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Abstract

Raman spectroscopy is a variety of vibrational spectroscopy that allows the easy interpretation and extremely
sensitive structural identification of specimen-based on their unique vibrational properties which is also called
fingerprints. Because of continuous technological developments in Raman spectroscopy, the technology has
advanced in development and more applications are now possible. This review demonstrates the preponderance
of the principal categories of Raman spectroscopy. We present here a general review on theoretical and
instrumental Raman technology, as well as its applications throughout many domains. The purpose of the
review is to highlight potential applications of many types, particularly those developed to distinguish distinct
specimens such as biological, chemical, microbiological, and many others. In this review study, we will focus
on Raman spectroscopy applications in the following domain, including theories, instrumentation, popular type
Raman Spectroscopy & few application according to current scenario such as in Corona-virus detection & nano-
material characterization, and even certain chemical field applications. Raman spectroscopy is a vibrational
technique that involves high energy photons based on the inelastic scattering of light in the visible or near-
infrared range of the specimen. The wavelength of the preponderance of the scattered light called Rayleigh
scattering is the same as that of the laser source light. There are two kinds of light scattering: elastic scattering
and inelastic scattering. When the photon frequency does not shift or change wavelength, this is referred to as
elastic scattering. Inelastic scattering, which is essential in Raman spectroscopy, is the counterpart. The
frequency shift can be utilized to get information about molecular chemistry, biological tissues and many more
fields.

Keywords: Raman Spectroscopy, Coronavirus detection, Raman Surface Enhancement Spectroscopy, Nano-
particles, Vibrational Spectroscopy.
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1. Introduction

This review paper describes the fundamental requirements for Raman scattering based detection technologies. In
this review paper, | focused on several spectroscopic phenomena that are pertinent to Raman scattering based
detection technologies. All different kinds of Raman scattering phenomena involve changes in laser radiation
frequency as a consequence of their interaction with the material. However, because each of these impacts
involves a separate set of methodologies and principles, new applications and sensitive data might materialize. |
will also provide a brief description of the experimental setup for these various techniques. The intense
blue color of the Mediterranean ocean fascinated Indian physicist Chandrasekhara Venkata Raman. He was,
however, unimpressed with Lord Rayleigh's explanation that the color of the water was just a reflection of the
color of the sky, as described by the classical theory of light scattering for constant frequency in 1871. After
much contemplation and considerable effort on a series of measurements of light scattered by liquids as well as
some solids, Raman and his group in Calcutta were able to demonstrate in 1928 that the color of the ocean was
caused by the scattering of sunlight by water molecules. “However, Adolf Smekal, an Austrian scientist,
described the inelastic light scattering phenomena a few years earlier. Photons, according to Smekal, might be
dispersed inelastically by molecules in addition to the origin wavelength, shorter and longer wavelengths would
be present”. Smekal further demonstrated that the frequency shift between incoming and scattered light is
caused by the difference in energy between two states of the molecules. Simultaneously, two Russian scientists,
Landsberg and Mandelstam, investigated Brillouin scattering from quartz and discovered light scattering with
frequency variation. “Furthermore, the finding of Landsberg and Mandelstam was published after Raman's work
had been published. Raman was acknowledged to be the first who described the phenomena of the scattering
effect of light which was named after him andto do so Sir Raman won Nobel Prize in Physics in
1930”. However, the advancement of Raman spectroscopy was rather delayed for a variety of reasons. First, the
Raman effect is very weak. Generally, merely Rayleigh is one part in a thousand of the overall intensity of
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incoming light dispersed, but Raman scattering reduces this value to one part in a million. Because the Raman
effect is so weak, attenuating elastically dispersed light in order to detect in-elastically scattered Raman light is a
major challenge. The second reason is that the excitation source in all of the early light-scattering experiments
was sunlight, and the materials utilized in the study were liquids. However, these challenges were solved, and
things altered significantly with the discovery of the laser in 1960. Thus, the development of laser technology
encouraged the conventional field of molecular spectroscopy and Raman spectroscopy in a multitude of ways.
The novel laser technology was also the key element in the development of several types of Raman
spectroscopes. Today, there are about 25 various varieties of linear and nonlinear Raman spectroscopy
methods. The main ones are widely used in fields of chemical science and material science, art restoration,
military and medicinal applications, and so on.

