective scanning Raman spectroscopy (SSRS).43: 48 This thesis mainly
uses SERS for detection of extracellular vesicles, and mutations in the DNA of the
tomato plants. We have used drop-coated deposition Raman spectroscopy (DCDR),
which allows for a higher concentration of the protein to be present under the laser

spot for the lysozyme aggregation studies.

A common issue in biological Raman spectroscopy is the presence of unnecessary
background. When an external light source illuminates a biomolecule or tissue, it can
generate a broadband natural emission called autofluorescence in the visible range. It
is one of the major noise sources in Raman spectroscopy of biological tissues. Depending
on the varying constituents of the system, its strength and spectral shape can vary.
This can be avoided using different laser wavelengths. An optimal choice of the laser
wavelength and power of the laser source has to be made to prevent autofluorescence
while simultaneously obtaining good Raman spectra. The other sources of noise can be
from the instrument or external sources. Noise like dark current and thermal noise are
generally eliminated using thermoelectrically cooled CCD detectors. Shot noise,
originating from the particle nature of light, contributes to n!/2 for a measurement of
n counts. So, the signal to noise (S/N) ratio can be improved by increasing exposure
time and averaging multiple cycles. The intrinsic fluorescence emission is several orders
of magnitude higher than the Raman signal for biosystems. Most commonly, a

polynomial fit is used to remove the background effects as seen in Fig. 1.10.

22



INTRODUCTION

Subtracted Data
Baseline
Original data

Intensity (a.u)

T T T T T T T T T
600 800 1000 1200 1400 1600 1800

Raman Shift (cm™)
Fig. 1.10. Baseline correction of the background from the original data.

When high energy cosmic rays impact a charge-coupled device detector, sudden
spurges of energy can appear as very narrow spikes on the Raman spectra.* When the
Raman intensities are low, and we collect spectra for long durations, there are higher
chances of cosmic ray interactions, leading to a larger number of cosmic spikes that
appear on the spectra. Most spectral collection software have a tool to remove the

cosmic radiation before further data processing.

Raman spectra from the same sample could have different intensities when
experimental parameters vary. Normalized spectra allow for easier comparison of the
intensities of peaks on different Raman spectra. These are achieved by peak
normalisation or area normalization. In the peak normalization, the intensity of the
spectra is divided by the intensity corresponding to the central frequency of a reference
Raman band.?" This method assumes that the reference band does not change amongst
the spectra and is not affected by any changes in the sample or external conditions.
Area normalisation is the best process when the spectra do not share a common or
unaffected band. The intensity at each frequency is divided by the square root of the
sum of squares of all intensities. Here, the total area under the curve becomes 1. 59
Most Raman spectra are fitted using Gaussian, Lorentzian or a combination like the
Voigt curve for obtaining various spectral parameters like peak position, FWHM and

intensity. Sometimes a spectral peak originates from multiple contributions (like the
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Amide I band of the proteins), and spectral deconvolution is required to assess the
various components. So along with improved experimental conditions like higher and
multiple acquisitions, basic data processing, including background correction and

spectra normalisation, allows for better analysis of the biological Raman spectra.®

The most fundamental way of analysing every individual feature in the Raman
spectrum retains the most chemical information. Sometimes minor errors in
background corrections can affect the absolute intensity analysis of the Raman band.
In such cases, the ratios of Raman bands can be used as indicators. Though Raman
spectroscopy is very accurate, the spectral differences between samples can vary only
slightly. Chemometrics is a chemical discipline that uses mathematical, statistical, and
other formal logic-based methodologies to develop or choose optimal measuring
methods and experiments and analyse chemical data to offer the most relevant
chemical information. Hence this discipline helps categorise and differentiate systems
based on subtle changes in the Raman spectra.*? 43, 48,50 These methods are diverse
and use different approaches to extract specific information from the data. There are
two kinds of such techniques, multivariate classification and multivariate regression.
The unsupervised pattern recognition techniques, principal component analysis (PCA)
and cluster analysis (CA) do not require prior knowledge about the samples. They are
used to look at the differences and similarities between spectra. Other techniques like
linear discrimination analysis (LDA) and artificial neural networks (ANN) are
supervised techniques that require prior knowledge of the samples. Multivariate
regression techniques can be used, which are generally applied to analyse one or
multiple molecules of a complex sample that possesses overlapping spectroscopic
signals. These include principal component regression (PCR), logistic regression (LR),
partial least squares regression (PLS). In this thesis, we have used PCA for
categorising the Raman spectra corresponding to extracellular vesicles extracted from
various cell lines. SERS combined with PCA has been used for detecting lung cancer,

gastrointestinal cancer, oral cancer, skin cancer, and various skin diseases.?
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Raman spectroscopy has taken a long course and has developed importance to
be a mainstream tool. Over the past years, this has been achieved by improving the
instrumentation, allowing for obtaining a more resolved and better quality spectrum.
The transition from mercury arc lamps to lasers that provide stable and intense beams
of radiation was a big turning point. A combination of notch filter and high-quality
grating monochromators in dispersive instruments provide a better Raman spectrum.
Based on the area of use, there are two kinds of instruments: lab-based
spectrophotometers and in-field or in situ spectrophotometers.”! They both work on
the same principle, and their differences come from the instrument's versatility and
size and relative cost of the components. In situ Raman analysis is possible nowadays
with the development of miniature tabletop or portable Raman spectrometers. Remote
sensing has been possible by integrating the spectrometer with optical fibres.?? In this
thesis, we have briefly explored the construction of a miniature Raman spectrometer

that can find on-site applications.

Our research group over the past years have established themselves in exploiting
Raman spectroscopy for biosystem analysis and detection. Research has been carried
out on various fronts, including understanding protein-protein, protein-drug
interactions and using SERS to detect biomolecules. The ability of SERS to
differentiate between structurally homologous proteins Aurora A and Aurora B
validates the strength of Raman spectroscopy.?® Molecular dynamics assisted SERS
was utilized to probe the effect of Mg?* and Ca2?* ions on the structure of Kpnl
protein.®* Vibrational modes associated with aromatic amino acids near metal-binding
sites, dimer assembly, partial loss of secondary structure were probed. 92% structurally
similar kinases, JNK1 and JNK3, oriented themselves differently on the surface of a
nanoparticle, and thus through SERS, the ligand-binding site was established.?® From
such studies, the field of drug discovery can benefit by screening the binding of small
molecules on proteins. With the help of resonance Raman spectroscopy, the structure
of BLA (biliverdin IXa) in native and wildtype Sandercyanin protein was

characterised.”® In the absence of the crystal structure, the SERS studies of p300, a
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large multidomain transcriptional coactivator protein, gave structural insights and the
effect of trifluoromethyl phenyl benzamides on the histone acetyltransferase (HAT)
activity of p300.57 °8 Not just the various aspects of protein-protein, protein-drug
interactions, but research in the direction of biomolecular detection was also explored.
A new strategy to detect HIV-1 subtype using SERRS was developed, tested and

patented.?

1.5. Scope of this thesis

As seen in the last section, Raman spectroscopy and its variations have a wide
range of biological applications. It is evident that Raman spectroscopy is not just in
its scientific research stages but is progressing towards becoming a technique that can
be used for biomedical applications. Here in this thesis, four work chapters (chapters
3-6) cover various aspects of the same. Chapter 3 uses Raman spectroscopy to
understand a molecular picture of the aggregation process of the hen egg-white
lysozyme and human lysozyme in an alkaline environment. Here, DCDR spectroscopy
is employed to concentrate the protein, to get an improved Raman signal. Chapter 4
covers the use of SERS and a multivariate analysis tool, PCA, to differentiate
extracellular vesicles extracted from various cell lines under autophagic and other
conditions. Along with this, some biochemical insights were obtained by analysing the
Raman spectra. Chapter 5 discusses the use of SERS to detect a Raman active molecule
that is a part of a probe that has been designed for detecting SNPs and indels in
tomato plants. This has been further extended to multiplexing studies that can be
employed in detecting a random sample of DNA that has been extracted. Finally, in
chapter 6, a miniature Raman spectrometer was constructed to allow for on-site studies
of various applications. The thesis ends with an outlook that suggests various other

aspects that can be developed in the future, based on the present studies of this thesis.
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Chapter 2. Experimental Section

In this thesis, Raman spectroscopy and SERS have been used extensively to
study lysozyme aggregation, detect extracellular vesicles, and design strategies for
detecting mutations in DNA. This chapter discusses the various tools required for
characterisations like UV-Visible spectroscopy, dynamic light scattering and zeta
potential measurements, and transmission electron microscopy. Along with these, the
methodology for experimental techniques like Raman spectroscopy and polymerase
chain reaction are described. The details of the synthesis and characterisation of silver

and gold nanoparticles required for SERS studies are provided.

2.1. UV-Visible Absorption

The UV-Visible absorption studies have been conducted on Lambda 750
UV /Vis/NIR spectrometer (Perkin Elmer). It works on the principle of attenuation of

a beam of light when it passes through a sample as seen in Fig. 2.1.

Reference
Diffraction Grating Cuvette
Mirror _
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\ > Detector
u 50:50 ]
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} > Detector
Mirror Sample
Cuvette

Fig. 2.1. Schematic of the UV-Visible absorption spectroscopy.

The absorption spectra were collected for all the samples in the 250—800 nm
wavelength range. The peak position and FWHM for the spectra of the silver and gold

nanoparticles were used to determine their approximate size distribution.

32



EXPERIMENTAL SECTION

2.2. Dynamic Light Scattering and Zeta Potential

Dynamic light scattering works on the principle of light scattering from particles
in a suspension undergoing the Brownian motion. Light is collected at an angle, away
from incidence angle as seen in Fig. 2.2. The hydrodynamic radius and the zeta
potential of the sample were measured in the Zetasizer Ultra (Malvern Instruments)
using a disposable plastic cell (DTS0012) for the DLS measurement and a disposable
folded capillary Zeta cell (DTS1080) for the Zeta potential measurements at

temperature 25°C.
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Fig. 2.2. Schematic of the DLS and the Zeta potential measurement modes in the Zetasizer.

2.3. Transmission Electron Microscopy (TEM)

The TEM images were obtained using a JEOL 300 TEM at an operating voltage
of 200 kV for nanoparticles and 120 kV for EVs and proteins. Carbon-coated copper
grids/ formvar (TEM-FCF200CU, Sigma Aldrich) were used for all imaging studies.
For obtaining nanoparticle images, 3—5 ul of the dilute solution was dropped onto a
grid and let dry. The TEM grid was prepared for the protein aggregation studies by
dropping 3 pl of the protein solution and let dry for 5 min. The grid was washed thrice
with water, and a filter paper was used each time to blot out the excess water. Then
2 ul of 2 % uranyl acetate was added, and the excess was removed using a filter paper
after 30 s. For the images of the EVs, a small quantity of the diluted mixture was
dropped onto a grid. When the sample was partially dry, a small amount of 1 % uranyl
acetate stain was added, and after 4—5 min, the excess was blotted using a filter paper.
For the EVs, cryo-TEM images were also obtained. The prepared grids were dried

under an IR lamp and stored in a desiccator until the images were collected.
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2.4. Raman Spectroscopy and SERS studies

The Raman spectroscopy studies were conducted on the LabRam HR Evolution
(Horiba) spectrometer (Fig. 2.3). The system has an open-electrode CCD detector air-
cooled to —60 °C. Excitation lasers 532 nm and 633 nm with source powers of 100 mW
and 17 mW, respectively, were used. Edge filters with steep cut-offs were used to obtain
Raman spectra beginning from 50 cm. The system was auto-calibrated at the

beginning of the experiment using a reference silicon sample.

Fig. 2.3. LabRam HR Evolution Rarnan Spectrometer
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Fig. 2.4. a) Schematic of the optical path inside the LabRam HR Evolution, and b) Schematic
of the optical path inside the spectrograph.
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As seen in Fig. 2.4a, the light-emitting from a laser passes through a max-line
filter (F1) to remove any laser glows or other unnecessary wavelengths of light. On
reflection from a mirror (M1), it passes through an opening (S1) and a neutral density
(ND) filter wheel (F2), where a specific ND filter can be chosen to help control the
laser power that is being incident on the sample. On reflecting from a mirror M2 and
passing through a pinhole (S2), the light is then incident on a mirror M3. The M3 is
positioned so that the reflected beam falls on the edge filter (F3) at a specific angle.
An edge filter is designed to reflect light below a cut-off wavelength and thus reflects
the incident laser light. Through a series of mirrors, this light is focussed onto a sample
through an objective. The position of the sample under the objective can be controlled
using a joystick connected to the motorized XYZ stage. The optical image of the sample
through the objective can be viewed on the computer with a camera attachment. This
facilitates proper focussing and accurate choice of the spot on the sample for the laser
to focus on. The scattered light from the sample is collected back by the objective, and
the collimated beam of scattered light is incident on the edge filter. The edge filter
reflects all the Rayleigh scattered light and transmits the Stokes Raman scattered rays
(wavelength higher than the cut-off). These scattered rays are reflected from a mirror

M4 and pass through the slit (S3).

This beam enters the spectrograph on reflection from the M5 mirror. Inside the
spectrograph (Fig. 2.4b), the incident scattered light reflects from the mirror M6 and
is incident onto a convex mirror M7. The reflected light is now incident on the
diffraction grating. Either of the 600, 1200 or 1800 grooves/mm diffraction gratings
can be chosen in this spectrometer. The scattered light gets separated into different
rays at different angles depending on the wavelengths. The convex mirror MS
collimates the diffracted rays onto a CCD detector. The air-cooled CCD detector
converts the incident photons into a readable Raman spectrum, readable on LabSpec

6 software. This software can be used for data processing and further analysis.
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2.5. Polymerase Chain Reaction

Polymerase chain reaction (PCR) is a method used to amplify particular parts
of a DNA using short DNA sequences called primers. The temperature of the sample
is repeatedly raised and lowered to help a DNA replication enzyme copy the target
DNA sequence. A custom-designed oligonucleotide sequence anneals to a
complementary region in the template DNA. Then the DNA polymerase enzyme adds
nucleotides to the 3’ end of this oligonucleotide using it as a primer, thus generating

an extended region of double-stranded DNA.
The PCR has three steps: denaturation, annealing and extension (Fig. 2.5).

a) Denaturation: The DNA template is heated to 94 °C, breaking the weak hydrogen
bonds that hold the DNA strands together in a helix. This allows for the DNA to
open, creating separate single-stranded DNAs.

b) Annealing: Depending on the primers and other oligonucleotides, the mixture is
cooled anywhere from 50-70 °C. This allows the primers to bind (anneal) to their
complementary strands in the template DNA.

c) Extension: The reaction is then heated to 72 °C for the DNA polymerase to extend
the primers, adding nucleotides onto the primer in sequential order, using the target

DNA as the template.
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Fig. 2.5. Schematic representation of the PCR mechanism.
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2.6. Synthesis of Silver Nanoparticles

The silver nanoparticles (AgNPs) required to conduct the SERS experiments
were synthesized using the Lee-Meisel method (P.C Lee et al., J. Phys. Chem, 1982,
86, 3391-3395). In this method, sodium citrate reduces silver nitrate, resulting in
citrate-capped silver nanoparticles (Fig. 2.6). Milli-Q water with a resistivity of 18.2
MQ-cm at 25 °C was used. Silver nitrate and sodium citrate salts from Sigma-Aldrich

were used for the synthesis.
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Fig. 2.6. Reaction mechanism for synthesis of silver nanoparticles by Lee-Meisel method.
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Fig. 2.7. a) UV-Vis absorption spectrum of the synthesized AgNPs, b) Zeta Potential, ¢) & d)
TEM of the AgNPs.
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The UV-Visible absorption spectra (Fig. 2.7a) of the synthesized AgNPs
revealed a peak at 434 nm with an FWHM of ~120 nm, revealing a large size
distribution. The zeta potential (Fig. 2.7b) of the AgNPs was —13.3 mW indicating
negative citrate capping of the formed silver nanoparticles. TEM images (Fig. 2.7c&d)

of the AgNPs, revealed a size distribution of ~20—120 nm.

2.7. Synthesis of Gold Nanoparticles

Various sizes of citrate-stabilized gold nanoparticles (AuNPs) were synthesized
using the kinetically controlled seeded growth synthesis method proposed by Neus G.
Bastus et al. (Langmuir, 2011, 27, 11098-11105). This method allowed for controlled
growth of various sizes of AulNPs, with a higher concentration compared to standard
procedures. Milli-Q water with a resistivity of 18.2 MQ-cm at 25 °C was used for all
the reactions. Sodium citrate and gold (III) chloride trihydrate salts from Sigma-

|

Aldrich were used.

Fig. 2.8. Various stages of the synthesized AuNPs, show a variation in the colour and
concentration. From left to right, the particle sizes and size distributions increase.

The procedure involved the synthesis of the Au seeds, followed by a controlled
growth to obtain various sizes. A reflux mechanism was used to condense the water
vapour and return it to the solution in the round bottom flask. To grow the seeds, 150
ml of 2.2 mM sodium citrate solution was brought to a vigorous boil with constant
stirring. When 1 ml of 25 mM gold chloride solution was added, the solution turned
light pink, indicating the formation of the Au seeds. The temperature of the solution
was brought down to 90 °C after 10 min. 55 ml of the solution was removed, followed
by the addition of 53 ml water and 2 ml of 60 mM sodium citrate solution. After 30

min, 1 ml of 25 mM gold chloride solution was added. After 30 min, 55 ml of the
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solution was removed as stage 1 sample. These 2 steps of removal of the solution,
followed by adding more precursors, were repeated multiple times to obtain multiple

stages of the AuNPs (Fig. 2.8).

? A

\//\ Stage 9

Stage 8

Intensity (a.u)

Fig. 2.9. a) UV-Visible absorption of the stages 1 to 11 of the synthesized AuNPs, TEM images
of b) Stage 3, c) Stage 5, and d) Stage 8.

The UV-visible absorption spectra for the different AulNP stages were obtained,
as seen in Fig. 2.9a. As the AuNP synthesis stages increase, the nanoparticles’ size
increases, as shown by the shift of the absorption peak to a higher wavelength. The
increase in the FWHM over the stages indicates an increase in the size distribution,
thus decreasing the mono-dispersion. TEM images of stage 3 and stage 5 AuNPs, as
shown in Fig. 2.9b & ¢, show an almost monodisperse AuNPs of uniform size of ~30
nm and ~40 nm, respectively. The TEM image of the stage 8 AuNPs (Fig. 2.9d) shows

an average ~70 nm sized particles, but polydisperse with a 30—130 nm size range.
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Chapter 3. Understanding aggregation of
Hen Egg White Lysozyme and Human
Lysozyme in alkaline pH using Raman
Spectroscopy and MD simulations”®

Protein misfolding and aggregation play a significant role in the cause of
neurodegenerative diseases like Alzheimer’s, Parkinson’s and so on. Though the
aggregation of Hen Egg White Lysozyme (HEWL) has been studied from many
different aspects using various experimental and computational techniques, each tends
to reveal only one or a few properties from the study. This paper uses Raman
spectroscopy, a versatile tool, to study multiple aspects of the protein aggregation
process. The shift in the Amide I band from 1657 cm™ to 1672 cm! reveals that, upon
incubation in a pH 12.2 buffer at 25 °C, HEWL goes from an alpha-helical dominated
system to a beta-sheet dominated structure, in ten days. Along with the inhibitor
molecule studies, it can be interpreted that the protein aggregates by forming beta-
sheets amidst the monomers. Molecular Dynamic simulations helped establish and
visualize the unfolding of the proteins when exposed to an alkaline solution when the
disulphide bonds are broken. With the help of protein docking, a preferential dimer

formation was observed for the protein in pH 12.2 compared to the neutral pH system.
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“This work has been carried out in collaboration with Dr. Amrendra Kumar and Prof.
Swaminathan from IIT Guwahati & the theoretical calculations were performed by Pratik Behera and
Dr. Shijulal Nelson from Rajiv Gandhi Centre for Biotechnology, Thiruvananthapuram.
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HEWL AGGREGATION IN ALKALINE PH

3.1. Introduction

As we age, we tend to have higher chances of suffering from neurodegenerative
diseases, most of which result from protein misfolding and aggregation. Sometimes
genomic mutations, the functioning of a ribosome, or just a random event that occur
can alter the folding pathway of the proteins upon their production.! These toxic

configurations can interact with the existing copies and alter their state, hence are

“infectious”.
Nucleation Elongation
¢ —~_ @ 7% @
® © o
Nucleation — Elongation Polymerisation
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Fig. 3.1. Types of aggregation mechanisms, a) Nucleation-elongation polymerisation, and b)
isodesmic polymerisation.

Protein aggregation can occur due to several unique mechanisms/pathways like
the reversible association of the native monomer, aggregation of conformationally-
altered monomer, aggregation of chemically-modified product, nucleation controlled
aggregation and surface-induced aggregation.? Partially unfolded intermediates have
dangling bonds, hence have exposed regions capable of intermolecular interactions.3
This complete or partial unfolding can be triggered by various physiochemical
parameters, including temperature, pressure, pH, agitation, and chemical
environment.* The primary sequence of the protein along with the secondary and
tertiary structures can play a role in the susceptibility of the protein to unfolding.
Broadly, protein aggregation pathways can be classified into two standard models:
nucleation-elongation polymerization and isodesmic polymerization. (Fig. 3.1) When
aggregating by the isodesmic model, proteins become dangerously susceptible to
aggregation as there is no critical concentration required for the process to begin.
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3.1.1. Aggregation in HEWL

Hen egg-white lysozyme has been studied to aggregate under various external
conditions like acidic or alkaline pH and the presence of chemicals like ethanol or
guanidine hydrochloride. There are quite a few reports that explain the aggregation
process of HEWL in acidic pH at higher temperatures than room temperature.*% The
pH plays a vital role as it causes an effect on the protonation state of the charged
amino acids and the C-terminal and N-terminal of the protein. The change in the
charge distribution around the protein affects the salt bridges and hydrogen bonds,
essential for a protein’s strength and overall structure.” In an acidic pH environment,
the negative charge residues get neutralized, increasing repulsion amongst the
monomers. Hence an external aid such as increased temperature or agitation is required
to facilitate aggregation. However, the HEWL aggregation at alkaline pH can be
achieved at ambient room temperature, avoiding those harsh conditions.® Moreover,
this aggregation process is directed by the isodesmic pathway. Hence, it can be studied

at relatively lower concentrations.

Various biochemical analysis techniques, including Dynamic Light Scattering,?
Gel Electrophoresis,!? size-exclusion chromatography,!-13 atomic force microscopy,?
8,14 electron microscopy,® have been used to indicate the formation and also estimate
the size of protein aggregates. Other techniques like circular dichroism,!¢ fluorescence
anisotropy,® NMR,!” mass spectroscopy,'® 19 IR spectroscopy,? and Raman
spectroscopy®6: 2. 22 provide rather indirect information on molecular interactions,
hence the formation of protein aggregates. Various forms of Raman spectroscopy,
including Resonant Raman, Surface Enhanced Raman, FT-Raman, have been used to
their advantage to be able to obtain specific information about biomolecular behaviours
without getting lost amidst the vast information that exists in a Raman spectrum.22
Various components of a Raman spectrum like the peak position, peak shift, intensities,
and FWHM can reveal information regarding various aspects of a protein and hence

provide sensitive hints of unfolding and aggregation of the protein. Analysing an
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obtained Raman spectrum can reveal many kinds of information about a system that

would sum up the results of multiple different techniques making it a versatile tool.

3.1.2. Raman spectroscopy of proteins

Proteins are bulky molecules with hundreds of atoms, making the vibrational
spectra complex with many normal modes. However, it is possible to interpret the
different spectral regions separately. As the normal modes of all the repeating units
occur at specific ranges, the Raman spectrum can be analysed. From interpreting these
bands, information about the structure and environment of the amino acid side chains
can be obtained. The band positions and line widths reveal information regarding the
bound ligands and the overall protein backbone itself. Hence, Raman spectroscopy

allows studying proteins of various sizes and in different environments.

Proteins constitute the amino acid chain backbone, the aromatic amino acids,
disulphide bridges, and the total protein's net secondary structure. These various
components have signature peaks in different parts of the fingerprint region of a Raman
spectrum. Their analysis under different conditions can reveal changes happening to

these components.

a) Amino acid chain backbone:

A linear sequence of the amino acids results in the protein's primary structure.
The hydrogen bonding of the peptide backbone causes the amino acids to fold into a
repeating pattern resulting in its secondary structure. Finally, the side-chain
interactions lead to the three-dimensional folding of the protein, indicated by the
tertiary structure. Certain proteins consist of more than one amino acid chain, causing
a quaternary structure. The C and N atoms in the backbone are connected by single

bonds that twist and rotate resulting in different vibrational modes (Fig. 3.2).

The CHy symmetric rocking, Co—C stretching, CHy twisting and wagging, N—
Co—C stretch in the skeleton and CHsz, CHy and CH deformation and scissoring (1400-

1500 cm!) are some of the unique vibrational modes corresponding to the backbone.
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O Rg?“oup

Fig. 3.2. Schematic representation of a polypeptide chain with two amino acids, showing
average distances of bonds. The main chain atoms between two C, atoms are generally fixed
in a plane, with the C-N peptide bond angle () being 0° or 180° (trans, most common, or cis
forms), thus only the Co-C and N-C, bonds exhibit rotational mobility.

b) Aromatic amino acids:

The aromatic rings of the aromatic amino acids, phenylalanine, tyrosine, and
tryptophan (Fig. 3.3) are highly polarisable and produce characteristic modes that can

be used as Raman markers.

o) o) O
OH / OH OH
NH; HN NH, HO NH;
Phenylalanine Tryptophan Tyrosine

Fig. 3.3. The aromatic amino acids — phenylalanine, tryptophan and tyrosine.

The ring vibration of the phenylalanine produces a strong Raman peak around
1004 cm. This vibration is generally not sensitive, hence unaffected by any
conformational changes in the protein. So, this peak can be used as a reference peak
to normalize the protein’s Raman spectrum. Peak normalized spectra can be compared

to comment on the intensity changes of the other peaks.

The indole ring vibrations contribute to the highest number of peaks from
tryptophan. The relative intensities of the peaks corresponding to a fermi doublet at
1340 and 1360 cm™ act as a hydrophobicity marker. If the intensity ratio of this doublet

is high, then the tryptophan is exposed to the solvent and hence is in a hydrophilic
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environment. Similarly, if the intensity ratio is low, it is buried inside the protein’s
hydrophobic environment. The band around 1010 cm™! is sensitive to the van der Waals
interaction of the phenyl ring. The higher its peak position, the greater is the

interaction force.

There are two peaks at 830 and 850 cm™ that constitute tyrosine’s fermi
doublet. They arise from the ring breathing fundamental and the overtone of the C—
C-0O deformation in the para-substituted benzene rings. The relative intensities of these
peaks tell us the hydrogen bonding condition of the phenol group of the tyrosine

residue.

c) Disulphide bridges:

The amino acid cysteine produces significant side-chain vibrations. Intra- or
intermolecular disulphide bonds link cysteines in a protein as seen in Fig. 3.4. The S-
S stretching vibrations produce Raman bands in the range of 500 to 540 cm™l.
Depending on the conformation of -C-S—S—C- to be gauche-gauche-gauche, gauche-
gauche-trans, etc, their band positions vary. The C-S stretching frequency lies around
700 or 740 cm™ depending on whether the conformation is gauche or trans. The

intensities of these peaks indicate the formation or breaking of disulphide bonds.

OH

HoN
OH

Fig. 3.4. The disulphide bond between two cysteines in a protein.
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d) Secondary structure of the protein:

The secondary structure includes the alpha helices, parallel and anti-parallel
beta-sheets, beta turns and the random or unordered coils (Fig. 3.5). These result from
the hydrogen bonding between the various amino acids in the protein's primary

sequence.

Fig. 3.5. Secondary structures in a protein — alpha helix, antiparallel beta-sheet with a beta-
turn and a random coil (from left to right). (adapted from 23)

The spatial arrangement of the C=0O bonds and the coupling between the
individual vibrations in a protein's secondary structure results in the amide I Raman
band. The amide I, II and III are combination modes of N-H and C=O0 vibrations in a
protein’s secondary structure (Fig. 3.6). The amide I band’s contribution is mainly
from the C=0 stretching (approx. 80%) and appears around 1650 cm™'. The amide IIT
band appearing around 1300 cm™ has contributions from about 40% from the C-N
stretch and 30% from the N-H bend. The amide II band originating from about 60%
N-H bend and 40% C-N stretch, around 1550 cm! is a weak band and doesn’t appear
in the absence of resonance. As the amide III band has contributions from both
secondary structure and side chains, and amide I band only from the secondary

structure, the amide I band is more suitable for secondary structure analysis.

The secondary structures comprising alpha-helices, parallel and anti-parallel

beta-sheets, beta turns, and the random or unordered coils have unique amide I bands.
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Hence the deconvolution of the amide I band of a protein predicts the fraction of each
secondary structure from their relative intensities. The shape and position of this band

are affected by various interactions.

N N N N
VD U A NV N

Fig. 3.6. Vibrations corresponding to the amide bands in a protein.(adapted from Foggia et al
24

3.1.3. MD simulations for protein aggregation studiesf

Over the past many years, with the advancement of tools and computer
hardware, molecular dynamic simulations have achieved a leading part in
understanding protein dynamics.?>28 Supercomputers like Anton are specifically
designed to perform MD simulations. They can simulate from nanoseconds to seconds
the time-scale most molecular activities take.2? Despite all these advancements in the
field, this technique is still underutilized for protein aggregation, with very few MD
investigations so far. The studies that have been performed mainly concentrate on
amyloid formation using coarse-grained protein models simulated with or without
explicit solvents.3Y These methods provide an appropriate picture of how proteins
aggregate, but the molecular level details are sacrificed. Simulations can provide an
extraordinary amount of detail concerning individual particle motions as a function of
time and answer specific questions about the properties of a model system more often

than experiments on an actual system.3!

In this chapter, Raman spectroscopy combined with Molecular Dynamics (MD)
simulation is utilized to gain molecular insights into the aggregation process of HEWL

in pH 12.2 at ambient room temperature. The Raman spectra of the HEWL protein

t Simulations provided by Dr. Shijulal’s group, RGCB, Thiruvananthapuram
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incubated in pH 7.0 buffer as a control and in pH 12.2 buffer as the experimental study
are studied at various time points to understand their response to an environment over
time. Simultaneously, MD simulations are used to visualize and understand protein

unfolding and look at the dimerization of the protein through docking studies.

3.2. Materials and Methods

3.2.1. Materials

The hen egg-white lysozyme (HEWL) and recombinant human lysozyme (HL)
expressed in rice were purchased from Sigma Aldrich. Milli-Q water (Millipore Ltd)
with resistivity at 18.2 MQ.cm at 25°C was used for all the experiments. Sodium
dihydrogen phosphate (NaH2POy), sodium hydrogen phosphate (NagHPOy), sodium
hydroxide (NaOH), sodium azide, dimethylformamide and iodoacetamide from Sigma

Aldrich were used for preparing buffers and inhibition studies.

3.2.2. Experimental Methods

a) Lysozyme Sample Preparation and Incubation:

A 50 mM stock of sodium dihydrogen phosphate was prepared, and the pH was
adjusted to 7.0 using 0.1 N NaOH. Similarly, a 50 mM stock of sodium hydrogen
phosphate was prepared and adjusted to pH 12.2 using 0.1 N NaOH. 0.1% w/v Sodium
azide was added to these buffer solutions to prevent any microbial growth. HEWL and
HL stock (5 mg/ml) were freshly prepared using MilliQ water. The protein
concentration was determined using UV-Vis absorption spectroscopy. 1 ml of the
samples with the required concentration (120 uM and 30 uM) were prepared by diluting
the stock using 50 mM pH 7.0 buffer for control experiments and 50 mM pH 12.2
buffer for aggregation experiments. The prepared samples were incubated in a 25 °C

stackable incubator without agitation for ten days.

For the aggregation inhibition studies, iodoacetamide is dissolved in
Dimethylformamide to obtain a 1.5 M stock. 2 yl of this stock is added to the HEWL

in pH 12.2 buffer, at the 2 hr time interval. Later 2 ul is added similarly at 6 hr, 12 hr
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and 24 hr time intervals, while the sample continued to incubate at 25 °C in an opaque
centrifuge tube sealed with parafilm to prevent any escape or reaction of the
iodoacetamide. At the end of 24hrs, 8 ul of the iodoacetamide stock solution is present
in the aggregating HEWL sample (1 ml, 120 uM in pH 12.2 buffer), resulting in its
final concentration of 12 mM. Similarly, a control inhibition experiment is designed by

preparing the sample in a pH 7.0 buffer.

b) Sample preparation and Raman spectroscopy studies:

At every time point, small aliquots of 20 pl were removed from the primary
sample vials to prepare the sample for Raman studies. 10 pl of the aliquoted sample
was put onto a siliconized glass substrate, then placed inside a desiccator for 10 min
to completely dry out the water from the sample (Fig. 3.7a). The drop-coated
deposition Raman (DCDR) spectra®? of the samples were collected at room
temperature by randomly scanning using an Olympus LMPlanFL 50X objective to
focus the laser beam to an approximate diameter of 1 uym on the raised edge of the
dried ring (Fig. 3.7b). Raman scattering, generated by ~6 mW power of the 532 nm
laser, was collected for 120 s per window using an 1800 grooves/mm diffraction grating.

The Raman spectra were recorded in the spectral range of 300 cm™! to 1800 cm™.

Fig. 3.7. a) Optical image of the rings formed when the sample is drop-casted onto a
hydrophobic glass slide and dried in a desiccator, and b) 10X magnified image of the drop’s
edge from where the Raman spectra are collected
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c) Data analysis (Baseline correction, normalisation and curve fitting):

Each Raman spectra was inspected on the LabSpec 6 software, and the cosmic
radiation spikes were removed. A user-defined baseline was created and subtracted
from the spectra on Origin Pro 2016 (OriginLab Ltd.). The spectra were then
normalized with respect to the intensity of the phenylalanine band at 1004 cm™, as it
is least affected by conformational changes.? All the Raman peaks were fit using a
Lorentzian curve. The amide I band around 1650 cm™ was deconvoluted into
components fit by a Lorentz curve. The area under the deconvoluted peaks was
calculated to form a direct reference to the percentage of a secondary structure
component in the protein at a given time point. The time dependence of the various
Raman peak parameters like peak position, FWHM or intensity was fit using a
sigmoidal curve or exponential decay depending on growth or decay. A sigmoidal
functional relationship indicates a lag phase, followed by a rapid growth phase and an

equilibrium phase, and hence is ideal for this aggregation studies.

d) Dynamic light scattering (DLS) studies:

The hydrodynamic diameter of the aggregates was measured in the Zetasizer

Ultra (Malvern Instruments) using a disposable plastic cell (DTS0012) at 25°C.

e) UV-visible absorption spectroscopy:

The prepared HEWL stock was diluted ten times using MilliQQ water. The UV-
visible absorption spectrum of this solution was obtained using Agilent 8453 UV-
Visible spectrometer, and the absorption value at 280 nm was used to estimate the
protein concentration of the stock with the extinction coefficient of 37970 M-lem! using

the following equation.?3

absorption value at 280 nm X 10
37970 uM

Concentration of protein =
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3.3. Results and Discussion

The HEWL aggregation process was studied under alkaline conditions (pH
12.2), while the system under neutral conditions (pH 7.0) was used as the experimental
control. The UV-Visible absorption spectrum of the HEWL stock was collected (Fig.
3.8), and the absorption value at 280 nm was used to calculate its concentration using
an extinction coefficient of 37970 M-lem-!. The absence of any peak around 320-350
nm confirms the absence of any aggregation states or UV-absorbing prosthetic groups
in the system.3* Raman spectrum was collected for the lyophilized monomer HEWL
powder directly purchased from Sigma Aldrich as a reference. Raman spectra of 120
uM HEWL in pH 7.0 and pH 12.2 were collected at various time points, including 0,
0.5, 1, 3, 6, 12, 24, 48, 72, 96, 120 and 240 hr.

1.25

—3¥—diluted HEWL stock 0.5Smg/ml
ﬂ
1.00 -
o

=

~1

n
1
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&
2
1
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260 280 300 320 340 360 380 400
Wavelength (nm)
Fig. 3.8. UV-Visible absorption spectra of the diluted HEWL stock.

DCDR spectroscopy can be used to obtain Raman spectra by depositing the
sample onto a substrate and letting it dry completely.?> The obtained spectra had high
reproducibility and were identical to those obtained from higher protein
concentrations.?? 35 Using these results, we chose to conduct our experiments similarly
and obtain DCDR spectra for all the time points without being concerned much about

the loss of the native structure that would have been present in the solution form.
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Fig. 3.9. a) Raman spectra of the buffers, and b)Raman spectra obtained from lyophilized
HEWL monomer powder (red), ring edge of the 120 uM HEWL in pH 7.0 (green) and pH 12.0
(blue) at 0 hr of the experiment.
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As a reference, the Raman spectra of the buffers were obtained to be sure that
their contribution was subtracted before analysing the protein spectra (Fig. 3.9a). The
Raman spectra in Fig. 3.9b shows all the peaks appearing in the dried control and
sample compared to the monomer powder. The close similarity between the Raman
profiles (Fig. 3.9b) obtained from lyophilized powder (red) and drop-casted sample (pH
7.0; green) indicates no/minimal artefacts in the acquired Raman signals from drop-
casted samples. Thus, while using this methodology for sampling and signal acquisition,
any change in the Raman profiles can directly be correlated to the changes in the

chemical identity of the sample under investigation

A previous study by Ravi V K et al. gave insights into the isodesmic aggregation
of HEWL caused by the formation of crosslinked disulphide bonds.® Their steady-state
fluorescence, DLS and AFM measurements proved that the HEWL aggregates formed
irrespective of the initial concentration of the protein, thus making the process
isodesmic. FRET was used to establish the formation of new intermolecular disulphide
linkages, resulting in the formation of aggregate polymers. However, the precise change
in the immediate molecular environment of interacting monomers leading to the
observed aggregation is still unknown. Using MD simulations and Raman analysis, we

tried to address this aspect.

First, the Raman spectrum of the protein was obtained, and the bands in the
fingerprint region were assigned using previously studied literature. As this is a well-

studied protein, past literature references were sufficient to assign the modes.
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Table. 3.1. Peak assignments to the Raman modes obtained for HEWL.

Peak (cm-) Origin of Raman Mode Ref.
505 S-S stretch (gauche—gauche—gauche) in cysteine 6, 36
525 S-S stretch (gauche-gauche—trans) in cysteine 6, 36
575 Tryptophan /cytosine 37
623 C-C twisting mode in Phenylalanine 37
643 C-C twisting mode of tyrosine 38
695 C-S bond 5
720 C-S stretch trans conformation 39
759 Tryptophan — Coupled vibrations of in-phase | 40
breathings of benzene and pyrrole (indole ring)
833 & 853 Fermi resonance of ring fundamental and overtone - | 37 39
Tyrosine
877 Tryptophan — benzene ring + N;H motion 22
900 & 930 N-C,—C stretch of skeleton 5,22
1004 Ring breathing of benzene in Phenylalanine 40
1011 Tryptophan ring breathing 37
1076, 1105, 1128 | CH2 symmetric rock+ C,—C stretching 5
1236 Type II B—turn strand, amide III 5
1255 Amide III 37
1300 CH, — twisting, wagging 37
1339 & 1362 Tryptophan Fermi resonances between the | 4
fundamental in-plane N;=Cg stretching and
combination bands of ring out-of-plane deformations
1426 Pyrrole [v(N;-Cy=C3) + d(NH)] + benzene 5(CH) | 22
1448 & 1458 CHs, CH3 and CH deformation and scissoring 5
1554 C=C Tryptophan 22, 37
1580 Tryptophan, amide II, Tyrosine 37
1607 Tyr, Phe ring vibration; C=C Phe, tyrosine 37
1621 vs(ring) + & (OH) - Tryptophan 5,22, 37
1661 Amide I band 5,39
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The plot represents these modes as seen in Fig. 3.10, and a detailed mode

assignment is represented in Table. 3.1.
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Fig. 3.10. Modes assigned to the various vibrations of HEWL in the Raman spectrum.

3.3.1. Unfolding of HEWL protein

The Raman peak around 505 cm! attributed to the S-S stretching is monitored
over ten days at various time intervals. As seen in Fig. 3.11a, the peak remains constant
for the protein in pH 7.0, while in pH 12.2, the peak starts to reduce at 12 hr time-
point and almost completely disappears by the end of the 240 hr (Fig. 3.11b). The
peak intensities of 505 cm! Raman peak were plotted with respect to time for the
HEWL in both pH 7.0 and pH 12.2 buffers, which provided a clearer understanding of
its behaviour (Fig. 3.11c). Over 240 hr, the peak intensity decreased, and FWHM
increased. A similar observation was made in a study of HEWL aggregation in an
acidic pH environment. This behaviour was assigned to the tertiary realignment of the
core protein and/or hydrolysis of the disulphide bonds.? This confirms that in an
alkaline pH environment, the protein’s disulphide bonds tend to break, thus resulting

in the partial unfolding of the protein.
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Fig. 3.11. Stack plots of 505 cm™ Raman peak in a) pH 7.0 and b) pH12.2 buffers at various
time points of incubation; ¢) intensity vs time plot for 505 cm™ Raman peak.

As the correlation of real-time in MD simulations is quite challenging, studies
have shown that higher environment temperatures hasten the unfolding process
without affecting the unfolding pathway. The molecular dynamic simulations were
conducted on the protein's IHEW (PDB ID) crystal structure. For simulating the
effect of pH, two systems were created, a) the protein monomer at neutral pH (pH 7.0)
with all its disulphide bonds intact is the control system and is referred to as N, and
b) the protein monomer at high pH (pH 12.2) with its intra-disulphide bonds broken

is referred to as HBB. This was done to create an environment where the protein is
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exposed to alkaline pH. When placed in pH 12.2, a protein undergoes an alkaline
electrolytic shock, breaking many hydrogen bonds, salt bridges, and disulphide bonds,*!

resulting in a secondary and tertiary structure loss.

a)

=5
~—~

RMSD (in &)

Secondary Structure Content (%)
8
L

Total alpha-helix Beta-sheet Total alpha-helix Beta-sheet

Simulation Time (ns) Neutral pH High pH
Fig. 3.12. a) Various frames of the HEWL monomer at different simulation time points, in N
and HBB conditions; b) RMSD of the HEWL monomer in neutral pH and high pH with
disulphide bonds broken in a 50 ns simulation; c¢) Secondary structure content in N and HBB
after the simulation.