Basically, Spectroscopy that was used to study of the interaction between radiation and matter as a function of
wavelength. Raman spectroscopy is a branch of vibrational spectroscopy and is a method used to identify the
rotational, vibrational and other low-frequency modes of matter that allows an easy interpretation and highly
sensitive structural identification of matter. Raman spectroscopy work on a phenomenon known as Raman effect
that happens when the electric dipole of matter interacts with the light photon. Raman spectroscopy is a
vibrational mode-based technique that involves high energy photons on the inelastic scattering of radiation in
the visible or near-infrared region of matter. Scattering is causes of collision between matter particles and light
photon, the shift in wavelength is directly proportional to concentration and depends upon the chemical structure
of molecular species. Most of the scattered light has the same wavelength as the radiation source known as
Rayleigh scattering. Molecules are the composition of two or more bonded atoms that are in continuous motion
in the form of either vibrational or rotational or electronic or translational. These different kinds of motion and
intermolecular interaction causes different forms of energy possesses in a molecule that can be probed with
electromagnetic radiation to get information on molecular structure and composition. A matter molecule may
interact with electromagnetic radiation either by absorption or scattering of radiation. Since electromagnetic
radiation is quantized and so it possesses discrete energy levels and also matters molecules have discrete energy
level. Rotational transitions occur at microwave region, whereas vibrational transitions occur relatively high
energy levels such as in the IR, and electronic transitions occur either in the visible or UV region of the EM-
spectrum. Stoke Raman scattering happed due to interaction between the ground state matter molecules, so
occur far more easily and light photon whereas the anti-stoke Raman scattering arises from interaction of photon
and excited state matter molecules. Both Raman and infrared (IR) spectroscopy probe molecular vibrations
associated with chemical bonds in a sample to obtain information on molecular structure, composition, and
intermolecular interactions. Raman spectroscopy arises from vibrational and rotational motion of molecules
happened due to inelastic scattering that depends on nuclear vibrations of matter particles cause a net change in
polarizability. Those substances are Raman active may not be IR active, and vice versa and so they will be
strong in one effect and weak in other. Since Raman spectroscopy is a nondestructive, reagent less, vibrational
spectroscopic technique, it provides rapid molecular characterization of tissue in vivo or in vitro for biopsy,
margin assessment, therapeutic evaluation, or laboratory use. It has become common practice today to identify
substances, analyze structure and properties of functional molecules, by using Raman spectroscopy.

2. Raman Scattering Theory

In this section we will explore the different nature of Raman effects such as Classical nature and Quantum
nature. Raman scattering is extremely similar to Rayleigh scattering. In both situations, light is shone on the
molecule with enough energy to excite any vibrational or rotational states but not enough to bring it out of its
ground electronic state. This radiation then excites the molecule to a virtual state, which decays to lower energy
levels. The molecule decay back to its initial state in Rayleigh scattering Fig. 1(a) and to a different state in
Raman scattering. When the final energy level is greater than the initial state, it is referred to as a Stokes
transition whereas when it is lower, it is described as an anti-Stokes transition Fig. 1(b). The light that is emitted
during de-excitation will subsequently be examined. Finally, we will look at Raman transitions that are
either vibrational or rotational. Raman spectroscopy is a subcategory of vibrational spectroscopy that would be
used to identify rotational, vibrational, and other low-frequency modes of materials, allowing for easy
interpretation and highly sensitive structural characterization. The Classical Raman effect hypothesis is based on
the polarizability of molecules, which represents how effortlessly an electron cloud of a molecule may be
deformed by an electric field (light).  Smekal's approach provides the foundation of the quantum
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Fig.1: Energy-level diagram of Rayleigh scattering, Stokes Raman scattering, and anti-Stokes Raman
scattering.

mechanical dispersion (QMD) theory of Raman scattering. This theory provides an expression of the
polarizability tensor (a,z) developed with the help of Kramer’s, Heisenberg, and Dirac's time-dependent
perturbation theory (KHD). However, since this formalism includes a sum across vibronic states, it is difficult to
use in reality. Now let us start to understand one by one the different nature of Raman effects.

2.1. Classical Description of Raman Spectroscopy

The fundamental principle of this spectroscopy is based on a molecule's polarizability and the applied electric
field. When a molecule is placed in a uniform electric field, the positively charged nuclei are attracted to the
negative pole of the field, while the electrons are attracted to the positive poles, is referred to as polarization.
Polarizability is ability of the electron clouds to interact with an electric field. Whenever a beam of high energy
electromagnetic radiation strikes with species, the species undergo through oscillating electric dipole moment
due to oscillating electric field of interacting radiation beam irrespective of the molecules have permanent dipole
moment and so molecular species is said to be polarized usually in state of radiation use high energy
laser. “When a photon interacts with a molecule, the electrons and protons move, producing an oscillating
dipole. This dipole will then emit photon of different frequencies”.

When a photon collides with a molecular species of mass ‘M’. Since a molecular species made up of several
atoms so every atom have different masses as M;, M, .... etc., displacement represented by x,, x,.... and bond
strength between these atoms will be K;, K,....and so on.