The monomers were subjected to 450 K for 50 ns each. This threshold of 450
K was defined to induce a restricted unfolding just enough to expose the protein surface
for inter-monomeric interactions.*? The MD simulation trajectories comprising 1000
frames for 50 ns of independent simulations of monomers for structural and dynamic
behaviour were examined, revealing further insights into the system. The backbone
atoms computed through the 50 ns indicate that both the monomers retained a stable

conformation until 25 ns. In N, there is a slight deviation in trajectory till 4 A, whereas

1 Simulations performed by Dr. Shijulal’s group from RGCB, Thiruvananthapuram
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in HBB, the deviation in the trajectory reaches up to 16 A, confirming that the system
in alkaline pH becomes unstable when the disulphide bonds get broken (Fig. 3.12b).
As seen in Fig. 3.12a, through the 50 ns of simulation, the secondary structure of N
mostly remains intact, while HBB unfolds quite a bit. Through the simulation, the
protein’s secondary structure showed a decrease in alpha-helical content by about
5.97% and beta-sheet content by 4.4% in the HBB compared to the N is observed (Fig.
3.12¢). Overall, the analysis of the 505 cm! peak in the Raman spectra and the MD
simulations of the monomer in both conditions confirms that the disulphide bond
breakage under alkaline conditions could be one of the major causes for the extensive

unfolding of the protein leading to its higher propensity towards aggregation.

3.3.2. Protein aggregation and interactions

DLS measurements reveal the hydrodynamic radii of the samples, which gives
us a preliminary idea of progress in the aggregation process of the system. On day 10
of the experiments, the hydrodynamic radius of the control in pH 7.0 buffer is around
2 nm (100%). The sample in pH 12.2 is distributed around 10.5 nm (30%) and 30.4
nm (70%) (Fig. 3.13). This increase in the hydrodynamic radius demonstrates that in

alkaline pH, the protein aggregates, resulting in larger particles.
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Fig. 3.13. DLS spectra of the protein samples on day 10 in pH 7.0 and pH 12.2 buffers.
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The TEM images of the HEWL protein give a direct picture of the aggregation
process, as seen in Fig. 3.14. It can be seen in the left image that the HEWL protein
remained as scattered small particles when incubated in pH 7.0 for 10 days. As seen in
the right image, longer polymeric chains of the protein have formed when incubated in

the pH 12.2 buffer for 10 days, confirming aggregation.

L 200nm
- o

Fig. 3.14. TEM images of HEWL in pH 7.0 (left) and pH 12.2 (right) buffers on day 10.

3.3.2.1. Amide band analysis

The amide I band of HEWL in pH 12.2 showed a peak position shift over the
incubation period (Fig. 3.15). The amide I band of the Raman spectrum of a protein
provides information about the secondary structure of the protein.? 9 14 40 The
deconvolution of the amide I band (Fig. 3.16a) reveals its various constituents that
include alpha helix (around 1657 cm™), beta-sheet (around 1671 cm!), beta turns

(around 1688 cm!) and random coils/unordered protein (around 1647 cm™!).

1670

]
& 1660 - @ Amide I band of HEWL in pH 12.2

— T
24 48 72 96 120 144 168 192 216 240
Incubation time (hr)

Fig. 3.15. Time evolution of the amide I band for HEWL incubated in pH 12.2 buffer.
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Fig. 3.16. a) Deconvolution of the amide I band into various secondary structure components,
b) Deconvolution of the amide I band at various time points for the protein in pH 12.2. A
gradual decrease in alpha-helical content and an increase in beta-sheet content after 12 hr of
incubation of the protein in pH 12.2 is observed.
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As shown in Fig. 3.17a, the position of the Amide I band of the protein in
neutral pH remains constant. At the same time, a shift from an alpha-helix dominated
system (peak around 1660 cm') to a beta-sheet dominated system (peak around 1672

cm!) is observed in the alkaline pH buffer over time (Fig. 3.17b). Changes begin to
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appear after a period of 24 hr. The amide I band was deconvoluted at every time point
(Fig. 3.16b), and the percentage secondary structure of alpha-helix and beta-sheet was
plotted as a function of time. It was observed that the alpha-helical and beta-sheet
content remain almost similar, averaging around 50% and 23%, respectively, in the
control system at pH 7.0 (Fig. 3.17c). But, in the system at pH 12.2 (Fig. 3.17d), the
alpha-helical content decreased from about 50% to 20% over ten days. In comparison,
the beta-sheet content increased from about 23% to about 45%, indicating the uncoiling

of alpha helices and the formation of new beta-sheets structures.
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Fig. 3.17. Stack plot of the Amide I Raman band of HEWL in a) pH 7.0 and b) pH 12.2 buffers
at various time points of incubation; Time evolution of the % alpha-helical and beta-sheet
content of HEWL protein incubated in ¢) pH 7.0 and d) pH 12.2 buffers.
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Isodesmic nature of the HEWL aggregation

Isodesmic polymerization’s mechanism is independent of the initial
concentration of the monomer. Unlike nuclear-elongation polymerization, it doesn’t
require a critical initial concentration for the process to begin. Depending on the initial
concentration, here, different sizes of polymers are formed. The higher the
concentration, the larger the size of the aggregate. To study the same, we used two
initial concentrations of the HEWL protein, 30 uM and 120 uM.
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Fig. 3.18. Secondary structure analysis from amide I band for a) 30 uM and b) 120 uM HEWL.

Over the ten days of incubation in an alkaline pH 12.2 buffer, both the
concentrations showed a shift in the amide I band. The amide I band was deconvoluted,
and the total alpha-helical and beta-sheet content was extracted for the two
concentrations of the HEWL protein. As seen in Fig. 3.18a and Fig. 3.18b, it is evident
that in the lower 30 uM concentration, there is a lower percentage of beta-sheet content
indicating smaller aggregates, while the higher percentage in the 120 pM HEWL
protein indicates larger aggregates. The Raman studies performed on 3 pM of the
HEWL protein was unsuccessful due to the poor Raman signal obtained at such low
concentrations. As the amide band is one of the most intense bands, it was easy to
obtain secondary structure analysis for both 30 and 120 uM of the HEWL protein. But
most other bands for 30 puM were not so intense and hence challenging to analyse as a
function of time. Therefore, the spectral analysis for the remaining peaks is

demonstrated for the 120 pM HEWL protein.
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The Amide III band around 1200-1300 cm™ also gives insight into the secondary
structure of the protein. The decrease in peak intensity around 1280 cm! and an
increase in the peak around 1235 cm! also confirm the fact obtained from the amide I
band analysis (Fig. 3.19) by indicating a decreased alpha-helical content and increased

beta-sheet content, respectively.
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Fig. 3.19. Stack plot with Lorentzian fitting of the Amide III Raman band at selected time
points of 0 hr, 12 hr, 72 hr and 240 hr for HEWL incubated in pH 12.2 buffer.

3.3.2.2. Effect of iodoacetamide on the aggregation

Many small molecules like ligands can selectively bind to the native protein,
thus preventing significant changes to its original structure when physiochemical
changes occur in their environment. In the past, molecules like DTT,*? tri-N-
acetylchitotriose,** and iodoacetamide*® have demonstrated that HEWL doesn’t

aggregate in alkaline pH in their presence. We studied the behaviour of 120 uM HEWL
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in pH 12.2 in the presence of the small molecule iodoacetamide. As seen in Fig. 3.20a,
there is no shift in the amide I band of the protein even on day 10. This confirms that
the iodoacetamide molecule is indeed inhibiting protein aggregation. Iodoacetamide is
known to attach itself to the dangling —-S—H bond.*6 From this, we learn that the free
dangling —S-H bonds of two different monomers were essential for forming new

disulphide bonds that led to the polymerisation of the protein.
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Fig. 3.20. Raman studies of HEWL in pH 12.2 in the presence of iodoacetamide. a) Stack plot
of the amide I band, and b) stack plot of the 1341 and 1363 cm™ fermi doublet of the
Tryptophan, at various time points of incubation.

3.3.2.3. Other Raman modes analysis

When the 120 yM HEWL protein was incubated in the pH 12.2 buffer, the
intensities, shifts in peak positions and the changes in the FWHM of various Raman
peaks as a function of time were monitored to reveal more information on the behaviour

and environmental effects on their corresponding vibrational modes.
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The intensity ratio of the peaks at 1341 cm! and 1363 cm™ serves as a
hydrophobicity marker.> 14 40 As seen in Fig. 3.21a, for HEWL in pH 7.0, the ratio
remained constant and low, confirming that the protein has retained its structure and
remains folded. While in Fig. 3.21b, it can be observed that the intensity ratio right
from the beginning was high, indicating that the protein had started to unfold, thus
exposing the Tryptophans and making them hydrophilic. After 24 hours, the ratio
decreases (Fig. 3.21c), indicating that the initially solvent-exposed tryptophans get
more buried inside the aggregating protein. In the presence of iodoacetamide, the
Tryptophans get buried much quicker (Fig. 3.20b). At time 0 hr, the protein undergoes
an alkaline shock causing the disulphide bonds to break, thus exposing the tryptophans
to the solvent. When iodoacetamide is first added at 2 hr, the small molecule binds
itself to the dangling —-S—H bond, preventing any further opening of the protein, thus
preserving the conformation of the monomer. The tryptophans get completely buried
inside the monomer quickly over the subsequent additions of the iodoacetamide. This
result, along with an absence of a shift in the amide I band over 240 hr, indicates that
in the presence of iodoacetamide, the HEWL protein prefers to remain monomeric,

even in an alkaline pH 12.2 buffer.
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Fig. 3.21. Stack plot of the Raman spectra in the region around 1200 — 1400 cm!, for HEWL
in a) pH 7.0 buffer and b) pH 12.2 buffer; ¢) Time evolution of the intensities of the 1341 and
1363 cm™ Raman peaks corresponding to the Tryptophan residues for the protein in pH 12.2.
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As shown in Fig. 3.22a, the FWHM of the 759 cm! peak originates from the
coupled vibrations of in-phase breathing of benzene and pyrrole in the indole ring,
increasing from about 9 cm! to 12 cm™! over as a function of time of aggregation. This
indicates a weakening in the coupling due to the distortion of the indole ring.%? Hence,
Trp conforms in different orientations w.r.t the initial conformations. This is supported

by a slight increase in the peak position of the Tryptophan-indole ring’s nitrogen

around 876 cm™! (Fig. 3.22b).

o
~
=3

~

124 ° FWHM of 759 em™ peak ~ 1
—~ £ 877.6
"‘E < ]
Ly £ 877.24
= =
i
T 10+ £ 876.84
Z )
= =
9 & 876.44 ! @ Position of peak around 876 cm™
T ——T—TT T T
0 24 48 72 96 120 144 168 192 216 240 0 24 48 72 96 120 144 168 192 216 240
Incubation Time (hr) Incubation Time (hr)

Fig. 3.22. Time evolution of the a) FWHM of the 759 ¢cm™ peak and b) Position of the peak
around 876 cm™.

The 1446 cm! peak corresponds to the CH, CHs, and CHj3 deformation and
scissoring mode, and as seen in Fig. 3.23, the FWHM of this peak increases after the

initial alkaline shock indicating an opening up of the protein due to increasing

deformations.
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Fig. 3.23. Time evolution of the FWHM of the 1446 cm™! peak.

As seen in Fig. 3.24, the peak around 830 cm!' corresponding to the Fermi
doublet associated with the hydroxyl (OH) of tyrosine residues shifts from 834.5 cm!

to 829.7 cm!, indicating an increased hydrogen bonding around that tyrosine.
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Fig. 3.24. Time evolution of the Raman shift of the peak around 830 cm.

The 900 cm! is a small peak corresponding to the N-C,~C stretching vibration
in the skeleton of the alpha-helical part of the secondary structure. As seen in Fig.
3.2ba and Fig. 3.25b, an increase in the peak position and its FWHM implies a

conformational transformation of the N-C,—C skeleton.
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Fig. 3.25. Time evolution of the a) peak position and b) FWHM of the peak around the 900
cm™! Raman peak.

The 932 cm™ peak also corresponds to a similar vibrational mode seen in the
skeleton, whose intensity is proportional to the population of the alpha-helical
structures.> As seen in Fig. 3.26, the intensity of this peak decreases over time,

indicating an overall loss in the alpha-helical content of the protein.40
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Fig. 3.26. Time evolution of the peak intensity of the 932 cm™! peak.

So far, from the analysis of various Raman modes, we have obtained information
on different aspects of the protein in an alkaline environment as a function of time. To
better understand the various protein-protein interactions that lead to aggregation and
visualising the formed aggregates, we performed MD simulations.
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3.3.3. Protein aggregation and interactions — MD simulations?

The protein unfolding is followed by the first aggregation step, i.e. dimerization.
The protein evolved from the protein unfolding was docked. A dimer with the largest
cluster size was selected, and an MD simulation for 200 ns was conducted. The MD
simulation trajectory analysis showed that N had a more stable trajectory than HBB
from the root mean square deviation graph, as seen in Fig. 3.27c. The aim of increasing
the temperature of the simulation was to hasten the unfolding process, as it would be
impractical to conduct simulation at room temperature for time scales of a few hours.
From these plots in Fig. 3.27, we see that the temperatures 300 K and 380 K are
insufficient to unfold the protein, while at 450 K, the protein begins to unfold well
within 50 ns. Though N also has a high value of RMSD through the simulation, it is

experimentally not feasible hence is ruled out.
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Fig. 3.27. Deviations in the simulation trajectory for the protein in all variations of N, NBB,
H and HBB were conducted at a) 300 K, b) 380 K, and c) 450 K.3

The last 25 ns of the simulation was very stable in both N and HBB; hence
their corresponding frames were considered for interchain interaction analyses and
binding free energy calculation for the protein aggregate. The first step to
understanding the aggregation starts by analysing the monomer interactions. Non-
covalent interactions (hydrogen bond, salt-bridge, pi-cation, pi-pi) plays an essential
role in stabilizing the docked structure.*™* HBB has almost double the interactions as

N, proving a favourable association of the monomers in its case (Fig. 3.28a).

§ Simulations performed by Dr. Shijulal’s group from RGCB, Thiruvananthapuram
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Fig. 3.28. a) The total number of interactions in the dimers, and b) COM as a function of
time, in the N and HBB systems.$

Analysing the centre of mass (COM) distance w.r.t the simulation time provides
insight into the stability of the protein in the dimeric state. From Fig. 3.28b, it is seen
that the COM between the monomers of HBB reduced from 27.19 A to around 23 A
over the simulation duration and stabilized there. A sudden drop from 33.78 A in the
COM distance around 30 ns was observed in the N system but later remained stable
around 30 A. The COM distance does provide an idea of inter-monomeric adjustments
to attain stable configuration and supports the fact that an alkaline pH promotes
protein aggregation. Binding free energy calculation using the MM-GBSA shows higher
affinity among the chains of HBB with the mean binding free energy of — 77.53
kCal/mol, whereas the mean binding free energy of N is — 62.93 kCal/mol (Fig. 3.29).
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Fig. 3.29. Binding free energy of the docked proteins with the monomers N and HBB.$
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Fig. 3.30. a) Heat map representing all the various cysteine -cysteine distance residues. The
distance map from 6 A (green) representing the closeness of the cysteines from 2 different
monomers to 51 A (red), representing the farther away cysteines, can be used to identify the
Cysteine residues that come close. b) The line plots corresponding to the closest occurring
cysteine residues in the course of the 200ns of the simulation, ¢) The line plots corresponding
to every other cysteine residue interaction during the simulation.$

We mapped the Cys—Cys distances for all the possible 64 combinations over the
200 ns of the simulation (Fig. 3.30a). It was interesting to note that the terminal Cys
residues came significantly close (Fig. 3.30b), while the remaining represented in Fig.
3.30c always were at least 10 A apart. Though they did not come close enough to

establish a covalent bond between them, the closeness they developed allowed us to
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predict the possibility of their involvement in the disulphide bond formation and hence

aggregation.

Fig. 3.31. A visual representation of the docked protein dimers in N and HBB indicates a more
significant number of interactions in HBB as compared to N.§

In Fig. 3.31, we can see a visual of the docked structure after 200 ns of the
simulation. Here it is visible that there are many inter-monomeric interactions amongst
the monomers in HBB compared to the very few in N. Hence, be assured that the HBB

prefers to dimerize in an alkaline environment, while N likes to remain monomeric.

3.4. Aggregation of Human Lysozyme in alkaline pH

Mutations in human lysozyme are associated with systemic non-neuropathic
amyloidosis deposits in the kidney, liver, and gastrointestinal tract as amyloid fibrils.
Diseases like Alzheimer’s, Parkinson’s, Huntington’s occur due to abnormal protein
aggregates in the neural tissues. Since most neurodegenerative diseases occur by
amyloid aggregate formation, their diagnosis and treatment depend on the molecular

level understanding of the aggregation mechanism.

So far, we have established that Raman spectroscopy can be used to look at
some of the molecular level changes occurring in HEWL present in an alkaline pH
buffer. Before we study the aggregation behaviour of the HL, we compared the Raman
spectra of HEWL and HL to assess their similarities and differences. The experiments
were conducted exactly like the HEWL protein, with the incubation in pH 12.2 buffer

as the experimental and pH 7.0 as a control system.
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3.4.1. Comparing the Raman spectra of HEWL and HL
HEWL and HL are proteins with 129 and 130 amino acids, respectively, as
represented in Fig. 3.32. Though they have a 40 % difference in their amino acid

composition, they have similar secondary structures, as seen by XRD and NMR.
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Fig. 3.32. Comparison of PDB structures of HEWL (1IHEW) and HL (1LHK).

The Raman spectra of the HEWL vs HL were compared to understand the
differences in their native structure that would occur due to their compositional

differences, as seen in Fig. 3.33.
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Fig. 3.33. Raman spectra of the HEWL vs. HL at 0 hr incubated in pH 12.2 buffer.
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The spectra look very similar but have a few subtle differences on comparing.

These differences can be mapped directly to their molecular compositional variations.
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Fig. 3.34. Comparison of the Raman modes corresponding to amino acid side chains and the
secondary structure of HEWL and HL proteins, a) Tryptophan indole ring vibrations, b)
Tryptophan C=C stretching and the amide I band, and c¢) Fermi resonance ring breathing
modes of Tyrosine.

As seen in Fig. 3.34a and Fig. 3.34b, the intensity of the peak corresponding to
tryptophan is higher in HEWL than HL, correctly correlating to 6 tryptophans in
HEWL compared to 4 in HL.%0 The intensity ratio Isss/Isse is sensitive to the hydrogen
bonding and the ionisation state of tyrosine (Fig. 3.34c). This ratio is 1.5 in HL
compared to 1.0 in HEWL, indicating that all the 6 tyrosines are exposed to solvent

in HL. compared to only two out of three in HEWL.0

The peaks of the protein's backbone were compared for both HEWL and HL.
As seen in Fig. 3.35a, the peak at 900 cm! corresponds to the N-Ca-C stretch in the
protein's backbone. The intensity of this peak is a direct measure of the alpha-helical
content in the protein. As seen in Fig. 3.35a, the peak intensity is the same for both
HEWL and HL, confirming the prediction from XRD and NMR that their secondary
structures are similar. A large difference in the intensity of the peak around 1100 c¢m-
I indicates drastic changes in the peptide backbone vibration.?® Also, as seen in Fig.
3.35b, the difference in the intensities and shapes of the 1300 cm! (CH vibration) and

1450 cm! (CHy, CH3 vibration) indicates two different side-chain organisations.?
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Fig. 3.35. Comparison of the Raman modes corresponding to the backbones of the HEWL and
HL proteins, a) N-Co—C stretch and the CH2 symmetric rock & Cy—C stretching, b) CH, CH»
and CHj3 deformation and scissoring modes.

3.4.2. Amide I band analysis of HL aggregation

As discussed earlier, the amide I band of a protein is used to monitor the
secondary structure content using Raman spectroscopy. Like the previous HEWL
aggregation studies, 120 uM HL in pH 12.2 buffer was incubated for 240 hr. The amide
I band was monitored at different time intervals. In HEWL, a clear peak shift was
observed over time, while in HL, that was not the case. As shown in Fig. 3.36a, there
is no shift in the position of the overall amide I band; rather, there is an increasing
shoulder around the 1670-1685 cm™! region. The peak for organised beta-sheets appears
in this region. So from the deconvolution of the amide I band into multiple peaks, from
about 24 hr, we can see an increase in the beta-sheet content, while there is an overall
fall in the alpha-helix and unordered coil content (Fig. 3.36b). Thus from the amide I
band analysis, it is evident that the aggregation of the HL occurs similarly to the

HEWL by the formation of beta-sheets in the polymers.
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Fig. 3.36. a) Stack plot of the amide I band of HL incubated in an alkaline buffer at pH 12.2,
b) deconvolution of the amide I band into various components at different time points, red —
alpha-helix and unordered structure, blue — beta-sheet content, green — beta turns.

3.5. Conclusion

In our present study, through Raman spectroscopic investigations and
Molecular Dynamic simulations, we were able to gain insight into the various
behavioural changes of the protein’s backbone, the amino acids, and the other inter-
/intra- molecular bonds. In brief, the environment of the Tryptophan residues analysed
from the I341/T1363 gives us insight into the conformation of the protein, i.e. whether
it is unfolded or folded. Analysing various backbone peaks like the 900 cm, 932 cm!,
1446 cm™ show us that the system is going into multiple conformations and has a

decreasing alpha-helical content. The peaks of the amino acid residues like 759 cm,
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876 cm! and 832 cm! demonstrate the environmental changes of these residues, thus
pointing to their positions during and after aggregation. Overall, by observing the
changes in various Raman modes, we can understand the behaviour of different
components, including the backbone, the side chains and different intra-/inter-
molecular bonds. Thus, giving us an insight into the various behaviours during the
aggregation mechanism and after it. These multiple views prove how versatile a single
tool like Raman spectroscopy can be in understanding protein aggregation, compared
to the many other tools that provide few insights. MD simulations give us insight into
the molecular details of the model system subjected to a series of changes. Hence, act
as a reliable tool to predict molecular activities responsible for protein aggregation. We
used various modes of analysis to predict changes in the HEWL system that promote
aggregation. The secondary structure analysis of the protein monomer at 450K helps
establish that the protein in pH 12.2 unfolds the most due to the de-stability of
intramolecular bonds. The partially unfolded structures have exposed amino acids that
allow for inter-monomeric interactions. This is reflected in the non-bonded interactions
map, which shows almost double the number of interactions in HBB than in N. The
inter-monomeric centre of mass distance plot shows that the HBB monomers come
closer over the simulation time, indicating a favourable dimer formation. The choice
of broken disulphide bonds in a pH 12.2 environment supports the aggregation
mechanism, proven in the high dimer affinity in the docked protein structures. Overall,
we observed that the protein tends to aggregate in an alkaline pH environment at room
temperature, from the subtle and distinctive changes in the Raman spectra over the
ten days of the experiment and the protein docking studies. After establishing this, we
used Raman spectra to understand molecular-level differences between the human
lysozyme and the HEWL. The time-dependent studies of HL in pH 12.2 revealed that

it also aggregates by forming beta-sheets.
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Chapter 4. Using Surface-Enhanced Raman
Spectroscopy to Distinguish Extracellular
Vesicles under Autophagic Conditions™it

Extracellular vesicles (EVs) laden with lipid, protein, DNA, micro-RNAs, play
important biological functions in intercellular communication and have pivotal roles in
pathophysiological conditions. Characterisation of the EVs has always been a multi-
step process involving large volumes as they are heterogeneous in size and properties.
Here, simple citrate-reduced silver nanoparticle-assisted SERS distinguishes EVs
extracted from several cell lines isolated under autophagic conditions (nitrogen
starvation). We used two cancerous cell lines, HeLa, its corresponding autophagy-
deficient cell line (Atg5/-), and a non-cancerous cell line, HEK293, to isolate EVs. Our
study helps the facile detection and differentiation of EVs isolated between two closely
related human cell lines that differ by their autophagic ability. The Principal
Component Analysis (PCA) of the SERS spectra of these EVs consistently showed the
presence of distinct chemical compositions of the EVs. SERS of EVs can help probe
more into the molecular level information from EVs and could become a powerful tool

once coupled with improved microscopy techniques for diagnosis and therapy.

0.16

“ This work was carried out in collaboration with Dr. Sreedevi, and Prof. Rai Manjithaya,
MBGU, JNCASR

tt This work has been published as “Surface-Enhanced Raman Spectroscopy as a Tool for
Distinguishing Extracellular Vesicles under Autophagic Conditions: A Marker for Disease Diagnostics”,
Divya Chalapathi et al, J. Phys. Chem. B, 2020, 124 (48), 10952-10960. Copyright (©) American

Chemical Society.
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4.1. Introduction

Intercellular communication between cells is essential in many physiological
roles, from lower prokaryotic organisms such as bacteria to higher eukaryotes. This is
brought about by signalling molecules, proteins, and sometimes by EVs too. These
EVs are made up of lipids, proteins, DNA, RNA, microRNA, and non-coding RNA.
They differ in various aspects and are classified based on their protein markers, shape,
size, and origin/biogenesis, including exosomes, micro-vesicles, apoptotic EVs,
autophagic EVs (Fig. 4.1).1"4 The heterogeneity of these vesicles is due to their subtle
differences in their composition. Exosomes are vesicles ranging between 20 and 150 nm
secreted from cells and are involved in intercellular communication.? ¢ Exosomes retain
constituents of a donor cell, including proteins, DNA, miRNA and others, thus
preserving the genetic information. Hence they are potential biomarkers in many

pathophysiological conditions like cancer and neurodegenerative diseases.” 8

Apoptotic bodies
Waste disposal &
transfer of useful materials to

healthy cells Microvesicles
(0.5—5 um) Cell-cell communication
(0.1 =1 um)
Oncosomes
Metastatis & Donor Cell
Cell-cell communication

(1—10 pm)

) ( MvB

Large Exosomes
Cell-cell communication &
Cargo distinct to cell of origin

(90 - 150 nm)

Exomeres
Carry protein important to regulate
metabolic pathways

(<50 nm) Small Exosomes

Cell-cell communication &
Cargo distinct to cell of origin

(20 —-80 nm)

Fig. 4.1. Schematic representation of different EV subpopulations. (Inspired from Zhang, Y.
et al ?)
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Inside a donor cell, the formed vesicles are compartmentalized into the
multivesicular bodies, which fuse with the cell membrane and get released into the
extracellular space (Fig. 4.2).10 Recently, it has been suggested that the vesicles
carrying all the tetraspanin markers (CD63, CD9, and CD81) shall be termed exosomes

and others as just extracellular vesicles (EVs).!

o

9 .
e Tetraspanin :
MLlpld Bilayer UUHU PEHREE 4@ Protein  vWww uRNA wDNA www RNA

Fig. 4.2. Schematic representation of the release of EVs from the donor cell. The various
constituents of the EV are indicated in the image.

Various stress stimuli, like metabolic stress, can activate cellular mechanisms
for the cells to either tolerate these adverse conditions or trigger cell suicide
mechanisms to eliminate damaged and potentially dangerous cells. These stress stimuli
can include nutrition deficiency in starvation conditions, cell death, hyperthermia, and
hypoxia. These stresses stimulate a conserved pathway called autophagy, as seen in
Fig. 4.3. The formed double-membrane vesicles called autophagosomes engulf proteins,
cytoplasm, protein aggregates, and organelles. They are then transported to lysosomes,
where they fuse to result in an autolysosome. Here their contents are degraded and
recycled, thus providing energy. It plays an essential role in fighting many diseases,
including viral and bacterial infections, neurodegenerative disorders, cancer, and

cardiovascular diseases.!!
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Fig. 4.3. Schematic representation of the selective autophagy mechanism. (©) 2016, Gabriele
Zaffagnini,Sascha Martens. Published by Elsevier Ltd.

Cancer cells are known to be aggressive and survive by resisting apoptotic cell
death.!?2 Studies have shown that autophagy can be either tumour-suppressing or
tumour-promoting.!*> When recycling pathways are compromised, exosome secretion is
an alternative way to alleviate stress, thus inducing autophagy. Reports show that
glucose starvation enhances exosome secretion in cardiomyocytes and promotes
angiogenesis in endothelial cells.”* With this background, we wanted to characterise
EVs isolated from cancerous cell types grown under autophagic(starvation) conditions
that have not been studied so far. Hence, we chose a cancerous cell line HeLa and its
corresponding autophagy knockout (Atg5/-). We chose a mnon-cancerous human

embryonic kidney cell line HEK293 as a control system.

The genes containing the autophagy machinery are called ATG (AuTophaGy
related gene). Various proteins generated by these genes play significant roles in the
different steps of the autophagy process. The Atg) is one of the pivotal proteins in the
orchestrated cascade of the autophagy process. Though the process of canonical
autophagy is primarily degradative, in contrast, secretory autophagy is another
manifestation of this process that facilitates the secretion of cytosolic constituents,
including proteins, lipids, and nucleic acids. It is reported that the autophagy-related
proteins such as Atgh directly regulate the fate of MVBs (Multi Vesicular Bodies) and
subsequent exosome biogenesis.!> Specifically, the knockout of ATG5/ATG16L1 but

not ATG7 has been found significantly to reduce exosome release.6
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Exosomes can be used for personal diagnosis and therapy, and of late, many
different techniques have been employed for their detection. These include electron
microscopy (TEM and SEM),!7: 18 Surface Enhanced Raman Microscopy,'?-2! Surface
Plasmon Resonance,??  Fluorescence Live-cell ~Microscopy, Enzyme-Linked
Immunosorbent Assay,?? Western Blot,?? Bioanalyzer, Atomic Force Microscope,2*
Peak Force Microscopy, Dynamic Light Scattering,?> Nanoparticle Tracking Analysis
(NTA),* Flow Cytometry.2” The high-end techniques like NTA, TRPS (Tunable
Resistive Pulse Sensing),?® TIRFM (Total Internal Reflection Fluorescence
Microscopy),? and TEM/SEM help track, visualize, and characterise the physical
properties of the extracellular vesicles that get secreted out. Hence, vibrational
spectroscopy becomes one of the powerful tools that can be used to characterise EVs

at the molecular level.

SERS technique has been successfully employed earlier in detecting various
exosomes, the majority of them being extracted from multiple kinds of cancer cells.3?
Some studies involve extensive preparation of plasmonic nanostructures for improved
SERS enhancement, while others include a capture-detector probe assay for selective
SERS studies. Most of these techniques used in earlier studies either require an
elaborate assay to prepare the SERS substrate or a capture-detection strategy or
extensive labelling to detect the exosomes with specific markers. As the molecular
composition of the EVs cannot be distinguished vividly, analysing very closely related
Raman spectra provide several challenges for making meaningful interpretations.
Principal Component Analysis (PCA) is a technique used to sort such Raman data to
obtain differences and hence, get meaningful patterns amongst vast quantities of
data.19:31 This chapter reports a facile detection and differentiation of EVs, using SERS
spectra obtained by citrate reduced silver nanoparticles that were further analysed by
PCA. The data analysis allowed us to get an insight into the chemical compositional
variation of the EVs. This kind of resolution obtained can also reveal the molecular
details of the EVs, making it a potent tool when combined with an improved

microscopic tool for diagnostic and therapeutic applications.
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4.2. Materials and Methods

a) Isolation of EVs from the cell culture media:

The 6-well plates containing confluent cells (HeLa, Atgh/-, HEK293) were
subjected to starvation in EBSS (Earle’s Balanced Salt Solution) (1 mL) for 2 hours.
Atg5/-HeLa cells were a kind gift from Prof. Richard Youle, NIH. The EVs were
isolated from the culture supernatant using TEIR (Total Exosome Isolation Reagent)
in the total exosome isolation kit as per the manufacturer’s protocol (Invitrogen,
Catalog #4478359). The pellets were resuspended in 50 pl sterile PBS. The cell lysates
and EVs isolated from HeLa, Atg5~/-, and HEK293 cells were probed with anti-rabbit
ATGS5, anti-rabbit GM130 (both Cell Signalling Technology), and anti-mouse CD63
(DSHB). All the primary antibodies were used in 1:1000 dilution, and the secondary
antibodies were used in 1:10000 dilution. GM130 was used as a control for the isolation

procedure in the western blot.H

b) SERS — Sample preparation and spectroscopy parameters:

The AgNPs were centrifuged at 7200 rpm for 10 min to concentrate 10X. A 10
ul mixture of one part of EVs with nine parts of concentrated AgNPs was incubated
on ice for 810 minutes. The incubated mixture was dropped onto a siliconized glass
substrate and placed on the sample stage. The drop was randomly scanned using a
20X long working distance objective to focus the laser beam to an approximate
diameter of 1 ym. Raman scattering, generated with a 9 mW of 633 nm radiation, was
collected for 60 s per window of spectrum using an 1800 grooves/mm diffraction
grating. The LabSpec6 software recorded the Raman spectrum for each sample in the
spectral range 400 cm™ to 1800 cm™. The protocol for the extraction of the EVs from
the cell culture supernatant using the TEIR reagent and conducting the SERS on the

resuspended EVs in PBS is shown in Fig. 4.4.

1 EVs exxtracted by Dr. Sreedevi P, Autophagy lab, JNCASR
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Fig. 4.4. Schematic representation of the experimental protocol.

c) Raman spectral analysis:

On the LabSpec6 software, the cosmic radiation spikes were removed. A user-
defined baseline was used to correct the spectra on the MATLAB software (Fig. 4.5).
After baseline subtraction, the spectra were normalized by setting the total area under
the curve to one. The Raman spectral peaks were fit with a Lorentz curve, and the
parameters thus obtained were used to perform the necessary calculations. PCA of the
spectra was performed using a built-in MATLAB function, and then the first and

second principal components were used for comparison.
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Fig. 4.5. User-defined baseline on MATLAB to correct all the spectra before they are area-
normalized to equal a total area under the curve to one.

4.3. Results and Discussion

4.3.1. Western Blot and TEM characterisation

EVs are generally isolated from a serum-free medium.3? However, it is observed
that cellular starvation, to various degrees, induces autophagy, which would result in
a more vesicular release from the cells through endosomal autophagy and secretory
autophagy.33 34 The cells of HeLa, Atgh/- and HEK293 cell lines were subjected to
autophagy induction by nitrogen starvation (EBSS) treatment. The EVs extracted
from these cells under these starvation conditions using TEIR were analysed using
western blot to detect the presence/absence of ATG5, CD63, and GM130 (Fig. 4.6).
The western blot images clearly show that the Atgh protein is not expressed in the
Atg5 /- cell line and the EVs (as they needn’t carry it). The anti-rabbit GM130 marker
acts as a cytosolic (an intracellular marker) and is supposed to be only expressed in
cells and absent in EVs; it is replicated accurately in the western blot. The CD63
protein is expressed in the cell line as a thick dark band and appears in the EVs on
long/ over-exposure, which is also accurate as the cells contain large quantities of this

protein compared to EVs.
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Fig. 4.6.Western blot analysis of the EVs isolated from HeLa, Atgh/- and HEK293 cell lines.

TEM images of the EVs from HeLa and Atgh”/- cells and HeLa EV with AgNPs

were collected using the JEOL 200 keV system in normal and cryo modes (Fig. 4.7).

e

Fig. 4.7. a) Cryo-TEM image of the EV from the HeLa, b) Normal TEM image at 200 keV of
the EV from the Atg5/- cell line, ¢) Normal TEM image of a HeLa EV surrounded by AgNPs.

4.3.2. Surface-Enhanced Raman Spectroscopy

To collect the SERS spectra of the EVs, nine parts of concentrated AgNPs, and
one part of EVs resuspended in PBS were mixed and incubated on ice. From the TEM
images (Fig. 4.7c), we can get an idea that a few nanoparticles in the order of 2-5 can
surround one EV. The ratio selection was made empirically, where we provide
maximum opportunity for the EVs to be surrounded by the AgNPs, thus creating
larger hotspot possibilities and improving the SERS enhancement. In general, it is
known that the citrate capped AgNPs are electrochemically stabilized, and an increase

in the concentration of a positive ion (Na' in the case of PBS) results in a screening
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of surface charge, thus causing the AgNPs to stick and form agglomerates. From the
DLS measurements, it can be seen very clearly that the AgNPs, have various size
ranges, with a maximum number of them having a hydrodynamic radius of around 150
nm. In comparison, the AgNPs and PBS mixture incubated on ice for 8min shows a
larger size distribution, with a maximum around 800 nm indicating aggregates of
AgNPs (Fig. 4.8). The aggregation of the AgNPs as the buffer concentration increases
in the nanoparticle EVs mixture is primarily due to the sorption of phosphate ions
onto the surface of the nanoparticles.?> 36 It is plausible that there could be a regulated

interaction of EVs with the SERS hotspots by incubating the mixture on ice (Fig. 4.9).

16 - —&— As-synthesised AgNPs
—®— AgNPs in PBS on ice for 8min

Intensity (%)

L) M L) v L) v L) v 1
400 800 1200 1600 2000
Hydrodynamic Size (d.nm)

Fig. 4.8. DLS measurements of the AgNPs and a mixture of AgNPs in PBS on ice for 8min.

Fig. 4.9. Schematic representation of the EV surrounded by AgNPs during SERS.
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Laser tweezers Raman spectroscopy (LTRS) studies in individual exosomes from
eight-cell lines revealed that the chemical composition of the exosomes could be
studied, but the cell line averaged spectra would vary considerably.?” EVs were
extracted from three different sets of culture supernatants for each cell line in these
experiments. In the sample under the micron laser spot size, there would be thousands
of EVs excited by the incident laser light, and hence every obtained Raman spectra is
an average spectrum obtained as a result of a large number of EVs. The SERS spectra
were obtained for TEIR as control, HeLa EVs, HEK293 EVs, and Atgh~/- EVs in the
wavenumber range of 400 to 1800 cm!. After subtracting the background using a user-
defined baseline, the spectra were area-normalized to one. The reproducibility of these
SERS spectra for the EVs provided consistent results (Fig. 4.10). The consistent results
obtained for about 15 SERS spectra over 3 experiments were collected from EVs of
different cell lines, and their averages were obtained. The characteristic peaks of the

SERS spectra that help distinguish EVs from the different cell lines are represented in

Fig. 4.11.
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Fig. 4.10. Consistent result of the 15 SERS spectra of the EVs from different cell lines. The
contrasting line in the middle of the spectra distribution is the sum average of the 15 spectra.
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Fig. 4.11. Representative SERS spectra of the EVs from the HeLa, HEK293, and Atgb~/- cell
lines and a reference spectrum of the TEIR. The characteristic peaks of the average SERS
spectra collected for about 15 samples show differences amongst EVs extracted from different
cell lines (Cyan — TEIR, Red — HeLa, Blue — HEK293, Green — Atgh”/).

In general, SERS produces a stronger enhancement of Raman signals from the
parts of the EV closer to the nanoparticles’ surface than its components, which are
farther away from them. Also, at any instance of collecting the SERS, the resulting
spectrum was an average from all the EVs illuminated in the laser volume. Since major
peaks in the SERS spectra arose from the TEIR itself, difference spectra of EVs from
HeLa, HEK293, and Atgh/- cell lines to TEIR were plotted (Fig. 4.12a-c). The
difference plots between SERS of EVs from HeLa—HEK?293, HeLa—Atgh~/- and Atgh
/~—HEK293 were plotted (Fig. 4.12d-f). The difference plots, as observed in Fig. 4.12
d-f give us an idea of the changes in the chemical constituents of the cell lines since
the SERS spectra manifest the differences in the vibrational modes of the system due
to the compositional variation of EVs. These changes are due to the differences in

lipids, proteins, nucleic acids on the EVs surfaces.
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Fig. 4.12. A comprehensive profile of difference plots was obtained by subtracting the averaged
SERS spectra. Difference plots were obtained for a) EVs from HeLa and TEIR, b) EVs from
Atgh/- and TEIR, c¢) EVs from HEK293 and TEIR. d) EVs from HeLa and Atgh/- cell lines
e) EVs from Atgh/- and HEK293 cell lines f) EVs from Atg5/ and HEK293 cell lines.

4.3.2.1. Biochemical analysis of the SERS spectra
The 732 cm! Raman peak, corresponding to phosphatidylserine,’® was
prominent in the EVs from HeLa and the Atg5~/- cell lines but not found in HEK293

(Fig. 4.11). It has been often reported that phosphatidylserine is present on the surface
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of EVs for cancerous cells and in the inner leaflets of membrane bilayer in healthy
cells.?? Enterovirus exit cells by exploiting phosphatidylserine positive vesicles
originating from autophagosomes.?): 41 Exposure of phosphatidylserine on the exterior
acts as an apoptotic signal.#2 As the surface phosphatidylserine is responsible for the
internalization of microvesicles derived from hypoxia-induced human bone marrow
mesenchymal stem cells,*? our results of elevated phosphatidylserine levels in the EVs
isolated from the cancer cells of HeLa and its autophagy knockout, but lower in the
HEK293 EVs are comparable. Hence, this peak can act as a SERS marker to

differentiate healthy cells from cancer cells.

A shoulder peak around 528 cm!, corresponding to cholesterol and cholesteryl
esters,3% 4 was found for the EVs from all three cell lines (Fig. 4.11). Many lines of
evidence suggest marked differences in the enrichment of cholesterol, sphingomyelins,
glycosphingolipids, and phosphatidylserine from cells to exosomes.* In wvitro studies
reveal that cholesterol enrichment helps the vascular smooth muscles and monocytes
enhance the release of microvesicles.%6: 47 Raman studies show that exosomes of non-
cancerous cell lines have more cholesterol content when compared to those of cancerous
cell lines.3” Our results demonstrate considerable enrichment of cholesterol/cholesteryl
esters in the Atgs/- EVs, which could plausibly mean that they favour vesicular fusion
with the plasma membrane by controlling the content of specific proteins at sites of
exocytosis by lipid regulation.*® Although the link between cholesterol homeostasis and
EV release is not well understood,*? it has been reported that the cholesteryl esters
(CEs), specifically CE (18:1), can discriminate between prostate cancer, non-tumour,
and benign prostatic hyperplasia.’® 51 The abundance of cholesteryl esters is higher in
metastatic prostate cancer PC-3 EVs than normal RWPE1 EVs and a drop in NB26

EVs. Moreover, cholesterol and cholesteryl esters share many common Raman peaks.52

The 1004 cm! peak corresponds to phenylalanine (Fig. 4.11). It is observed that
phenylalanine, which is the precursor of tyrosine, is enriched in exosome-eluted

fractions.’3 It is reported that tyrosine dependent inactivation of mTORCI1 and
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starvation induces autophagy, which would probably help convert phenylalanine to
tyrosine under autophagic conditions.’® In an autophagy-deficient cell line under
starvation conditions, the flux of conversion of phenylalanine to tyrosine might not be
pronounced. This could be the possible reason why the phenylalanine peak at 1004 cm-

1 appears comparatively higher in the EVs from Atgh/- compared to HeLa cell EVs.