Therefore, the displacement in the atoms will be given by using Hook’s Law as follows

MMy (dle dzxz)

— = =-K;(x X2) 1
M1+M> dt? + dt? 1( 1 + 2)

MyM3 (dzxz dZX3)

— = =-K;(x X3) i 2
My +M3 dt? dt? 1( 2 + 3)

and so on
In order to simplified the above expression introduced reduced mass py, iy ... and displacement considered as
41,9 - and so

dZ
ﬂquZl = _Klql .................. 3
dZ
a.nd ﬂquZZ = _Kz qz .................. 4

The wave solution of above-mentioned wave equation is estimated approximately by using wave solution
methods

qm = qu, COS 2yt 5
Where gq,,, be the vibrational amplitude and n,,, be the vibrational frequency of modes of the molecular species.
For small displacement such as in typical diatomic molecule the polarizability may be expanding in the normal
co-ordinates form of Taylor series as
— M (e
a—ao+Zk=1(aq)0q ............... 6
Since the polarizability is the static and sinusoidal oscillating term but to occurrence of Raman scattering, the
polarizability be the function of vibration, (;Ta) # 0. In the above mathematical expression the equilibrium
M”70
position of the atoms are indicated by the subscript ‘0’.
The frequency of molecular vibration is estimated as

1 |K,

2m | py

Ny
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The electric field associated with beam of light of frequency ‘n’ be

E = ET, sin2nrm¢t 7
Therefore, the induced dipole moment is the product of the polarizability and the electric field associated with
beam of radiation

Pindu = aE = aE_(; sin2nmt .. 8
In above mathematical expression the term "a" called polarizability of the molecular species. The molecular
species behaves like as Hertzian oscillator and emlt energy in the form of electromagnetic radiation of frequency
n' same as the incident radiation called Rayleigh scattering. Due to so the molecular species has internal motion
named either vibrational or rotation.

On substituting values from equation 5,6 into equation 8, we get

DPindu = oEqcos2mnt + Y3, (%") @ [cos2m(ny + ny)t + cos 2m(ny —ny )t ] ....9
0

Since as already discussed that molecular species has rotational as well as vibrational motion and so the induced
dipole moment due to vibration of molecular Species

da,\ E
Pinau = AoEqcos2mnt + Z ( k) ;qo [cos2m(ny + n,z )t + cos2m(ng — ny )t ]

Similarly, the rotation of the molecular speues causes induced dipole moment be

da;\ E
Dindu = AoEo cos2mnt + Z ( k) ;qo [cos2m(ny + n,, )t + cos2m(ny — n,., )t ]

According to Classical Mechanics, an OSC|IIat|ng induced dipole moment emits radiation at the frequency of
oscillation 'n,,. An oscillating dipole emits radiation at the same frequency of the incident light represented by
the first term of the above mathematical equation which is known as Rayleigh scattering. The second term of the
equation shows the condition of Raman scattering. The oscillating polarizability causes an induced dipole
moment that oscillates and emits radiation at frequencies that differ from the incident light.

According to Classical theory of Electrodynamics an oscillating dipole emit radiation of the intensity
4
Ny

I= 127me,c3 IPinaul
Therefore
I=
ng M (9% 4 .02 2
1211'5 = aiE%cos2mnt + Zmeged Lk=1 (E) 2a2(ny + ny)* cos? 2m(n,y + ny)t +7 5 C0s” 2m(ny —
nE)t,...oee.. 10

In above expression the first tern represents Rayleigh scattering. In Raman scattering, the molecular species
radiates with two frequencies that are modulated by frequency of excited normal vibration. For Stokes Raman
Scattering, the Raman scattering radiation has frequency lower as compared of incident radiation and is
represented by second term of mathematical expression whereas for Anti-Stokes Raman Scattering frequency of
Raman Scattering radiation is higher as compared of incident radiation and represented by third term of above
mathematical expression.

Theoretically the ration of intensities of Stokes and anti-Stokes Raman scattering will be

Istokes _ ((no_nk)4 11

. - Tentstokes  (mgrmgd 177 -
The classical picture of Raman Scattering does not explain well many aspects of Raman scattering observed

experimentally, like the intensities of scattered radiation.