A doublet of peaks exists in the TEIR at 1130 cm! and 1142 cm! (Fig. 4.11).
The 1130 cm! peak also corresponds to fatty acids like tripalmitin, tristearin,
triarachidin, tribehenin.** But the 1142 cm™! peak only originates from TEIR. The
change in the intensity ratio of these two peaks suggests the presence of fatty acids in
EVs. Mounting lines of evidence indicate that fatty acids are abundant in EVs from

non-tumorigenic cells, which is observed and comparable even in our SERS studies.?

As nucleic acids and proteins are well-known components of EVs, our
experiment confirms the same. A small peak at 1340 cm™ corresponding to nucleic
acids is seen in HEK293 and Atgh/- EVs (Fig. 4.11).56 Tt is interesting to note that
the nucleic acid band at 1340 cm! is not present in the EVs of HeLa but visible in the
Atg5/-. It is reported that the removal of damaged self DNA by Dnase2a requires
autophagy-mediated delivery of the DNA to lysosomes.’” In conjunction with a recent
observation that prevention of autophagy-lysosome fusion increases exosome
secretion,”® these notions imply that exosome secretion and autophagy may act in a
complementary manner to remove pro-inflammatory DNA from cells.?” It is probably
because the nucleic acid peak at 1340 cm! is seen in autophagy-deficient EVs compared

to HeLa, where they possibly get degraded within the lysosomes.

A careful analysis of various spectral aspects finds differences amongst the
spectra. Overall, the analysis of these various SERS peaks amongst the EVs extracted
from different cell lines provides us with a picture of the difference in the chemical
composition amongst them. The Raman peaks and their assignments and behaviours

amongst the cell lines are summarized in the following Table. 4.1.
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Table. 4.1. Differences in the SERS spectra as observed amongst the EVs from the various

cell lines and their chemical origins.

TEIR HeLa HEK293 Atgh/- Raman assignment Ref
Ts28/T555 - 2.9 3.1 3.4 528 ¢cm™! corresponds to 38,
cholesterol /s-s disulphide 44
732 v v (small) v phosphatidylserine 38
1004 - 1 1.2 3 phenylalanine 60,
61
Ti130/Th142 1.1 1.1 2.7 2.4 1130 cm™! from 44
tripalmitin/
tristearin/triarachidin/
tribehenin
Ti340 v v Nucleic acid modes content 56
differences

4.3.3. Principal Component Analysis

As we have seen so far, many of the peaks were common with the TEIR reagent;
hence it was not straightforward to mark out the differences amongst the spectra of
the EVs. We had to collect the difference spectra, and plot out the regions that were
not arising from the nanoparticles, and hunt for subtle differences amongst the spectra.
This effort can be practical in understanding the chemical origin differences and
scientifically interpreting the differences between the EVs extracted from different cell
lines. As the task is to differentiate the EVs, a simpler dimensionality reducing tool
like PCA can help put the whole scenario in one picture and easily differentiate them.
As shown in Fig. 4.13, the principal component 1 (PC1) vs. the principal component
2 (PC2) was made among the EVs from different cell lines and TEIR itself. As shown
in Fig. 4.13, the cyan circles correspond to the TEIR, red triangles to HelLa EVs, blue
squares to HEK293 EVs, and the green stars to the Atgh/- HeLa EVs. The clusters of
the various PC components have been represented by ellipses, with the following

corresponding equation,

((x — h) cos 6 + (y — k) sin 9)2 ((x — h)sinf@ + (y — k) cos 9)2
a? * b? =1

(4.1)
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Where 2a represents the length of the major axis and 2b the length of the minor
axis (when a>b); (h,k) represents the centre of the ellipse, and 0 (in rad) is the angle
of the major axis measured counter-clockwise from the x-axis. The ellipses
corresponding to the various clusters can be represented by this equation with the set
of parameters (a,b,hk,0) valued at (0.1443, 0.1154, 0.0114, 0.0377, 0.1479) for TEIR;
(0.1396, 0.0346, 0.0106, 0.0674, 0.0428) for HeLa; (0.1081, -0.0148, 0.0140, 0.1989, -
0.0216) for HEK293; and (0.1097, 0.1780, 0.0217, 0.0611, 0.0466) for Atgh~/-. The
distinct clusters formed in the plot show us that PCA can differentiate the variations
in the SERS spectra of the various EVs. Of the two blind experiments performed, one
was predicted as EVs from the HeLa cell line and was accurate to the actual sample
provided. The other was predicted as either TEIR or EVs from the HeLa cell line, as
the point fell in the intersection region of the two, while the sample provided was EVs
from the HeLa cell line. Based on the blinded study, we could predict the cell line from

where the EVs were extracted with a good probability (Fig. 4.13).

L] ] L} L . L] ] )
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Fig. 4.13. Scoreplot of PCA for SERS spectra of TEIR; EVs from HeLa, HEK293 and Atgh/-
cell lines and a blinded study. The data points are marked as cyan dots for TEIR, red triangles
for HeLa EVs, blue squares for HEK293 EVs, green stars for Atg5”/- EVs, and black pentagons
for EVs from blinded studies.
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So far, we have established using SERS combined with PCA to differentiate
EVs extracted from different cell lines. We chose another set of cell lines to test the
strategy and extracted the EVs from them. For a good comparison with previous
results, we chose the following cell lines, SHSY5Y (human-derived neuroblastoma cell
line - cancerous), HaCaT (cultured human keratinocyte cell line - noncancerous) and
RAW264.7 macrophages (mouse origin cancerous cell line). The EVs from these cell
lines were also extracted under autophagic conditions using TEIR. The SERS spectra
of these EVs were collected, baseline-corrected and area-normalized for further
processing. A PCA plot depicting the principal components with 75% confidence circles

was constructed to compare the EVs from these cell lines.
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Fig. 4.14. Scoreplot of PCA for SERS of EVs extracted from SHSY5Y, HaCaT, and RAW264.7
macrophage cell lines.

As seen in the scoreplot in Fig. 4.14, the SERS spectra of the different EVs
extracted from different cell lines have formed unique clusters. The two human origin
cell lines form two overlapping clusters, while the mouse origin cell line is a very
distinct cluster. If the PC1 and PC2 components for the human cell lines EVs are
separately plotted, the differences amongst them can also be clearly distinguished.
Biochemical analysis and interpretation would be required to understand the overlaps
and differences further. From these studies, we have established that the SERS

combined with PCA can be used to differentiate EVs with a good amount of confidence.
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4.3.4. SERS for EVs extracted by ultracentrifugation method

Thus far, we have looked at the EVs extracted from various cell lines using the
isolation reagent TEIR. The major drawback was that most of the SERS spectrum
was from the reagent itself, and difference plots had to be made to extract the subtle
bands corresponding to the EVs. Though easy to conduct experimentally, this method
reduces the percentage confidence of using the technique for actual detection. It is still
reliable with a large number of data points. To test out the SERS based PCA detection,
we conducted the same set of experiments using exosomes extracted from some cell

lines via the classical ultracentrifugation method.

By this extraction method, varying centrifugation speeds at each step lead to
the precipitation of different components, including cells, dead cells, cell debris, and
EVs of different sizes. Our present study used two cell lines, HEK293T (represented
as HEK) and HEK293T cells transfected with full-length SHH (represented as Shh).
Shh is a sonic hedgehog signalling protein for regulating embryonic morphogenesis in
animals. Exosomes were extracted using the ultracentrifugation method at 150,000¢
and 450,000g and are represented as HEK 150, HEK 450, Shh 150 and Shh 450.
The SERS spectra were recorded thrice to maintain consistency (Fig. 4.15a). The
processed SERS spectra were used to obtain the PCA plot (Fig. 4.15b).88
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Fig. 4.15. a) Average SERS spectra of EVs from HEK293T and SHH transfected HEK293T
cells, extracted at 150,000g and 450,0009, b) PCA scoreplot for the collected SERS spectra.

8 Exosome samples provided by Dr. Neha Vyas’s group, St. John’s hospital, Bengaluru
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The collected SERS spectra visibly showed distinct differences, consistent with
the scoreplot for the PCA of the SERS spectra. Hence, confirming that the strategy

works for EVs extracted by any technique.
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Fig. 4.16. Peak intensities in the SERS spectra of the various exosomes extracted from
HEK293T and SHH transfected HEK293T cell lines.

From Fig. 4.16, it can be seen that the peaks around 679 cm, 889 cm™ and
1064 cm™! are higher in the Shh 150 over the HEK 150, indicating a higher percentage
of triglycerides and cholesterol esters in the exosomes extracted from the SHH
transfected HEK293T over the ones extracted from HEK293T cell line. The 679 cm!
and 889 cm! peaks are higher for the Shh 450 over the HEK 450, while vice versa
in the case of 1064 cm-!, indicating differences in the chemical compositions of the four
exosomes. Further lipidomics, proteomics and genomics study can provide
compositional insights into these exosomes, hence understanding the Raman spectra

better.

Advances in understanding the composition of the EVs provide more references

in interpreting the Raman spectra, which can further be used as a simple sorting and
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interpreting technique. As of now, Raman spectroscopy has been established to

differentiate EVs extracted from various cell lines.

The following Table. 4.2 provides a comparison of the strategy in this work

compared to the many other techniques for detecting EVs. From this table, the PCA

analysis of the SERS is seen to be a quick technique used to differentiate EVs, which

needs small sample volumes and can provide a few insights into the molecular

compositions.

Table. 4.2. Comparative summary of the properties of various approaches for EV analysis and

detection.
Parameters | Measurement Size Sample Measurement | EVs | Molecular
type Detection [Processing/ time vol. | composition
Technique & Size Ease of req.
Range experiment
Biochemical Analysis
Western Bulk NA + * large yes
Blot
ELISA Bulk NA + * large yes
Surface Plasmon Resonance Based Technique
SERS Bulk NA +++ Ak small yes
(Label-free)
SERS Bulk NA +++ ok small yes
(specific)
LSPRi Bulk/ NA +4 ok small yes
Individual
Direct Imaging Technique
TEM Individual > 5 nm ++ ok small no
AFM Individual > 5 nm ++ ok small no
Indirect Optical Imaging Technique
DLS Bulk 5-2000 nm +++ ok large no
NTA Individual 50-1000 nm +++ ok small no
Indirect non-Optical Imaging Technique
TRPS Individual | >30nm | 1 | o | small | yes

+ - difficult to +-++ - easy; *- time consuming to

Kook _

(these techniques cannot be used to obtain size parameters)
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4.4. Conclusions

We have conducted the SERS of EVs extracted from the three cell lines,
including HeLa, HEK293, Atgh/-, and used this to differentiate EVs extracted from
them. We can see a good correlation between the observed SERS spectra and the
occurrence of nucleotides and metabolites in EVs from different cell lines. The SERS
spectra of the EVs from these cell lines were easily distinguished using PCA, where
each one of them formed clear clusters in the score plot. Our study helps identify the
components of EVs by the differences in spectra of the EVs secreted by the cell lines
that are very closely associated with each other, as seen in the case of HeLa and Atgh-
/~. We could also study exosomes extracted by the ultracentrifugation method using
SERS and PCA analysis, and obtain different clusters, indicating the ability of the
technique to differentiate EVs extracted by different techniques. As exosome specific
antibody-decorated SERS nanoprobes have been employed to differentiate EVs from

tumour cells and healthy cells,%2 EVs are used as diagnostic markers in cancer.53

Proteomic studies in the EVs isolated from human breast cancer cells helps in
the stratification of different cancer subtypes amidst their wide heterogeneity. Cell-
derived EV subtyping in glioblastoma cells is also reported.* Our method employs the
simple precipitation procedures of EV isolation with a heterogeneous population and
can distinguish EVs from different cell lines (HeLa and HEK293) and between two
closely related cell lines of HeLa. This would, in turn, aid in establishing a repository
to differentiate EVs from various cell lineages. In most of the reported literature,
ultracentrifugation procedures are performed, whereas our assay employs a simple
precipitation-based method that can be used for quick analysis. Our study
demonstrates a more simplified usage of SERS in analysing EVs from different cell
lines. Despite the high spectral variability reported in the EVs of the same cell type
using L'TRS, our study employing SERS seems more robust in differentiating EVs from
different cell lines. This could be a good screening tool for disease diagnostics in the
future, coupled with other techniques. Our study warrants the need to develop more

robust techniques to understand the biogenesis and composition of EVs.
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Further, this study employs minimal sample volume with even lesser protein
concentrations, which are not detectable in the western blots. Such studies would help
develop potent diagnostic markers of biological fluids where the sample size is limiting.
Advancements in technology and methodology may lead to a renewed understanding
and definition of various subtypes of EVs, including exosomes. Novel discoveries
continue to add dimensions of complexity into evolving models of exosome—autophagy
interactions and vesicular trafficking. SERS is one such technique that, when combined
with other techniques such as AFM, can be used as a powerful tool to understand the

composition of the EVs better.6?
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Chapter 5. PCR-based strategy for
detecting mutations in tomato plants using
Surface Enhanced Raman Spectroscopy™*

Tomato Yellow Leaf Curl Virus is one of the most devastating diseases
threatening the global agricultural industry, and the selection of resistant crops has
emerged as the best solution against it. Detection of indels and SNPs conferring this
resistance is the quickest way to screen resistant strains, but conventional methods
face many disadvantages in carrying this out. In this study, we have developed a PCR-
based SERS assay that can relentlessly differentiate between different types of indels
and SNPs. This tri-primer assay utilizes mutation-specific forward primers, as well as
SERS probes tagged with two types of dyes: FAM and Cy3. These two dyes have
unique Raman signature spectra, which helped distinguish between different alleles of
an indel in not only the Ty-3 gene but also in the Mi-1 gene, which is responsible for
resistance against root-knot nematodes. The same feature of these dyes enabled
multiplexing, in which it was possible to detect the indel type of a DNA sample and
the zygosity of the allele in a single experiment. This technique successfully
differentiated two different SNP-based alleles, providing a promising future in SNP

detection as well.
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5.1. Introduction

Plant viruses have always been a major culprit against the agricultural industry
throughout its history. They cause extensive damage to various economically
significant crops. Tomato yellow leaf curl virus (TYLCV) is one such type of virus that
can cause complete yield loss in the Tomato (Lycopersicon esculentum) crop,! which
is one of the most important culinary vegetables in the world. This disease is
transmitted by the Silverleaf whitefly (Bemisia tabaci), a major pest for the Solanaceae
family.? Characteristic manifestation of TYLCV disease includes extreme hindering of
plant height, a decrease in leaf size, curling of leaves, chlorosis on leaves and flowers,
and reduction of the production of fruits.? It has been assessed that around 7 million
hectares can encounter TYLCV contamination or mixed viral infections every year.4
Plants, in turn, use a variety of defence mechanisms to shield themselves from viral
intrusion. RNA silencing is one of the various mechanisms by which non-coding RNAs
negatively regulate the expression of viral genes in plants.” RNA silencing in plants
utilizes the help of Dicer-like proteins (DCL). A small molecule of RNA is produced
(sRNA), which binds with the DCL proteins to form the RNA-induced silencing
complex (RISC). This complex is responsible for inhibiting viral protein formation by
interacting with the viral messenger RNA (mRNA). However, not all strains of crops

can exhibit this phenomenon, which therefore becomes susceptible to infection.b

Therefore, screening resistant crops is one of the most effective methods to
counter the threats posed by viruses. In the case of TYLCV, plants carrying the genes
required for resistance, if challenged by the virus, show low levels of viral replication
and spread of infection with moderate or no visual symptoms.” The genes responsible
for this are the Ty-1 and Ty-3 genes. These are alleles of the same gene and code for
RNA-dependent RNA polymerases from a class of functionally unknown RDR genes,
which are thought to be involved with RNA silencing.® Besides TYLCV, infection of
root nematodes is another serious problem faced by tomato cultivators worldwide.?
They cause decreased yield in adult crops but are lethal to young plants, responsible

for approximately 5 % of global crop loss.!” The Mi-1 gene comes into play during this
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viral invasion, as it confers resistance against three common root-knot nematodes, i.e.,

Meloidogyne incognita, M. javanica, and M.arenaria.'!

5.1.1. Mutations — Indels and SNPs

The resistance, discussed above, acquired by some strains of plants is mainly
due to mutations like Indels and SNPs. Indel is the accidental introduction or removal
of a set of nucleotides from a definite region of the genome, while single nucleotide
polymorphism or SNP is a single base-pair substitution at a specific position in the

genome (Fig. 5.1).

a)

Original

Mutant Copy
b)
Original A A G C AT - .
Mutant T C A - —-— C TT
\A A AJ A A A A
R'd W_/ — Y
SNPs DELetions €— INDELs —> INsertions

Fig. 5.1. a) Schematic representation of a modification of nucleotide in the DNA sequence —
an error during replication, b) representation of the SNPs and the indels mutations.

Both indels and SNPs result in different alleles with distinguishing features like
resistance or susceptibility of a plant towards a particular disease. Molecular markers
like indels and SNPs for Ty-3 and Mi-1 genes have made screening resistant strains
easier. However, conventional methods prevailing for detecting these mutations still
have many disadvantages. One of them is direct sequencing, which is undoubtedly

highly accurate but expensive and time-consuming. Gel-based methods like RFLP
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(Restriction Fragment Length Polymorphism) require a lot of time and a large amount
of DNA.!2 Hence there is a requirement to find quick low-cost detections using less

quantities of DNA.

5.1.2. PCR based strategies to detect mutations

The solution to the problem of time consumption and requirement of large DNA
quantities lies in using PCR-based methods. But they have their disadvantages as well.
Methods like DAF (DNA Amplified Fingerprinting) and AP-PCR (Arbitrarily Primed
PCR) fail to distinguish between different sequences of similar molecular weight. AFLP
(Amplified Fragment Length Polymorphism) cannot differentiate between
homozygotes and heterozygotes due to its dependence on dominant markers.!?
Fluorescence-based techniques have circumvented a lot of these issues.!3 FRET
(Forster resonance energy transfer) techniques and molecular beacons have emerged as
dependable assays for SNP and indel detection.!* 15 But they too are not void of
drawbacks, especially when it comes to multiplexing, which implements multiple
probes for detecting multiple types of mutations simultaneously. The fluorescence-
based techniques use the reporter and quencher relationship for probe activity. Limited
availability of these reporter-quencher combinations causes a hindrance in their
multiplexing capability. Along with this, a fluorophore's broad fluorescence emission
spectrum results in large overlaps and thus reduce the number of dyes that can be
used for multiplexing.16: 17 Moreover, the detection system is often monochromatic,
resulting in non-uniform fluorescence of different dyes, thus restricting the number of

probes utilized.

5.1.3. PCR-based Raman spectroscopy to detect mutations

Raman spectroscopy can be considered superior to the above mentioned due to
its ability to recognize vibrational signatures of molecules. It relies primarily upon the
inelastic scattering of photons, and its intensities can be increased many-fold by using
SERS. There is no requirement of a quencher in this method, which also adds to the

advantage of this assay being cost-effective compared to the dual labelled probes used
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in fluorescence-based PCR methods. SERS assays have been invented to detect specific
bacterial DNA sequences,'® but not many studies have been performed with plant

DNA.

5.1.4. Designing oligonucleotide sequences for PCR-based
SERS

5.1.4.1. Primer design parameters

Many parameters affect the yield of PCR. The optimal design of primers is

essential, and the various parameters that affect them need to be noted.?

a) Primer Length: Optimal length of the PCR primers is 18-22 bp (base pair).

It is long enough to maintain the specificity and short enough for the primer to bind

to the template at the annealing temperature.

b) Primer melting temperature (T,,): It is the temperature at which one

half of the DNA duplex disassociates to become single-stranded, representing the
duplex stability. The GC content of the sequences is a good indication of the primer
Ty. The best range of Ty, for primer design is 52-58 °C. Ty, is calculated using the
nearest neighbour thermodynamic theory. The Ty, (K) is equal to AA—I; + RIn(C), where
AH is obtained by adding up all the dinucleotide pairs enthalpy values of the nearest
neighbour base pair and AS is the di-nucleotide pairs entropy values of nearest

neighbour base pairs, with salt correction.

c) Primer annealing temperature (T,): Very high T, produces insufficient

primer-template hybridization, hence low PCR product yield. And very low T, may
lead to non-specific products caused by a high number of base pair mismatches.
Mismatch tolerance has the strongest influence on PCR specificity. Ta =
0.3T,, (primer) + 0.7T,,(product) - 14.9, where Ty,(primer) and T, (product) are

melting temperatures of the primer and products, respectively.
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There are many other parameters that influence the primer design. The GC
content should be 40-60 %. The absence of primary, secondary structure in the primer
design is essential, as hairpins, self-dimers, or cross-dimers can reduce the PCR yield.
Consecutive repeats of the di-nucleotides and long runs of a single base should be
avoided. The 3’ end should be stable, and the primer shall not be designed on the
template’s secondary structure to obtain good PCR yields. To have high specificities
of the primers, regions of homology must be avoided, i.e., they should amplify other
genes in the mixture. Commonly, after designing, the primers are BLASTed to test for

specificity.