2.2. Quantum description of Raman Scattering

The quantum interpretation of light scattering is different from classical interpretation. Quantum states of
material particles are characterized by the help wave function. Quantum mechanically the energy of the system
is considered to be discrete. Energy is generally radiated during the transition of the system state from one state
to another. At the beginning of the 20th century, electrons were discovered to exhibit diffraction patterns when
passed through a double slit in the same manner as light waves do. This experimental evidence has suggested
that duality nature that means atomic particles were also wave-like in character, and thus it was reasonable to
assume that a wave equation could describe atomic particle behavior. In 1926, Erwin Schrodinger, an Austrian
physicist derive a wave equation that represents electron mobility and which evolved to have the same essential
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importance in quantum mechanics as Newton's laws of motion have in classical mechanics. The Schrodinger
equation defines the shape of the probability waves that govern the mobility of microscopic particles, as well as
how these waves are affected by the external fields. In atomic, nuclear, and solid-state physics, this equation is
often used. “Nowadays, advanced computational techniques make heavy use of super-computers to solve the
Schrodinger equation for different model systems in order to determine the electronic structure of atoms and
molecules”. The general Schrodinger equation be like
E¥Y=HY 12

inwhich ‘H’ is the total non-relativistic Hamiltonian operator whereas "®'is eigen function and ‘E’ is the
energy of the system.

Atoms bound by bonds are spatially confined, causing molecular vibrations/rotations to occur at definable
energy levels. According to Quantum theory, radiation is considered to be discrete that means radiation is a
composition of small particles named Quanta or sometimes also referred as photon having energy hcd of each
photon. When radiation interacts with materials the photon interacts with the material particles. In such kind of
interaction have there are three possibilities. The first possibility is that the initial state is maintained by
materials particles and photons scattered with original energy. Such interaction is known as Rayleigh scattering
and the observed line are said to be Rayleigh lines, interaction referred to be elastic. The second possibility is
that the interaction is inelastic in which initially material particle in its ground state with energy E' absorbed
energy from a photon and get excited to the higher energy state of energy E’, the photon is consequently
scattered with less energy hcd — AE, here AE = E" — E’. The result of this get the Raman line with lower
frequency than that of incident radiation and such kind of Raman lines are referred to be Stokes lines. This
process is said to be Stoke-Raman scattering. The third possibility may be the photon interacts with a material
particle at an excited energy state of energy E'' and absorbed AE energy from it. In such case materials,
particles may be de-excited to the ground state of energy E’ and then photon scattered with higher
energy hcd + AE. This result in Raman lines of frequency higher than that of incident radiation/light and such
Raman lines are said to be anti-stoke lines or anti-stoke Raman lines, the process is said to be anti-stoke Raman
scattering. On either side of the Rayleigh line, the Stoke and anti-Stoke Raman lines are symmetrically situated.
The Raman shift directly gives the energy difference between the stationary states of the material particles. “A
material particle is only said to be Raman active, when the polarizability of a particle (vibration/rotation)
changes. In the quantum description, the oscillating electric dipole and polarizability are replaced by a transition
electric dipole and polarizability in the quantum description. The transition moment leads to a transition

between two quantum states, i and f, only if it is nonzero”.
o

M, (i = f) = (E)o € [P,QU,dQ#0 oo, 13
Here M,,, is the moment of Raman transition for a diatomic material particle, y; and ys; are wave functions got
by the solutions to the time-dependent Schrodinger equation for states i and f, a is the polarizability operator
which is a tensor property, €, is the electric field amplitude, and Q is the coordinates. Because energy is
conserved so the gain in energy ht,, by the material particles results in an equal amount of energy h9, being
removed from the incident photon, where incident energy is hd,. This change in energy is the energy of a
scattered photon [19] is given by
AE=h[@—-9y) =h@y—9) ... 14

Radiation is emitted at longer wavelengths (lower energy) than incident light because the wavelength is
inversely proportional to frequency.

As shown in Fig. 2, when a molecule is initially excited before to irradiation with E; = ghw?,, and is promoted

to a virtual energy level, it eventually relaxes to the ground state with E, = %hﬂ,, after scattering. Hence final

energy state of the material particle will be E, = E; — h9,, here the particles of the material released energy.
This correlates to photon energy, h = h9, being transferred to the incident photon's energy . The energy of the
scattered photon will be h(9y + 94). Therefore, Radiation with shorter wavelengths (greater energy) than the
initial radiation is emitted. However, because Stokes-shifted line is more intense than anti-Stokes line, it is
usually measured. Because no actual energy levels are involved in conventional Raman spectroscopy, the result
is wavelength-independent (only virtual states).

www.ijeijournal.com Page | 227



A Review on Raman Spectroscopy

v ;
3 EXCIted
» 4 .
N\ » electronic
1 1 \\ , States
——0
Virtual states P
Anti-Stokes ¥ |
Stokes
> el 10
=)
3]
c
m
V - -
| | _____ 5 Vibrational
- _____ o states
v v v I —
: - — - . — 0 Ground state
Rayleigh T ! Fluorescence
yielg Non-resonance Pre-resonance Resonance
Baman Baman Raman

Fig. 2: Rayleigh scattering, Raman scattering, and fluorescence energy level diagram.