5.1.4.2. Design parameters for DNA probes

The SERS probes constitute a DNA oligonucleotide sequence with a SERS
active dye molecule attached to one end. Uni-molecular or bi-molecular SERS probes
can be created for these detection purposes with or without overhangs (Fig. 5.2).20 The
composition of the sequence affects the folding of a SERS probe. In the case of the
unimolecular probes, the affinity for the target has to be higher than the hairpin
formation, which is generally optimised by incorporating mismatches and a reduced

number of bases in the hairpin folded region of the SERS probe.20

When no DNA or a non-target DNA is present, the self-complementary region
of the SERS probe should occur. The different natures of the uni- and bi- molecular
probes result in a difference in their T,,. Unimolecular probes fully form double-
stranded DNA than bimolecular ones with higher probability. Commercial production
of the bimolecular probes is more cost-effective than the unimolecular probes.
Unimolecular probes have been shown to produce higher reproducibility and reduced

rate of false positives and negatives than bimolecular probes at lower detection limits.20

Reports suggest that the presence or absence of overhangs in bi-molecular
probes does not significantly affect the SERS assay with respect to the sensitivity but

has a slightly reduced background. Overall, for direct detection assays, the
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unimolecular probes have a performance advantage; else, the results for PCR-based

SERS detection can be obtained by both kinds of probes.20

(A)
|
Uni-molecular SERS PRIMER with overhangs DNA TARGET SERS active DNA dye complex
AR ERE R R CEL BV LLET RS
1] ! ¥ > il
Bi-molecular SERS PRIMER with overhangs DNA TARGET SERS active DNA dye complex
© rr\’««‘.
HEER l' + TETETTV > TTTTTTT
o 0 T O 18 G [ S G
Bi-molecular SERS PRIMER no overhangs DNA TARGET SERS active DNA dye complex
(D)
r
il + o > T
Uni-molecular SERS PRIMER with overhangs DNA TARGET SERS active DNA dye complex

Fig. 5.2. Schematic representation of the various SERS probes: a) unimolecular SERS probe
with overhangs, b) bimolecular SERS probe with overhangs, ¢) bimolecular SERS probe with
no overhangs, and d) unimolecular SERS probe with mirrored orientation and overhangs.
Copyright (©) 2013, American Chemical Society
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Fig. 5.3. Schematic representation of the functioning of a unimolecular probe.

In the absence of the target DNA, the probe remains folded hence being away
from the AgNPs, thus producing low SERS signal. In the presence of the target DNA,
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the probe is unfolded, allowing the dye molecule into the vicinity of the AgNPs,
resulting in a high SERS signal (Fig. 5.3).

5.1.4.3. Raman active dye molecules for SERS

To conduct SERS, dye molecules with a large Raman scattering cross-section
must be chosen. These dyes should be able to easily orient themselves around the
AgNPs to produce unique molecularly specific spectra. It is essential that the dyes
produce distinct spectra, or at least have a few strong, distinct, non-overlapping peaks
that can be used for multiplexing studies. The narrow FWHM of the peaks in a Raman
spectrum easily facilitates exploring multiplexing options using a single excitation laser.
Due to the presence of the metallic nanoparticles, fluorescence is automatically
quenched, allowing for the use of commonly available fluorophores. Some commonly
used molecules for such detection include R6G, TAMRA, HEX, Cy3, Cy5, FAM, TET,

and ROX, and their SERS spectra are shown in Fig. 5.4.21-23
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Fig. 5.4. a) Different dye molecules that can be used as SERS probe markers, and b) The
SERS spectra corresponding to these dyes. Copyright (©) 2004, American Chemical Society

In this study, we have designed a SERS-based PCR assay capable of screening
resistant and susceptible species of Tomato by detecting the discussed mutations
involved with Ty-3 and Mi-1 genes and differentiating homozygous and heterozygous
alleles among the plant DNA samples. Multiplexing has also been performed, increasing

the ease of determining the presence of mutations in unknown DNA sequences.
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5.2. Materials and Methods

a) Materials:

Spermine tetrahydrochloride (ST) (N,N'-Bis(3-aminopropyl)-1,4-butanediamine
tetrahydrochloride), and Silver nitrate (AgNOs, 99.9999% trace metals basis), sodium
citrate were purchased from Sigma Aldrich. Molecular biology grade water was bought
from Himedia and TagMan™ Genotyping Master Mix from Thermo Fisher Scientific.

The primers and probes were obtained from Integrated DNA Technologies.

b) Oligonucleotide design:

The genome of Lycopersicon esculentum was downloaded from NCBI, and the
mutations were located with the help of previously identified markers of Kim et al. in
the case of Ty-3 indels. The sequences of the probes and primers were then designed

manually.

a) Insertion specific forward primer

ATCCGTTGATTGAAGAAATTGATG T THSRIGARIEIVNACTGGATGCACC
\ J + \ ]
|

Uni probe for RESISTANT i o -GTTTGATTACACCCCGTAAG
(INSERTION) allele for INDEL AN GTAATCAAAC[iSp18]

b)

Uni probe for SUSCEPTIBLE

(DELETION) allele for INDEL [Cy3]-TGTTTGCGGA-[iSp18]-TCCGCAAACAGGACAGGTGG

Forward primer corresponding to ETTTCATTACACCCCETARGATTGAAGAAATTGATGTTCCTTCTTGTATA
FAM

Fonward primef coresponding o | 1CoGCAAACAGGACAGGTGGEGTTEATTGAAGARATTCATCTTCTEEATS

Fig. 5.5. a) The choice of insertion specific (cyan) and deletion specific (green) primers to
detect the presence or absence of the indel sequence (red), b) Oligonucleotide sequences of the
forward primers corresponding to the insertion specific and deletion specific forward primers,
unimolecular probes to detect the tail sequences of the corresponding primers.

In Fig. 5.5a, we have chosen to study the indel sequence (red) in the Ty-3 gene,
whose presence or absence decides whether the plant is resistant or susceptible to the
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TYLCV. Accordingly, the insertion specific and deletion specific forward primers are
chosen, and in Fig. 5.5b, the sequences for the primers and the design of unimolecular

probes to detect the tails of the primers is represented as an example.

In designing our strategy, we chose the target of the probe as the
complementary region of the tail of the forward primer designed specifically for each
indel. This complementary region is amplified during PCR only if the corresponding
indel is present in the Tomato DNA sample. The dye tagged unimolecular SERS probe
has been designed to have a higher affinity towards the target region than its own
complementary strand. Thus, in the presence of a target DNA, self-hybridization is
likely to be prevented. This has been brought about by the difference in Tm of at least

15°C in its self-complementary regions.

c) DNA samples:

The tomato seeds were germinated and the leaves were harvested for genomic
DNA isolation. when the plants reached the 3'd or 4t leaf stage The DNA samples
were extracted from Tomato plants via the CTAB method and supplied by

BioDecipher, Bengaluru. The concentration of the DNA was adjusted to 50 ng/uL.

107203004 50 6 7 8910120 130 14 15516 7818819 520 21 22723 5242526527 28 29830131 32 08

Ty-3 — Indel marker analysis (Resistant — 155bp, upper band, Susceptible — 145bp, lower band)

1, 2,3 .....32 are tomato plants carrying resistant or susceptible or both genes(heterozygous condition)
For example,

Plant numbers 6, 20, 27 have resistant gene,
*  Plant numbers 1, 2, 5 have susceptible gene and

Plant numbers 3, 4, 7 have both copies indicating plants are in heterozygous condition.

L — 50 bp DNA ladder

Ty-3 indel marker primers used in this study are:

*  Forward primer —5' ATGGGTGATCCGTTGATTGAAG 3’
*  Reverse primer — 5" CACCAATAGAGCTCAGCCTCC 3’

Fig. 5.6. Gel Data of the indels in the Ty-3 indicating whether the plants have the resistant
gene or the susceptible gene.
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The zygosity and the resistance/susceptibility of the samples were analysed by
BioDecipher via a gel-based method and therefore known to us beforehand. Fig. 5.6
and Fig. 5.7 show the gel data, indicating the resistant and susceptible plants
corresponding to the indels in the Ty-3 and Mi-1 plants respectively. Escherichia coli
plasmid DNA (XIL-10 Gold), used as a negative control, was obtained via alkaline lysis

protocol.

754 B OO 5T 2881 S T S5 ] RS AST ST O R 20 B 211800 2SS AR SN2 R 72 829830 R 3 1513 2 s

500 bp
—

200 bp
&0

Mi-1 — Indel marker analysis (Resistant — 380bp, lower band, Susceptible — 430bp, upper band)

1, 2, 3....32 are tomato plants carrying resistant or susceptible or both genes(heterozygous condition)
For example,

Plant numbers 1, 3, 10 have resistant gene,

Plant numbers 7, 12, 14 have susceptible gene and

Plant numbers 2, 4, 5 have both indicating plants are in heterozygous condition.

L — 50 bp DNA ladder
Mi-1 indel markers primers used in this study are:
Forward primer 5' TGG AAA AAT GTT GAA TTT CTT TTG 3’
Reverse primer 5' GCA TAC TAT ATG GCT TGT TTA CCC 3'
Fig. 5.7. Gel Data of the indels in the Mi-1 indicating whether the plants have the resistant

gene or the susceptible gene.

d) Polymerase chain reaction (PCR):

A total volume of 25 uL was used for each reaction. Each reaction tube
contained 12.5 pL. TagMan™ Genotyping Master Mix. This Master Mix consists of
AmpliTaq Gold™ DNA Polymerase UP (Ultra-Pure), dNTPs, MgCly and other
essential components necessary for PCR. 2.5 pL of DNA (50 ng/nL) was used for each
reaction. For single detection, 2 pL of 2.5 pM forward primers and reverse primers
each were added, along with 1 pL of 2.5 pM designed SERS primers. For multiplexing
studies, 2 pL of both the forward primers and 1 pL of both the SERS primers were
added. Volume was made up to 25 nL using Molecular Biology Grade water. The PCR
reactions were carried out in T100 Thermal Cycler (Bio-Rad Laboratories, Inc). As
seen in Fig. 5.8, the cycling protocol was as follows: 15 minutes at 94°C for hot start

activation, thenceforth, 30 repeats of 45 s at 94 °C, 60 s at 62 °C and 60 s at 72 °C,
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followed by a final extension at 72 °C for 1 minute. After the process was completed,

the samples were cooled down gradually to room temperature.

PCR CYCLING PROTOCOL
94°C . 94°C
15min - 45s 72°C 72°C
g2t 60s 60s
60s
20°C
Step 1 Step 2 30x :Step 3 - Step 4 ™

Fig. 5.8. Schematic indicating the PCR cycling protocol.

e) Sample preparation and SERS experimental parameters:

After the PCR was complete, 2.5 nLL was taken from each reaction tube and
added to 125 pL of 1X Phosphate Buffer Saline (137 mM NaCl, 2.7 mM KCl, 4.3 mM
NapgHPOy, 1.47 mM KH3POy). Then, 10 pL of 400 pM (or 0.01 M, depending upon the
experiment) Spermine Tetrahydrochloride (ST) was added to the mixture, and the

solution was incubated for 6 minutes.

The synthesised AgNPs were concentrated to 20X at 7200 rpm for 10 min. 8 nL
of the concentrated AgNPs was added to 2 pL of the incubated PCR product. The
Raman spectra of this mixture were collected in liquid mode using LabRam HR
Evolution. 532 nm incident laser at 2.3 mW power, 1800 grooves/mm grating and
acquisition of 10 s per window was used to collect the SERS spectra. The obtained
Raman spectra were baseline corrected using a user-defined baseline. The required
Raman peaks were fit using a Lorentzian curve, and the statistical distribution of

intensities was mapped using box plots.
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5.3. Results and Discussions

5.3.1. PCR-based SERS strategy

a) PCR Round 1
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Fig. 5.9. Schematic representation of the PCR-based SERS strategy. a) Annealing of mutation-
specific forward primer and reverse primer, with the non-complementary tail of the forward
primer failing to anneal. b) Formation of the unique, complementary region of the hanging
tail. ¢) SERS probe binds to its target, the complementary region of the tail. d) Increased
Raman signal from the exposed dye tagged region of the SERS probe.

The main principle of our strategy lies in the fact that the DNA binds well to

a complementary region in the other strand as compared to a random sequence. So,
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our strategy involved the design of a unimolecular probe, in which the dye molecule
remains buried when the probe is closed. When the target DNA is present, our strategy
allows for an increased selective interaction with the probe, thus freeing the dye
molecule of the probe to allow for an enhanced Raman signal. While, in the absence of
the target, the designed unimolecular probe self hybridizes, thus giving a weaker

Raman signal.

As seen in Fig. 5.9, the steps involved in the PCR followed by SERS is
represented schematically. After the denaturation step of PCR, the allele-specific
forward primer and the reverse primer hybridises to their specific targets during the
annealing phase. The tail of the forward primer fails to bind to the DNA, but the other
part of it gets extended in the next step. In the second round of PCR, the reverse
primer extends to create the complementary region of the tail. In the third round of
the PCR, the SERS probe binds with the tail’s complementary region allowing the dye
tagged part to become free. So, once the probe binds to the target, the dye becomes

accessible to the silver nanoparticles during SERS.

We chose two dyes with minimum peak overlaps in their spectra for our studies:
FAM (6-Carboxyfluorescein) and Cy3 (Cyanine-3). We designed the unimolecular
probes to have a FAM-tag for detecting the insertion indel DNA and the Cy3-tag for
the deletion indel. As seen in Fig. 5.10, the FAM and Cy3 molecules have distinct
Raman spectral signatures. The 1636 cm™! peak originating from the Xanthene ring’s
C-C stretching?? is a unique spectral feature of the FAM spectra, hence was selected
for the analysis of FAM tagged oligo containing experiments. Similarly, for the Cy3
tagged oligos, the 1589 cm™ peak corresponding to the C=N stretch was used for the

analysis.??
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Fig. 5.10. Raman peaks in the SERS spectra corresponding to the a) FAM and the b) Cy3
dyes. The yellow highlighted region with a peak at 1589 cm represents the unique peak
corresponding to Cy3, and the pink highlighted region with a peak at 1636 cm™ represents the
unique peak corresponding to FAM.
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Fig. 5.11. Raman spectra of a mixture of AgNPs with the PCR products, i) containing no
DNA (NTC) (black), ii) deletion indel DNA (red) and iii) insertion indel DNA (blue) using
the FAM-tag unimolecular probe.
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It is evident from Fig. 5.11 that when the FAM-tag unimolecular probe is used,
the insertion specific DNA that was supposed to give a SERS spectrum with the peaks
corresponding to the FAM dye did not. There was no signal of the dye as both the
DNA backbone and the silver nanoparticles are negatively charged, hence repelling
each other. Spermine tetrahydrochloride (ST) neutralizes the charge of the DNA
backbone,?6: 27 thus allowing for the nanoparticles to come closer to the dye and
generating an increased SERS signal. ST also aggregates nanoparticles, thus adding to
our advantage of increasing the formation of SERS hotspots for an improved signal.2®
29 Our study was carried out using two different concentrations of ST, 400 ptM and
0.01 M. These two concentrations were the two extreme values provided by Graham

et al. that could properly differentiate the presence and absence of a sequence through

SERS.

5.3.2. Detection of Ty-3 indel by PCR-based SERS

The oligo sequences corresponding to the forward and reverse primers, insertion
and deletion specific unimolecular probes designed to detect the presence or absence of
an indel in the Ty-3 gene, are given in Table. 5.1. These were used to conduct the
PCR experiments, and then the SERS studies were conducted on the obtained PCR

products.

Type Sequence

Forward primer GTTTGATTACACCCCGTAAGATTGAAGAAATTGATGTTCCTTCTTGTATA
specific to Insertion

Forward primer TCCGCAAACAGGACAGGTGGCGTTGATTGAAGAAATTGATGTTCTGGATG
specific to Deletion

Reverse primer GTTTTTGCCCCTGCTCCTTG

Probe for detection of
tail of insertion specific | [(FAM]-TGCCCTTGTA-[iSp18-TACAAGGGCACGTAGTTCAC
forward primer

Probe for detection of
tail of deletion specific | [Cy3]-GCTCACCCAC-[iSpl8-GTGGGTGAGCCTGTTACACC

forward primer

Table. 5.1. Oligo sequences for Ty-3 indel detection.
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Fig. 5.12. Raman spectra of all the controls including AgNPs, mixtures of AgNPs with
spermine tetrahydrochloride, PBS, Mastermix, Mastermix+PBS, and Mastermix+PBS+
spermine tetrahydrochloride.

Before conducting the SERs experiments, the Raman spectra of the AgNPs,
AgNPs in PBS, AgNPs with ST, AgNPs with mastermix, AgNPs with mastermix and
PBS, and AgNPs with Mastermix, PBS and ST were obtained as controls to be sure
of no background overlapping peaks with the spectral peaks of the dyes (Fig. 5.12). All
the SERS experiments are a consolidated picture of many spectra collected over 3
different studies. These results proved consistent over the experimental repeats, and
their averages shall be used to represent the overall result. For the FAM-tag probe
mixtures, we obtained the intensity of the 1636 cm™! peak through a Lorentzian fit
after a user-defined baseline correction, and similarly, the intensities of the 1589 cm
peak were obtained for the Cy3-tag probe mixtures. The no-template control (NTC)
sample was prepared by replacing the DNA with water in the PCR tube to act as a

control for the SERS experiments.

Using the obtained PCR product and 400 uM ST, the SERS experiments were
conducted. As seen in Fig. 5.13a, for the FAM-tag probes, the box plot of the intensities

of the 1636 cm™ peak shows an average higher intensity for the insertion specific DNA,
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while the average was lower for the NTC and deletion specific DNA. The Raman
spectrum obtained by averaging over the multiple runs is represented in Fig. 5.13b,
where the peak intensity difference is clearly visible. In the presence of the insertion
sequence (Homozygous resistant crop) in the Ty-3 gene, the tail corresponding to the
insertion specific forward primer had its complement synthesized more in amount
compared to the deletion specific forward primer during the PCR. As a result, the
FAM tagged probe hybridized to the complementary region, freeing the dye and thus
generating an increased SERS signal (Blue). In the case of NTC and negative samples,
the absence of the target sequence (deletion) forced the FAM tagged probe to self-

hybridize, thus yielding a lower Raman intensity.
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Fig. 5.13. 1636 cm™ peak analysis for the FAM-labelled SERS primer containing PCR products,
a) Box plot representing the 1636 cm™ peak intensities, b) SERS spectra in the unique regions.
1589 cm! peak analysis for the Cy3-labelled SERS primer containing PCR products, ¢) Box
plot representing the 1589 cm ! peak intensities, d) SERS spectra in the unique regions. Black
— no DNA-Template control (NTC), red — Susceptible DNA (deletion indel), and blue —
Resistant DNA (insertion indel).
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Similarly, for the Cy3-tag probes, the box plot of intensities of the 1589 cm!
peak (Fig. 5.13c) and the average Raman spectra (Fig. 5.13d) represented a higher
average intensity for the deletion specific DNA as compared to the NTC and the
insertion specific DNA. The complementary region of the tail of the deletion specific
forward primer is the target of the Cy3-tagged probes. This region was amplified when
the DNA template was that of a Susceptible Tomato plant. From Fig. 5.13, the
differences in the box plots clearly show that our strategy can be used to differentiate
between susceptible and resistant species of the tomato plant based on their Ty-3 gene
composition. In the NTC sample, the DNA is absent, and so the spermine
tetrahydrochloride (ST) only affects the existing unimolecular probes and hence
resulting in a quite uncertain behavior of the sample. In the negative DNA sample,
there is a competition of the DNA with the probe oligos to come closer to the AgNPs
and hence an overall lower count of the SERS intensity as compared to the NTC where

the unimolecular probes do not face any competition.

5.3.3. Multiplexing studies using PCR-based SERS

The unique isolated peaks of FAM and Cy3 make SERS multiplexing a
possibility, thus helping determine the nature of an unknown Tomato DNA sample.
Both the probes and their corresponding forward primers were added to the PCR tubes
for multiplexing studies. The peak intensity ratio Iisgg/li636, corresponding to the
signature peaks of Cy3 and FAM, were obtained for all the spectra. A box plot for
these intensity ratios is represented in Fig. 5.14a. The Fig. 5.14b represents the
corresponding peaks in the SERS spectra of the various samples. In the absence of any
DNA, both the dye molecules would be equally but limitedly accessible to the AgNPs.
As their Raman scattering cross-sections would be different, slight differences in the
intensities corresponding to their peaks are observed. The average intensity ratio of
the NTC sample was obtained from the box plot as 1.2. This value was used as a
reference for further analysis. A higher ratio compared to NTC indicated a larger
number of Cy3 dye molecules accessible to the AgNPs than the FAM, thus confirming

that the probes were in the presence of a DNA from the susceptible type Tomato gene,
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i.e. the deletion indel. A higher intensity ratio than NTC indicates the DNA from a
susceptible Tomato gene, while a lower ratio indicates the DNA obtained from a

resistant type of Tomato gene.
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Fig. 5.14. Multiplexing SERS spectral analysis of the PCR. products containing both the FAM-
tagged and Cy3-tagged probes — Intensity ratio of 1589 ¢cm! and 1636 cm™ peaks, a) box plot
representation and b) SERS spectra of the unique spectral region. Black — no DNA-template
control, blue — Resistant DNA (insertion indel), red — susceptible DNA (deletion indel), green
— Heterozygous DNA (both deletion and insertion indel).