This is known as non-resonance Raman. In resonance Raman spectroscopy, a variety of conventional Raman,
atomic vibrations are monitored in a wavelength-dependent approach. A resonance effect is observed when the
wavelength of the exciting source aligns with an electronic transition of the molecule, and the strength of some
Raman-active vibrations can be enhanced by a factor of 102 — 10°. Before a photon is emitted, molecules are
excited to a virtual energy level for a small amount of time, on the range of picoseconds, in the Raman effects.

2.3. Born-Oppenheimer approximation
The Born-Oppenheimer concept is one of those excellent approximations that, even when it fails, served as a
basis for deliberation and systematic improvements. The Born-Oppenheimer approximation is one of the
fundamental ideas enabling the characterization of molecular quantum states. There would be no
molecular structure, solid-state crystal structure, molecular vibrations, phonons, electronic band structure, and so
on if the Born-Oppenheimer approximation did not exist as a foundation because the Born-Oppenheimer
approximation permits for the decoupling of electronic and atomic mobility. The Born-Oppenheimer
approximation recognizes the huge difference in electron mass and atomic nuclei masses, as well as the time
scales of their mobility. When characterizing the electrons in a molecule, the Born-Oppenheimer approximation
excludes the motion of the atomic nuclei. The Born-Oppenheimer approximation has a physical foundation in
the fact that the mass of an atomic nucleus in a molecule is massively larger than the mass of an electron (more
than 1000 times) because of this asymmetry, nuclei move significantly slower than electrons and can be
considered as stationary while the electrons move around them. The solution of the Schrédinger equation for a
single particle is elementary, but for many-body systems, it is a daunting undertaking. Without the Born-
Oppenheimer approximation, it is impossible to distinguish the entire wave function into an electronic and a
nuclear component in many-particle systems. As a result, rather than trying to solve the Schrédinger equation
for all particles at the same time, it is possible to consider the nuclei to be stationary in a place and solve the
Schrédinger equation for the electrons in the stationary electric potential originating from the nuclei. Then by
invoking approximation the entire wave function may be differentiated into two components, corresponding to
the nuclear and electronic wave functions.
The electronic Schrodinger equation is

Helec®elec = Eelec®elec ™ -vvvvvenen 15
Further, the electronic wave function may be written in the electronic co-ordinates and parametrically of nuclear
co-ordinates as @iec = Petec(Ti; Re)-
“The Hamiltonian for the stable set of location R, of the nuclei may be given by

n 1 n N 7 n n 1

Raee==0 3% =) D ri* ), D

i=1 i=1ta=1 '* i=1j> Y
Here ‘n’ represents the total number of electrons in the domain of ‘N’ electric potential. The first component of
the above-mentioned equation is the operator for electron kinetic energy, the second term reflects the Coulomb

attraction among electrons and nuclei, while the last component indicates electron repulsion”.
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3. Instrumentation

A Raman spectrometer is composed of several components such asa light source, a mono-chromator, a
specimen container, and a sensor. Fig.3 The block diagram demonstrates the equipment required to achieve a
Raman spectrum, which includes a source of high-intensity monochromatic light, a specimen that does not
require any special preparedness (gas, liquid, or solid), a double mono-chromator (filter) to ignore stray light,
and a charge-coupled device (CCD) detector, which is mostly used for Raman spectroscopy. Ex-vivo (“outside
of a living body”) applications are generally performed using Raman instruments designed for laboratory
research. These systems, constructed for investigation and treatment, are usually designed to gather high-quality
spectra with the ability to determine and adjust experimental parameters by using multiple excitation/detection
wavelengths and data collecting periods. These systems are also utilized in the development and test statistical
algorithms/models for material/tissue categorization. For in vivo (“within the living”) clinical applications, a
small footprint of high-resolution equipment with instantaneous measurement is essential. In most cases, a
Raman fibre optic probe is mostly used for access to organs because when compared to laboratory research-
grade equipment, the smaller footprint may indicate weaker resolution or a smaller spectrum range of
observation. The term weaker resolution implies that information may be lost and spectral characteristics may
be difficult to differentiate. Lasers are exploited as photon sources in modern Raman spectrometers because of
their extremely monochromatic nature and tremendous beam intensity. Because the Raman effect is low, the
Stokes lines are approximately 1000 times shorter than the Rayleigh scattered components. Raman
spectrometers in the visible spectral range utilize filters to extract the signal from a relatively limited range
centered on the frequency corresponding to laser light. Light scattering Raman spectroscopy and Fourier
Transform Raman Spectroscopy vary enormously between laser sources and Raman scattering detection
methods. Both methodologies have tangible advantages, and the technique that best fits the sample should be
chosen. Furthermore, conventional Raman spectrometer to material characterization includes the microscope to
concentrate the laser beam to a narrow spot, have a diameter of about 1-100mm. Raman spectroscopy uses laser
light at a number of wavelengths in the ultra-violet UV (325nm), visible (780nm, 633nm, 532nm and 473nm)
and in the near infrared (1064nm) regions of the spectrum. Several types of lasers can be used as the excitation
source, like krypton ion (530.9 and 647.1 nm), He: Ne (632.8 nm), Nd: YAG (1064 nm and 532 nm) argon ion
(488.0 and 514.5 nm), and diode laser (630 and 780 nm). The introduction of a near-IR (NIR) excitation laser at
1064 nm provides a lesser fluorescence effect than visible wavelength lasers. The introduction of a near-IR
(NIR) excitation laser at 1064 nm provides a lesser fluorescence effect than visible wavelength lasers.

Fig.3: Raman Spectrometer block diagram.
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Hand-held Raman spectrometers are commercially available. The SciAps ReporteRt (previously DeltaNu, Inc.),
the Snowy Range Instrument CBEXt, the Thermo Scientific First Defendert (formerly Ahura, Inc.), and the
B&W TEK NanoRamt are among these spectrometers. When combined with optical fibres, Raman spectroscopy
provides the additional advantage of remote sensing. The optical fibres are in charge of transporting Raman
signals by collecting scattered photons. The fibre optic module includes fibres that transport the laser excitation
along with one fibre and the scattered radiations to the detector via other fibres. The primary challenge of
Raman spectroscopy is distinguishing the weak Raman signal from Rayleigh scattering and random light, which
appear prominently in the neighborhood of the laser wavelength. This is accomplished by using a notch filter to
cut out the spectral region around the laser wavelength. Raman spectroscopy has been implemented in real-time
monitoring systems to identify illicit narcotics, hazardous material in the environment, and chemical and
biological warfare weapons.

Fig 4 shows, a typical laboratory Raman system's configuration. A long pass edge filter (or notch filter) reflects
laser light, which is then directed via lens 1 to refocus the laser light onto the sample. In a 180° backscatter
geometry, lightly scattered off the sample is collected.

Focusing mirror, M2

To
sample Edge

1 Lens 1 filter Lens 2 Grating

Laser line clean up

filter (not shown) Collimating mirror, M1

Fig.4: A laboratory Raman system's configuration.
Lens 1 collects light, which is directed to an edge filter, which inhibits laser light while allowing Raman
scattered light to pass through. Mirror M1 collimates the light entering the slit and directs it onto the
spectrometer's grating. The grating scatters the light focused by mirror M2 into representations of the charge-
coupled devices entrance slit (CCD).

4, Description of Popular Raman Technologies
4.1. Coherent Raman Spectroscopy(CRS)

CRS (coherent Raman scattering) refers to a specific kind of light-matter interaction. Despite predictions made
as early as the 1930s, coherent light scattering events involving multiple incoming photons concurrently
interacting with the scattering medium were not seen until laser sources became accessible in the 1960s. In
1961, the first laser-based Raman scattering experiment was performed. The techniques of stimulated Raman
scattering (SRS) and controlled Raman scattering (CARS) have become popular four-wave mixing techniques.
The unique method in which the material responds to the incident light fields is essential to this kind of
interactions: the reaction provides information about material oscillations at different frequencies of two
incident light domains. As a consequence of expressing the light field frequencies w,; and w, the coherent
Raman interaction is dependent on oscillatory movements in the material at the frequency Q = w;-w,. CRS
methods, as compared to spontaneous Raman scattering, may provide significantly stronger vibrationally
sensitive signals. CRS techniques, in general, provide more comprehensive control of the medium's Raman
response than spontaneous Raman approaches. The Raman vibrational response is governed by molecular
coherences, which may be probed more directly with CRS. CRS techniques can resolve the ultrafast
development of such Raman coherences on the proper timeframe when ultrafast pulses are employed. CRS
methods also provide more comprehensive molecule orientation information than spontaneous Raman
techniques. Furthermore, advanced resonant Raman (coherent or spontaneous) methods may investigate the
material's electrical and vibrational characteristics selectively, providing access to numerous molecular data.