This multiplexing experiment was conducted for a random DNA. Here we chose
DNA extracted from F.coli. An absence of any of the two probe-specific sequences
allowed for a few non-specific bindings equally with both the probes, thus eventually
resulting in an intensity ratio equal to NTC (Fig. 5.15), thus confirming the absence

of either of the 2 target DNA sequences.

Many of the DNA samples extracted from the plants are heterozygous in nature,
and it becomes important to study how these samples behave in these experimental
conditions. Multiplexing study was conducted for heterozygous DNA samples (Fig.
5.14), containing insertion and deletion indels. As seen in Fig. 5.14a, the box plot
appeared widely scattered due to signals from both the alleles. However, the mean
value at 1.3 was close to NTC, as the signals from both FAM and Cy3 had identical
intensities. This can be explained by the heterozygous DNA’s nature of having an equal
number of insertion and deletions indels. Hence, the overall result is an average
equivalent to NTC, or E.coli, where either no DNA is present, or the DNA doesn’t

match.
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Fig. 5.15. Box plot corresponding to multiplexing studies of the FE.coli DNA.

5.3.4. Detecting Mi-1 indel using PCR-based SERS

We used the same protocol to evaluate the assay’s dependability in another
situation by detecting an indel in a different gene involved with a separate disease. Mi-
1 gene present in Tomato is involved in conferring resistance against root-knot
nematodes. Deleting a specific sequence causes the plant's resistance, while insertion
causes it to become susceptible to the nematode’s attack. Markers for these mutations

were used to develop the primers and probes accordingly (Table. 5.2)

Type Sequence

ii:figi primer specific to | | ) HOTGECGEATATATTCAGGACGTGAACTGTCACATTTC

Forward primer specific to

Deletion GAGGGTTAATCCCTCGGACTCAATTTGTTTGACACTTTCTCCGC

Reverse primer GTTTCTAAAATTTTGGAATATTCTGGC

Probe for detection of tail of
insertion specific forward [(FAM]-CGCCAGGTTG-[iSp18]-CAACCTGGCGGGTATATTCA
primer

Probe for detection of tail of
deletion specific forward [Cy3]-ATTAACCCTC-[iSp18-GAGGGTTAATCCCTCGGACT
primer

Table. 5.2. Oligo sequences for Mi-1 indel detection.

130



DETECTING INDELS AND SNPs USING PCR-BASED SERS

We maintained the same system of using FAM-tagged probes to detect the
insertion and Cy3-tagged probes to detect the deletion. Results similar to the previous
experiments were obtained, showing distinct differences between the intensities of the
dyes in the presence of the two different mutations. (Fig. 5.16a and Fig. 5.16b) This
experiment proves that the strategy that we have developed can be used to detect

indels in any DNA system.
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Fig. 5.16. Box plots of SERS spectral analysis of the PCR products for Mi-1 gene containing
a) Intensity of 1636 cm™ peak corresponding to FAM-tagged probe and b) Intensity of 1589
cm™ peak corresponding to Cy3-tagged probes. Black — no DNA-template control, red —
Resistant DNA (deletion indel), blue — Susceptible DNA (insertion indel).

5.3.5. Using higher concentration ST in PCR-based SERS

The SERS experiments with 400 uM ST were able to differentiate the insertion
indels from the deletion indels clearly on an average but had a few data points in the
box plots that were overlapping. This indicates a comparable number of closed
unimolecular probes to the opened unimolecular probes. To increase the access of the
dye molecules in the opened probes to the AgNPs, we further increased the ST
concentration to a higher value of 0.01 M. As seen in the TEM figures, represented in
Fig. 5.17, with an increase in ST concentration, larger clusters of AgNPs are formed.
The inset in Fig. 5.17a shows a slight grey tinge to the AgNPs, and the TEM image
in Fig. 5.17a shows agglomerated AgNPs in size range of 500-800 nm, for 400 uM ST.
For an ST concentration of 0.01 M, the inset of Fig. 5.17b shows a dark grey colour to
the AgNPs, indicating the formation of larger particles, which is very clearly seen in

the TEM image(Fig. 5.17b), indicating agglomerates in size range of 2-3 ym. The
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formation of such large aggregates allowed for more SERS hotspots for the molecules

to sit amidst.

MogamEstor TI00T T 200nm
High Voltage: 200 kv —
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Fig. 5.17. TEM images of AgNPs with a) 400 uM ST indicating aggregates in size range of
500-800 nm, and b) 0.01 M ST indicating aggregates of 2-3 pm size. Inset — optical image of
the mixtures show, a) slight tinge of grey colour of mixture, b) dark grey colour of the mixture
with 0.01 M ST.

SERS studies on the PCR products with 0.01 M ST indicated a larger separation
in the intensities represented by the box plots. As seen in Fig. 5.18a, the average SERS
intensity of the FAM peak corresponding to the insertion specific DNA was
considerably large compared to the NTC and deletion specific DNA. Similarly, in Fig.
5.18b, the SERS intensity of the Cy3 peak was considerably higher for the deletion
specific indel compared to NTC or the insertion specific indel. In, Fig. 5.18, the box
plots of the heterozygous samples marked their corresponding average values midway
to the two homozygous samples. This was as expected, as the heterozygous sample is
a mix of both. Similarly, the average intensities of the F.coli DNA matched the NTC
and deletion (for FAM-tagged probe) or insertion (for Cy3-tagged probe), as there was
no amplification of this DNA. Therefore, a higher concentration of ST allowed for
better charge neutralising and more SERS hotspots, hence easy differentiation of the
indels under study. From the box plots in Fig. 5.18a, the plant sample with the
insertion indel can be distinguished from that with deletion indel with > 90-95%

accuracy.
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Fig. 5.18. Box plot representations of intensities of unique peaks from SERS analysis, a) 1636
cm! peak for the FAM-tagged SERS primer containing PCR products, b) 1589 ¢cm-! peak for
the Cy3-tagged SERS primer containing PCR products. Black — no DNA-Template control
(NTC), red — Susceptible DNA (deletion indel), and blue — Resistant DNA (insertion indel),
magenta — Heterozygous DNA (both deletion and insertion indels), green — E.coli (negative
control — bacterial DNA).

We conducted multiplexing studies using 0.01M ST for the SERS studies and
made box plots using the ratios of the intensities of the Cy3-tag peak, 1589 cm™ and
that of the FAM-tag peak, 1636 cm™. We clearly distinguished the resistant and the

susceptible DNA using this multiplexing technique, as seen in Fig. 5.19.
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Fig. 5.19. Box plot for multiplexing SERS spectral analysis of the PCR products containing
both FAM-tagged and Cy3-tagged probes using 0.01M ST — Intensity ratio of 1589 cm™ and
1636 cm™ peaks, blue — Resistant DNA (insertion indel), red — susceptible DNA (deletion
indel).
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5.3.6. Detecting SNP in Ty-3 gene using PCR-based SERS

The Ty-3 gene also exhibits the phenomenon of Single Nucleotide
Polymorphism, in which the C-allele confers the resistance against TYLCV, but the
T-allele makes it susceptible.® We developed probes based on the available markers,

where the FAM-tag probe was designed to detect the C-allele.

Type Sequence

f;i‘fﬁi primer specific to CAACCTGGCGGGTATATTCAGGACGTGAACTGTCACATTTC

Forward primer specific to

Deletion GAGGGTTAATCCCTCGGACTCAATTTGTTTGACACTTTCTCCGC

Reverse primer GTTTCTAAAATTTTGGAATATTCTGGC

Probe for detection of tail of
insertion specific forward [6(FAM]-CGCCAGGTTG-[iSp18]-CAACCTGGCGGGTATATTCA

primer

Probe for detection of tail of
deletion specific forward [Cy3]-ATTAACCCTC-[iSp18-GAGGGTTAATCCCTCGGACT
primer

Table. 5.3. Oligo sequences for Ty-3 SNP detection.

As expected, the mean intensity of the 1636 cm™ peak was the highest in the
case of C-allele, while T-allele showed an average lower intensity, even lesser than NTC
itself (Fig. 5.20a and Fig. 5.20b). Thus, it is evident that this assay can also detect
SNP in plant genomes. As this strategy involves the detection of the tail of the forward
primer and not the original DNA strand itself, over the course of the PCR cycles, the
probability of non-specific binding reduces. Also, as a part of the design of the forward
primer for SNP detection, we have created a mismatch in the 3rd base pair; thus, if
the required allele is absent, there is higher confidence of reduction in non-specific
hybridisation. These assure that our strategy can be more dependable for SNP
detection. With the present set of data points, we can predict an accuracy rate of about
80% for the differentiation of the C and the T SNP in the DNA of a random sample.
With automation, there is a reduction in the manual errors and larger samples that

can be obtained and hence the accuracy can be further increased. Still, we have
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demonstrated that the present strategy is able to establish a trend of differentiating

SNPs and indels.
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Fig. 5.20. 1636 cm™! peak analysis for the FAM-labelled SERS primer containing PCR products,
a) Box plot representing the 1636 cm™ peak intensities, b) SERS spectra in the unique regions.
Black — no DNA-Template control (NTC), red — Susceptible DNA (T-allele), and blue —

Resistant DNA (C-allele).
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Table. 5.4. Comparison of the existing techniques with our PCR-based SERS detection assay.

As shown in the Table. 5.4 (inspired from Lakhanpaul, T.J. et al®), we

compared the existing techniques with the PCR-based SERS detection assay. In brief,
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the PCR-based SERS technique is comparable to the many other techniques, with a

high ability to multiplex, quick scans and low to moderate operational costs.

5.4. Conclusions

It is pretty evident from the above observations that our PCR-based SERS
assay can easily distinguish between the presence and absence of a specific sequence in
multiple genes, distinctly resulting in the detection of specific indels in the tomato
genome. It can also differentiate between homozygous and heterozygous alleles.
Moreover, we have also shown that using different dyes, it is possible to perform
multiplexing to study the indel-based resistance in the crop, which makes it possible
to learn the same about unknown DNA samples in a short period. In addition to that,
the assay has also been able to differentiate between two types of alleles showing SNP.
Given the ability of Raman spectroscopy to read the molecular fingerprints of the dyes
being used, this technique can be accommodated to allow the usage of more than two
dyes and thus be fine-tuned to do multiplexing to search for multiple SNPs in a single
experiment. The simplicity of this assay also leaves space for automated detection by
machines using well plates, which reduces not only the manual errors but also the
overall time of the assay. Without loss of generality, through our work, we have
demonstrated that without automation and large data sets also, we can establish the
trend and differentiate various alleles. Therefore, this technique has the potential to
be a highly dependable detection tool for indels and SNPs in the agricultural industry;
not only for diseases like TYLCV and root-knot nematodes but also for the selection
of desirable lines and thereby promoting overall genome improvement, given the

advantages it has over the other conventionally used methods.
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Chapter 6. Construction of a miniaturised
Raman spectrometer for applications in
bio-detection

The instrumentation of Raman spectroscopy has been improved vastly over the
past few decades. There have been many successful attempts at obtaining
spectrometers that can provide better quality Raman spectra. Various spectral
parameters like resolution, intensities and cutoff of the Raman bands have been
improved, with better gratings, detectors and filters. Many modifications for
performing in situ measurements have been implemented to study samples under
varying external conditions like temperature, pressure and so on. Here, we have
attempted to develop a miniature tabletop Raman spectrometer that can be used for
point care diagnostic applications. It requires compactness, maximum signal collection
and compatibility with well plates at low costs. We have successfully designed,
assembled and tested the functioning of such a spectrometer. The spectrometer was
assembled using components from various companies, and the motorized XYZ stage
was automated to collect spectra from the various wells of a 96-well plate, thus

reducing the overall cost of the Raman spectrometer.

Surface Enhanced Raman Spectra of 10° M R6G using Gold NPs

Raman Meter assembled @ L.SL, JNCASR
Horiba LabRam HR Evolution

Tascr- 633nm @ 8SmW
1200 grooves/mm
Acquisition time - 5"

Intensity (a.u)

Laser- 633nm @ 8mW
1800 grooves/mm
Acquisition time - 4'40"
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6.1. Introduction

Raman spectroscopy is a scattering technique based on the Raman effect that
measures the small fraction of inelastically scattered light when monochromatic
radiation is incident on a sample. This technique probes the molecular vibrational and
rotational frequencies. In Raman spectroscopy, a sample is illuminated with a
monochromatic laser beam that interacts with the molecules to produce scattered light.
The frequencies of this scattered light are mapped to construct a Raman spectrum.
When the frequency of the scattered light is higher than the incident frequency, it is
Stokes scattering, and when it is lower than the incident frequency, it is anti-Stokes

scattering.

Depending on the incident laser wavelength, the frequency of the scattered light
for a molecule varies. Hence, a Raman spectrum is always plotted as the Raman shift
instead of frequency. The Raman shift is wavelength-independent. Since the Raman
scattering of water is weak, it acts as a good solvent for dissolving samples.! Glass, and
fused quartz also have weak Raman scattering, and hence they can be used for sample

holders and optical components like mirrors and lenses.2

In the initial days of Raman spectroscopy, mercury arc lamps with a line of
435.8 nm were used as a light source. The discovery of the laser changed the course of
Raman spectroscopy, as it provided a stable and intense beam of radiation. Today,
there are many kinds of lasers that can be incorporated according to one’s needs. The
development of many optical components like the various filters, and gratings,
drastically improve the quality of the spectral features, thus giving deeper insights into

the vibrations of the molecules.

As seen previously in Chapter 5. , we have developed a strategy to detect indels
and SNPs in the DNA extracted from the tomato plants. This strategy works on
detecting the presence of either FAM or Cy3 dye-specific peaks in the resultant Raman
spectrum. A compact Raman spectrometer with a high collection of scattered light

serves the purpose of such fluorophore detections.
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This motivated us to design a prototype for point of care diagnostics with the
aim of a) developing the collection optics for maximum signal detection and b)
developing detection techniques that are cheap to bring down the cost of the
spectrometer without losing the high sensitivity of the system. Here, we demonstrate
our plan of constructing a miniaturized table-top Raman spectrometer. The attempt
is to develop a system that preferably considers the vicinity of a highly-specialized
region of the Raman marker with respect to the noise rather than interpreting the
whole spectrum. Hence the choice of the dispersing unit would be to give signal counts
when it is aligned with the characteristic peak and give a background in the
neighbouring spectral range. The signal to background ratio then helps quantify the

concentration of the Raman marker.

6.2. Essential components of a Raman spectrometer

There are three essential things for constructing a Raman spectrometer: the
incident light, the sample under study and the collection optics (Fig. 6.1) that gathers
the scattered light and converts it into a readable spectrum on a software or as an
image.

Sample

Aincidem anti-Stokes Raman
/\/\/\/\—V ‘ Ascatter < Aincident
Excitation Source

Collect scattered
light

Stokes Raman
- 3

incident

A Rayleigh

= A

scatter

iscatter incident

Fig. 6.1. Basic idea of Raman scattering — excitation source, sample and scattered light.
Raman spectrometers can be dispersive or non-dispersive. The dispersive Raman

spectrometers use a diffraction grating or a prism to split the scattered light into its

constituents. The non-dispersive Raman spectrometer uses an interferometer like a

Michelson interferometer, like in the case of a Fourier transform Raman
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spectrophotometer. The dispersive Raman spectrometer can detect lower
wavenumbers, are sensitive, spatially well resolved, and operate at minimal costs. The
non-dispersive Raman spectrometers have high spectral resolutions, fluorescence
suppression and speed of analysis. Hence, dispersive spectrometers are most commonly

used for standard detection and analysis applications.?
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Fig. 6.2. Schematic representation of the components in a Raman spectrometer.

The multiple components that constitute a basic Raman spectrometer (Fig. 6.2)

are discussed below:

a) Laser: Raman lines for a vibrational mode are narrow and highly specific.
Thus to obtain a precise and proper width of the Raman line, the incident laser needs
to have a stable wavelength position, bandwidth and spatial mode for accurate results.
Continuous-wave (CW), single-longitudinal mode (SLM) and TEMgy mode lasers are

used for most applications.

143



Chapter 6

When both the electric and magnetic field vectors are normal to the direction
of propagation, they constitute the transverse electromagnetic (TEM) mode. In diode
lasers, these are spatial modes perpendicular to the active layer. TEMqq is the simplest
transverse mode of a laser, and it has a Gaussian energy distribution across the beam.
This allows for a tighter laser spot focussed on the sample, resulting in good spatial

resolution (Fig. 6.3a).
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Fig. 6.3. a) A few TEMu, modes, representing their energy distributions and the spatial
profiles, b) various longitudinal mode in the cavity of the laser, c¢) the frequency content of a
laser from its gain spectrum profile and its longitudinal modes.

When a standing wave is created in a cavity of a fixed length, it has a
fundamental frequency of oscillation, represented by n=1 mode in Fig. 6.3b. There can
be infinite overtones that exist, resulting in frequencies with discrete spacing between
them and dependent on the geometry of the cavity. As seen in Fig. 6.3c, the laser has
a specific gain spectrum with a threshold. In the middle is the representation of the
longitudinal modes. If more than one mode is above the threshold, the laser is said to

be a multi-longitudinal mode laser (as seen in Fig. 6.3c, bottom spectrum), and if only
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one mode is above the threshold, it is a single longitudinal mode laser.* For Raman
spectroscopy, an SLM laser is essential as multiple excitation frequencies result in
multiple scattered frequencies, thus causing a loss in spectral resolution due to these

overlaps.

Today there are many kinds of lasers, including argon-ion laser (488 and 514.5
nm), helium-neon gas laser (632.8 nm), near IR diode lasers (785 and 830 nm),
neodymium-yttrium aluminium garnet (Nd:YAG) (532 nm) and so on. Depending on
the purpose of the study, a specific laser shall be chosen. The intensity of a Raman
peak is inversely proportional to the fourth power of the laser’s wavelength. Therefore,
the intensity reduces as a higher wavelength laser is chosen. The higher the wavelength,
the higher the penetration of the laser into the sample. The total penetration depends
on the sample’s absorptivity at a particular wavelength. If the sample under study is
transparent, then the depth of focus and focal volume of the laser is given by the
numerical aperture of the lens, wavelength of the laser and the sample’s refractive
index. Many molecules fluoresce when excited by wavelengths in the visible region. An
optimal laser should be chosen to be at the tail of the fluorescence curve, hence reducing

the background.

For the SERS experiments, the lasers not only have to excite the sample but
also the surface plasmons of the metallic nanoparticles. Most silver and gold
nanoparticles’ surface plasmons are activated by visible light lasers such as 532 and
633 nm. As in SERS, the fluorescence gets quenched, and hence, the SPR activating
lasers can be used. The miniature Raman spectrometer we are constructing is aimed
at bioanalysis and bio-detection purposes. Most of such experiments are based on

SERS, and hence the 532 and 632.8 nm lasers were chosen for the construction.

b) Max-line or laser-line filter: It is a precision optical filter with an

extremely narrow passband centred on a standard laser wavelength (Fig. 6.4). They
help screen out undesirable background radiation and ambient light. Laser-line filters

were chosen according to the laser installed in the system.
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Fig. 6.4. Transmission curve of laser-line filter (blue), with the laser emission spectrum(green).

c) Neutral Density Filters: Neutral density (ND) filters can be absorptive or

reflective. They are made from a family of glasses (Fig. 6.5a) that generally have a
spectrally flat absorption coefficient (Fig. 6.5b). By varying the glass's type and
thickness, a range of ND filters can be made with different absorption ranges.
Generally, the optical density (OD) is measured for such glasses. It indicates the
attenuation factor provided by an optical filter, i.e., how much it reduces the optical
power of an incident beam. OD = logy, (1/T), where T is the transmission ranging
between 0 and 1. Neutral density filters are available as individual filters of a specific

OD or as a continuous wheel.
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Fig. 6.5. a) Various kinds of ND filters — distinct, step-variable and continuously variable, and
b) Transmission curves of ND filters of different ODs, blue region — wavelength range for anti-

reflective coating.

d) Dichroic Mirror: These mirrors are coated such that they transmit one

spectral region (passband) and reflect another spectral region (rejection band). This is
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a short wave pass (SWP) if the passband is left of the transition slope and a long wave
pass (LWP) if the passband is to the right of the slope (Fig. 6.6).> Here the rejection
band is reflected than absorbed. A steeper transition slope between passband and
rejection band allows a sharper cut-on and cut-off. The coating can be customized to

create pass- and rejection bands depending on the laser excitation wavelength.
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Fig. 6.6. The short-wave pass (SWP) and Long-wave pass (LWP) modes and their
corresponding transmission curves.’

e) Objective: The objective allows the laser light to focus on the sample
under study. The microscope objective’s magnification, clear and numerical aperture

contribute to the efficient light collection.b

The clear aperture (CA) is the diameter of the rear aperture of an objective. It
describes the limited light gathering of an optical system. The area is usually restricted
to the edge or outer surface of the component. The numerical aperture (NA) depends
on the medium’s refractive index through which the light passes, n, as NA = nsinf
where 6 is the angle between the ray along the optical axis at the centre of the lens
and the ray from the perimeter of the lens to the sample. Higher the NA, the greater

the solid angle of light collection.5

The spot size that a laser can be focussed down to in Raman spectroscopy
depends on the laser wavelength and the properties of the objective lens. The central
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part of the airy disc constituting 84 % of the intensity is the laser spot size given by
1.22 A/NA. With shorter laser wavelengths and higher NA values, smaller spot sizes

can be achieved, thus improving the spatial resolution as seen in Fig. 6.7.7
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Fig. 6.7. Dependence of the laser spot size of the Sample on a) laser Wavelength and b) the
magnification and numerical aperture of the microscope objective.”

f) Edge Filter: The edge filter splits the incoming light into two components.