4.2, Coherent Anti-Stoke Raman Spectroscopy(CASRS)

Maker and Terhune were the first to demonstrate a spectroscopic method based on coherent anti-Stokes Raman
scattering (CARS) in 1966. CARS spectroscopy is a potential method that has been widely used in
interdisciplinary study disciplines such as biology, chemistry, physics, healthcare, defence, remote sensing,
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forensics, and material science. Recent state-of-the-art breakthroughs include the detection of bacterial spores,
application of coherent Raman microscopy, gas-phase thermometry of reacting and non-reacting flows, and
many more. CARS involve the interaction of four waves designated as pump (p), Stokes (s), probe (p’) and anti-
Stokes (CARS) where pump and probe are usually fixed to the same frequency (w, = w,r). CARS enable
chemical selectivity attributable to resonant amplification of the third-order nonlinear signal if the difference
in frequency between the pump and Stokes waveforms satisfies the sample's vibrational transition Q.. (i.e.Q, =
wp—ws). CARS is nonlinear optical process of a third order. CARS have a better signal-to-noise ratio because
of its greater conversion efficiency, the fact that the signal is produced as a collimated beam, and the lack of a
big mono-chromator. The advantage of the spontaneous Raman effects over the signal to noise ratio can be ten
orders of magnitude. The signal levels in the CARS case are on the order of 10*° photons per second or higher,
so even if the non-resonant background level is a 100 times larger than the CARS signal, it could theoretically
be subtracted and still abandon a signal to shot noise ratio of at least 1000:1. The square of the power at the
pump frequency w times the power at the Stokes frequency w — A determines the peak signal intensity in a
CARS spectrum. This means that pulsed lasers with high peak power, and thus also strong signals, may be used
with low average power pulsed lasers. CARS have the same information content as Raman spectroscopy since it
is a coherent spectroscopy. The key distinction is that CARS is a four-wave mixing process that produces a
coherent collimated directed beam with many orders of magnitude more intensity than the pump and Stokes
beams, and the wavelength is blue-shifted in comparison.

4.3. Surface-Enhanced Raman Spectroscopy (SERS)

Surface-enhanced Raman spectroscopy (SERS) is one of the most sensitive devices, allowing for extremely
sensitive structural detection of low concentration analytes via the amplification of electromagnetic fields
engendered by the excitation of adsorbate molecules' localized surface plasmons (LSP) on the roughened
surface of the metal. Fleischmann and colleagues published the first article describing the strong Raman signal
from the interface in 1974. According to the authors, the high-intensity signal is due to the enormous number of
adsorption sites on the roughened surface. In 1977, the groups of Jeanmaire, van Duyne, Albrecht, and
Creighton demonstrated that the increased intensity of the Raman signal is due to a significant increase of
the Raman cross-section of the adsorbed molecules, a technique known as surface-enhanced Raman
spectroscopy. There are two widely recognized hypotheses that have been established and demonstrated by
several researchers. The first one is electromagnetic (EM) enhancement and the other is chemical enhancement.
In any case, samples are typically placed on a nano-structured metallic substrate, known as SERS substrate,
where the enhancement occurs due to the interaction between the incoming light, the target sample molecule and
the metallic surface. SERS is one of the most sensitive instruments, capable of detecting analytes at extremely
low concentrations. The SERS approach is based on particle enhancement of the scattered Raman signal on the
surface of the metal. The consequence of electromagnetic waves interacting with metal in the process known as
plassmon resonance is signal amplification. SERS is distinguished by a significant increase in the cross-section
for the analyte's Raman scattering, up to 15 orders of magnitude more than the conventional Raman technique.
In the SERS technique, the gain in signal intensity may even be 10° times greater than with conventional
Raman spectroscopy. Noble metal nanostructures, such as silver and gold, are popular examples of SERS
substrates because they lack Raman active modes. Excitation of localized surface plasmon resonance (LSPR)
modes of metallic nanostructures occurs at the resonance frequency of the incoming light, resulting in EM
amplification.

Localized dipoles are formed under these conditions, resulting in an enhancement in the localized electric field
surrounding the metal nanostructure (Fig.5). The size of such induced dipoles is determined by the intensity of
the input electric field (E;.q) and the polarizability of the metal structure (amera:). The amplified localized electric
field surrounding the metal nanostructure subsequently interacts with the specimen at the metallic surface,
resulting in another induced dipole in the specific specimen. The stimulated dipole in the target molecule
may have three dipole subsystems: a dipole with a comparable angular frequency (wimc) to the incident EM
radiation and a second subsystem with a slightly lower angular frequency (winc—wwvis) relative to the incident
EM radiation, whereas the third component with slightly higher angular frequency (winctwuvin) relative to
incident EM radiation, The difference in angular frequencies in the last two components is proportional to the
molecule's vibrational energy. These three components correspond to the Rayleigh, Stokes, and anti-Stokes
scattering, respectively. To acquire such a high gain, the particles must be absorbed on or near the surface of the
metal substrate (approximately 10 nm).
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Fig.5: Raman scattering system with surface enhancement.