Wavelengths lesser than a cut-off are reflected or absorbed, and those higher than the
cut-off are transmitted (Fig. 6.8a). This allows us to remove the anti-Stokes and the
Rayleigh scattered light. To retain the anti-Stokes scattering, a notch filter (a bandpass

filter) is chosen (Fig. 6.8b) instead of an edge filter.

a) : b)

Transmission
Transmission

Wavelength Wavelength

Fig. 6.8. The transmission curve (blue) of the a) Edge filter and b) Notch filter. Laser line and
scattered Raman light are represented in green and red, respectively.

For most spectrometers that involve the studies of specific Raman spectral
features, collecting the Stokes scattered light is sufficient, and hence the edge filter can
be used. The edge filter has an advantage, where its transmission curve can be tuned

to be ultra-steep, thus obtaining peaks at very low Raman shifts.
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g) Beamsplitter and camera: A 50:50 beamsplitter diverts 50 % of the light

onto a camera to capture the white light image of the sample, along with locating the

position of the laser spot on the sample. This setup is beneficial but optional.

h) Spectrograph: A monochromator separates the incoming radiation into its

constituent monochromatic wavelengths. A dispersive unit, either a prism or a
diffraction grating, is used to create these monochromatic lights. Change in refractive
index as a function of wavelength helps a prism separate the incoming radiation into
its components. A diffracting grating has serrated grating lines separated by a fixed
distance. These lines cause the light to diffract and split into a spectrum. When the
split spectrum is incident on an electronic detector to obtain a spectrum, the setup is

called a spectrograph.

Entrance slit Grating Detector

Mirror 1
Fig. 6.9. Schematic representation of the Czerny-Turner configuration of the spectrometer.

There are many kinds of spectrometers that have been developed over the years.
Some of them include the Rowland circle construction using a concave grating, the
Czerny-Turner configuration using two mirrors, the Fastie-Ebert construction using
one large spherical mirror and the Sargent-Rozey version using two tilted mirrors. The
most commonly used configuration is the one given by the Czerny-Turner (Fig. 6.9).%
9 Tt consists of two concave mirrors and one planar diffraction grating. Mirror 1

collimates the light source onto the grating, and mirror 2 focuses the dispersed light
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from the diffraction grating onto the CCD detector. The larger the focal length of the

monochromator, the better resolution of the spectral peaks.

i) Various geometries of Raman spectroscopy:

There are two main setups through which the Raman spectra can be obtained,
a) 180° backscattering geometry (Fig. 6.10a) and b) 0° transmission geometry (Fig.
6.10b). There is a third geometry that has been explored in the recent past, called the

spatially offset Raman spectroscopy mode (Fig. 6.10c).10

(@) (b) (c)
Backscattering Transmission  Spatially offset Raman spectroscopy (SORS)
«— Mixture analysis —
SORS data
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A A&B A B A&B A&B A&B
Laser Detector Laser Laser Detector for SORS data

Offset

Surface layer (material A)

Subsurface layer (material B) Layered sample

Detector
Fig. 6.10. Schematic representation of the Raman measurement modes, a) Backscattering, b)

Transmission, c) spatially offset Raman spectroscopy.fff

In the earlier days of the development of Raman spectrometers, transverse
geometry (90° angle between the illumination and collection optics) was used, and is
still being used for liquid and gaseous samples in the present day. But over the days,

the backscattering geometry was found to be more advantageous, as it allows multiple

1t Reprinted with permission from Subsurface inspection of food safety and quality using line-
scan spatially offset Raman spectroscopy technique, 75, Jianwei Qin et al, 246-254, Copyright (2017)
from Elsevier.
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spectroscopy studies simultaneously, makes it easy to work with single crystals and
greater energy distribution and hence lower sample heating.!l> 12 Today, the 180°
backscattering geometry is one of the most commonly used setups for a Raman
spectrometer. In this geometry, the laser and the detector are on the same side of the

sample.

The transmission Raman spectroscopy is a variant of Raman spectroscopy in
which the sample is illuminated from the top, and the scattered light is collected in
the same direction. This method is advantageous in probing the bulk content of
diffusely scattered samples. It has been used to probe the bulk content of powders and
tissues and has been able to reject Raman and fluorescence components originating

from the surface of the sample.13

The spatially offset Raman spectroscopy (SORS) is a variant of Raman
spectroscopy, which probes the scattered light away from the point of incidence of the
laser light. This allows for highly accurate chemical analysis of objects below tissues,

coatings, bottles, and so on.!4

6.3. Construction of the miniature Raman spectrometer

From the above knowledge about the various components required to build a
Raman spectrometer, we constructed a compact Raman spectrometer (Fig. 6.11) with

the following specifications for the various components.

a) Laser — A 632.8 nm SLM diode laser with TEMy mode was chosen for the
SERS based bio-application studies. The diode lasers have very low power
consumption, are compact, have high output power stability and are relatively lower
in cost. The source power is in the range of 20-50 mW, with a deviation of £0.5 nm in

the central wavelength. The typical spectral linewidth is < 10 MHz.

b) Collimator — A collimator of focal length 24.98 mm is chosen to collimate
the incoming laser radiation from the source through an optic fibre. It also acts as a
beam expander, allowing the laser beam to expand, hence more tightly focused onto
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the sample. The 1/e? output of the beam diameter is 4.7 mm. This collimator is
mounted onto a kinematic mount which allows for +5° tip or tilt and a +3° linear
translation along the optic axis. This allows for fine-tuning the alignment of the

incident laser onto the sample.

c) Max-line or laser line filter — A laser line filter with a central wavelength

of 632.8 nm and a nominal bandwidth of 2.4 nm was used.

d) Neutral Density Filters — Four Neutral Density (ND) filters with optical

densities (OD) of 0.1, 0.3, 0.5 and 1.0 in the visible range were installed. Depending

on the power requirement, either a single or a combination of these can be chosen.
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Fig. 6.11.Schematic representation of the assembled spectrometer.

e) Dichroic Mirror — A dichroic mirror for 632.8 nm central laser wavelength

was chosen. It has an edge steepness of 3.2 nm, equivalent to 78.6 cm’l. It has a
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reflection, R >94% for wavelengths below 632.8 nm, and a transmission, T >93% for

wavelengths in the range of 641 — 980.8 nm.

f) Objective — A long working distance (33.5 mm) infinity-corrected 10X
objective with a large clear aperture was chosen to focus the light on the sample. The
scattered light is collected back through this objective through the back-scattering

mode.

g) Beam Splitter and Camera— A 50:50 Beam Splitter is chosen to reflect

50% of the scattered light onto a 5SMP CMOS type camera when white light imaging
of the sample and the laser spot on the sample is required. This beam splitter can be
removed when Raman spectra are collected to allow all the light transmitted from the

dichroic to pass further onto the edge filter.

h) Edge Filter — A 632.8 nm edge filter at an angle of incidence 0° (£2°) is
used to cut off the anti-Stokes and Rayleigh scattered light. It is a long pass edge filter
with an edge wavelength of 634.5 nm. It blocks the Rayleigh light of 632.8 nm with an
OD >6. Its transition width of 3.2 nm, equivalent to 79 cm, allows for easy

measurements of Raman shifts above 100 cm-L.

i) Spectrograph — Through a custom-built collimating assembly, the light

that passes through the edge filter is incident onto the pinhole of a commercially bought
monochromator. The monochromator is integrated with a back-thinned, TE cooled,
1044x64 pixel CCD detector to record the Raman spectra. The spectrograph is compact
and houses a 1200 grooves/mm holographic diffraction grating. It has a good signal to
noise ratio of 1000:1. It can record a Raman spectrum between 150-3150 cm™! with a

resolution of 7-10 cm!.

j) Motorized XYZ Stage — A custom-designed motorized XYZ stage with

x- and y- travel of 100 mm and z- travel of 25 mm is used to manipulate the position
and adjust the sample position to the focal point of the objective. The sample stage is

custom made to accommodate a 96-well plate on it.
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k) Cage Assembly — Various individual cage components, including cage

cubes, connecting rods, cubes for mounting dichroic mirror and beam splitter, Neutral
density filter holders and so on, have been used to put together all the components of
the miniature Raman spectrometer. The compact arrangement of all these components
assures minimal entry of stray light into the light’s path inside the spectrometer and

additionally reduces losses.

The list of components for assembling the spectrometer are given in Table. 6.1.
All the components mentioned above were purchased from different companies and
were assembled in-house. Choosing various components from different companies

allowed for a greater choice in options, and a lower cost of the assembled spectrometer.

Table. 6.1. List of components for spectrometer assembly.

Component Company (Model No.) Company (Model No.)
Setup with 633 nm laser Setup with 532 nm laser
Laser PD-LD Integrated optics
(SLM-632.8-H-PMF) (0532L-41B-NI-NT-NF)
Collimator Thorlabs (TC25APC-633) Thorlabs (GBE05-A)

Laser Line Max
Filter

Semrock (LLO01-633-12.5)

Semrock (LLO01-532-12.5)

Neutral Density
Filters

Thorlabs (NExB-A series)

Thorlabs (NExB-A series)

Dichroic Mirror

Semrock
(LPD02-633RU-25x36x1.1)

Semrock
(LPD02-532RU-25x36x1.1)

Objective lens

Mitutoyo (No. #46-144)

Mitutoyo (No. #46-144)

Beamsplitter

Edmund Optics (32269)

Camera

MOTICAM (Moticam 5)

Edge Filter

Semrock (LP02-633RE-25)

Semrock (LP03-532RE-25)

Spectrograph Ocean Optics Avantes
(QEPRO-RAMAN-SPL) (AvaSpec-ULS4096CL-EVO)
Motorized XYZ Holmarc Holmarc
Stage
Cage Assembly Thorlabs Thorlabs
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Similarly, a 532 nm excitation miniature Raman spectrometer was built with a
more compact design idea (Fig. 6.12). This system acted as an upgraded version of the

previous one regarding compactness and ease of accessibility.

Fig. 6.12. Schematic representation of the optical component assembly for the 532 nm laser
excitation setup.

Comparing the two kinds of setups, the model built with the 633 nm excitation
laser had fixed cage cubes and a kinematic mount that allowed for fine-tuning the
alignment of the laser spot. This allowed for easy assembly of the system. But also,
small micron to mm size differences in the alignment of the cage cube components
would easily misalign the system, which had to be then realigned frequently. While in
the later model, there were 3 movable mirrors with an angle of incidence at 45°,
allowing for fine-tuning the alignment at multiple levels, thus holding the alignment
stable for long durations. Though the alignment times can be compared, most of the
components are already in fixed positions for both these systems. This allows for easy

laser alignment that can be done in a few minutes at the maximum.

The optical elements were installed in the respective optomechanical
components. The installed opto-mechanics was assembled to create the optical path of
the light for illuminating the sample and collection of the scattered light through 180°

backscattering geometry (Fig. 6.13). Using the kinematic mount in the 633 nm setup
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and the mirror mounts in the 532 nm setup, the laser light was aligned such that the
incident laser spot overlapped the light in the collection path, indicating complete laser
alignment. The assembled 633 nm laser spectrometer was mounted onto a vertical
translation stage for coarse movement of the complete spectrometer. The sample XYZ
stage allowed fine movements of the sample to align under the microscope objective.
The assembled 532 nm laser spectrometer was placed on a vertical platform at an

optimal height to accommodate the XYZ sample stage.

Fig. 6.13. a) Setup with 633 nm laser and a motorized XYZ stage to accommodate a 96-well
plate, b) representation of the various components in the setup shown in a), and ¢) compact
arrangement of all components in the 532 nm laser setup.
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Fig. 6.14. Comparison of the SERS spectra of 10° M R6G recorded on the 633 nm laser
spectrometer built in-house vs. the commercially available LabRam HR Evolution.

The SERS spectra for 10 M R6G using silver nanoparticles were recorded on
the built spectrometer. As seen in Fig. 6.14, the SERS spectra were collected on the
in-house assembled Raman spectrometer and the commercially available LabRam HR
Evolution. The in-house built spectrometer produces a spectrum of similar intensity in
just 5 s of time, while it took about 280 s on the LabRam HR Evolution. The spectrum
on the LabRam has an excellent resolution, producing peaks of narrow FWHM (overall
spectrum) and well-separated peaks (For example, peaks around 625-675 cm™). This
is attributed to the low 7-10 cm! resolution of the monochromator of the inhouse built
spectrometer. For detection-based applications, when unique spectral regions are
chosen, this low resolution doesn’t interfere, and thus this spectrometer serves the
purpose. The collimating assembly on the collection optics end can always be
integrated to a higher focal length spectrograph to obtain spectra with higher

resolution for research-based studies.
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Fig. 6.15. Intensity of the 1500 cm™! peak plotted as a function of the concentration of the R6G
in the SERS spectra of R6G using AgNPs.

The SERS spectra of various concentrations of R6G were obtained using AgNPs
synthesized by the Lee-Meisel method (Fig. 6.15). A least concentration of 10 M R6G
was detected using the in-house built spectrometer. Such results give the confidence to

detect low concentrations of dye tags in various applications.
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Fig. 6.16. Size-dependent SERS spectra of 10> M R6G using AuNPs.
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As described in section 2.7, varying sizes of AuNPs were synthesized, and size-
dependent SERS spectra of 10 M R6G were obtained. From Fig. 6.16, it is evident
that the larger the AuNP size, the higher the intensity of the SERS spectrum. The
optimal size range of AulNPs for best results is 50-60 nm, and for larger sizes, the SERS

intensity reduces due to bulk effects in the nanoparticles.

With these sets of experiments, the functioning of the spectrometer and its
ability to obtain SERS spectra for low concentrations of dyes was established. To make
the spectrometer user-friendly for diagnostic labs, we developed a program to allow the
XYZ motorized stage to map a 96-well plate and obtain spectra at each well. As seen
in Fig. 6.17, a LabVIEW code was written to move specific distances at fixed intervals

and wait at each position for a fixed period.
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Fig. 6.17. a) Back panel of the LabVIEW program to position a specific well from the 96-well
plate under the microscope objective, b) Front panel of the stage-positioner.
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This program was then integrated with the Oceanview software corresponding
to the spectrograph (Fig. 6.18a). It communicates to the spectrograph to collect spectra
at optimal time points. The spectra were then displayed on the front panel designed

on LabVIEW (Fig. 6.18b).
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Fig. 6.18. a) Back panel views of the LabVIEW program to integrate the XYZ positioner to
the Oceanview software of the spectrograph, and b) Front panel of the LabVIEW code where
the stage can be positioned, and the spectrum can be collected.
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Fig. 6.19. Schematic representation of the automated movement of the XYZ stage to collect
spectra in different wells of the 96-well plate.

In Fig. 6.19, a schematic representation of the movement of the XYZ stage to
various well positions and the simultaneous collection of the SERS spectra is
represented. The functioning of the motorised XYZ stage for the 96-well plate was
tested by putting various Raman active liquid samples in the wells and collecting their
spectra. We successfully collected the spectra of samples like toluene, cyclohexane, a
mixture of AgNPs and 107 M R6G placed in different plate wells (Fig. 6.20). Hence,
a successful assembly and programming of a motorized XYZ stage to an in-house

Raman spectrometer was attained and tested.

The size (1 x b x h), weight and cost of the 532 nm and 633 nm spectrometers

are 25 cm x 35 cm x 18 ¢m, 50 cm x 30 cm x 45 cm; ~ 6 kg total, ~ 5 kg for the optics
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and the monochromator, and an additional 8kg for the motorized xyz stage and its

controller; and ~ 12-13 lakh INR, ~ 22 lakh INR, respectively.
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Fig. 6.20. Raman spectra were collected using the 633 nm laser Raman spectrometer with the

program written for automated spectral collection at different wells, a) well 1 — cyclohexane,

b) well 2 — toluene, and c¢) well 3 — AgNPs with 107 M R6G.
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6.4. Conclusion

In this chapter, two miniature table-top Raman spectrometers with 532 and 633
nm laser excitation and different optomechanical components were assembled and
evaluated. The spectrometers are compact and can be assembled and aligned easily on-
site. Compared to a commercial research-grade spectrometer as a LabRam HR
Evolution, these in-house built spectrometers were cheaper, compact in dimensions,
and had quick integration times. As of today, due to the requirement of the product,
it incorporates a nominal resolution, single wavelength, and single diffraction grating.
According to the study, these parameters can be changed any day by integrating a
large focal length monochromator, multiple lasers, and their corresponding optics. The
advantage of this kind of setup includes a mix and match of optomechanical elements,
allows for the system modification any day, and lets you build in other experimental
features, for example, including the fluorescence measurement setup. Basic
concentration-dependent SERS of rhodamine 6G was conducted as a study on the
spectrometer. The custom-built XYZ stage was programmed to accommodate a 96-
well plate and collect spectra at each well at a very nominal cost compared to the
existing motorised stages available in the market. Overall, a tabletop Raman

spectrometer for diverse applications was assembled and its functionality tested.
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Chapter 7.

Summary and Outlook

Raman
spectroscopy

for biomedical
applications
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Raman
Spectroscopy

Drop-coated
Raman
spectroscopy

Protein-protein
interactions
and micro-
environmental
affect

Investigating
HEWL and HL
aggregation

In brief, this thesis explores the various applications of Raman spectroscopy and
SERS in biosystem and biomedical applications. Using DCDR, the microenvironmental
effects and the structural changes of the lysozyme protein, during aggregation were
studied. SERS was combined with PCA to differentiate EVs extracted from various
cell lines under starvation conditions. A PCR-based SERS strategy was developed to

detect mutations in the tomato DNA. Finally, a compact tabletop Raman spectrometer
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Enhanced Raman
Raman spectrometer
Spectroscopy
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PCA of specific
SERS spectral
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ranges spectral
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E\{'s from Detecting
various cell Indels and
lines SNPs in tomato
gene

was assembled and tested for future applications in bio-detection.
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Many proteins aggregate under various conditions, including changes in
temperature, pH and the presence of certain chemicals. Using the DCDR spectroscopy,
the number of protein molecules under the laser spot increases, thus increasing the
strength of the Raman signal. Various other proteins can be explored by this technique
to study the microscopic effects on their structures and interactions. The microscopic
effects of various small molecules can be explored to derive insights into their binding
sites. Though protein aggregates polymerize into many structures, amyloid fibrils
develop very specific structures. Their structures are being explored through many
techniques, including x-ray diffraction, FT-IR and Raman spectroscopy. Raman
spectroscopy can benefit from these other insights and prove very useful in detecting
these fibrils. With better computational facilities and strategies, MD simulations can

be used to mimic the realistic aggregation processes.

The classical extraction technique of EVs is the ultracentrifugation method,
which in general is a long and extensive process. The use of a TEIR reagent hastens
the process, allowing for quick extractions of the EVs. EVs extracted from a large
number of cell lines need to be studied using SERS and PCA to obtain various clusters
on the loading plots. The positions of these clusters need to be analysed along with the
unique spectral features chosen for this plot to be able to differentiate the origin of
these EVs. Further insights from biochemical analysis tools like proteomics, lipidomics,
and genomics can help assign the Raman spectral bands, hence a better understanding
of the molecular compositional analysis of these EVs by Raman spectroscopy. In the
future, this technique can be explored as a diagnostic tool for studying EVs in live

samples like blood or urine.

In this thesis, a PCR-based SERS strategy was developed to identify indels and
SNPs in the DNA of a tomato plant. The same technique can be used for detecting
many other kinds of DNA that have unique conserved regions, for example, the DNA
of HIV. With the FWHM of the Raman bands being small, it is a very advantageous

tool for multiplexing as compared to the many other techniques that exist in the
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market today. By optimizing the oligonucleotide sequences, the type of metallic
nanoparticles and the SERS conditions, this technique can be converted into

technology for DNA detection.

Over the past many years, with the advancements in lasers, optics, electronics,
and technology, there has been a tremendous improvement in the way Raman
spectrometers have been built and miniaturized. With further improving the versatility
of the system, the development of software to convert Raman spectral features into
readable numbers, and the use of data analysis, Raman spectrometers can become

devices in real-life scenarios rather than just being researched tools.

Overall, from this thesis, it is evident that Raman spectroscopy can be used in
a wide variety of biosystem analysis and detection. The applications have a scope of

being converted into actual technologies that can be useful to society.
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