4.4. Fourier Transform Raman Spectroscopy(FTRS)

FTIR is an absorption spectroscopy method that involves the passing of mid-infrared light through a material.
While certain wavelengths are absorbed, some other else passes through the sample unaffectedly. The aim of
absorption spectroscopy, in general, is to determine how well a material absorbs or transmits light at various
wavelengths. Although absorption and emission spectroscopy are substantially different, they are closely
connected in operation, with every approach for emission spectroscopy also being applicable to absorption
spectroscopy. Fourier-transform spectroscopy is a measuring technique that collects spectra based on
measurements of a radiation source's coherence utilizing time-domain or space-domain measurements of
electromagnetic or other kinds of radiation. It can be used in optical spectroscopy, infrared spectroscopy (FTIR,
FT-NIRS), nuclear magnetic resonance (NMR) and magnetic resonance spectroscopic imaging (MRSI), mass
spectrometry, and electron spin resonance spectroscopy, among several other forms of spectroscopy. A
Systematical diagram of Fourier Transform Raman Spectroscopy is illustrated in Fig.5. The terminology
Fourier-transform spectroscopy derives from the fact that all of these methodologies require a Fourier transform
to transform raw data into the real spectrum, which is based on the Wiener—Khinchin theorem in many
situations in optics involving interferometers. Characterizing the spectrum of a light source, or how much light
is emitted at each distinct wavelength, is one of the most fundamental jobs in spectroscopy. Passing light
through a mono-chromator, a device that blocks all light save that at a certain wavelength, is the most basic
instrument to determine a spectrum. The use of Fourier-transform spectroscopy to obtain the get knowledge is
less obvious. Rather than permitting only one wavelength to flow through to the detector at a time, this approach
allows a beam containing several wavelengths to pass through at the same time and detects the overall beam
intensity. The needed processing is a standard algorithm known as the Fourier transform, thus the term "Fourier-
transform spectroscopy".
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Fig. 6: Systematical diagram of Fourier Transform Raman Spectroscopy.

The extraction of the spectrum is done as follows. The intensity in the interferometer p and wave-number 9 = %

as a function of the path length difference is
I(p,9) = I(V)[1 + cos2mIp]

www.ijeijournal.com Page | 232



A Review on Raman Spectroscopy

Here I(19) is the spectrum that has to be identified. It's worth noting that the sample does not have to modulate
1(9) before the interferometer. In reality, most FTIR spectrometers position the sample in the optical path after
the interferometer. The detector's overall intensity is

1) = (p [, 1(p,9)dv)
I(p) = (p fooo 1(9)[1 + cos2mIp] dﬁ), for all the value of ‘p’.

4.5. Hyper Raman Spectroscopy(HRS)

Absorption, emission, and scattering can emerge when substances interact with incident radiation, necessitating
transitions among molecular (electronic, vibrational, and rotational) states of the system. Light scattering
phenomena associated with vibrational transitions within the electronic (ground) state of the molecule are
referred to as the vibrational Raman effects. Generally, the scattered photons in Raman scattering (RS) are
Stokes or anti-Stokes shifted due to the difference in energy between both the initial and final vibrational modes
(as shown in Fig. 7a), in the two-photon excited process of hyper Raman scattering (HRS), the scattered
radiation occurs near the second harmonic of the excitation wavelength (as shown in Fig. 7b and 7c). When a
sufficiently intense electric field is applied, HRS as a non-linear process becomes significant.

The number of hyper Raman Stokes photons produced per second nf'RS by the annihilation of two photons at the

frequency 9, and the production of a photon at the frequency2 (9, — 9;) (Fig. 7b) may be written as
nHRS — O'HRSn(Z)

oHRS ¢ (|‘3if|2)
Here n, is excitation intensity in photons per cm? per second, o*%S is HRS cross section whereas the transition
hyper polarizability involved with the chemical transition between both the initial and final states is denoted by
Bir - The modeling of HRS spectra entails determining the vibrational frequencies and normal modes,
calculating the hyper polarizability and its derivatives, and averaging suitable orientations based on the
illumination—observation geometry.
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Fig.7: Schematic representation of vibrational: (a) linear Stokes Raman scattering, (b) Stokes hyper Raman
scattering, (c) anti-Stokes hyper Raman scattering, (d) Stokes resonant Raman scattering, (e) Stokes resonant
hyper Raman scattering. In each case, the atomic system goes through a vibrational transition from the initial
state (v = 0 for Stokes and v = 1 for anti-Stokes) to the final state (v = 1 for Stokes and v = 0 for anti-Stokes),
which is associated with the normal mode k and the accompanying frequency nk. Both vibrational states are
electronic ground states.

4.6. Surface-Enhanced Hyper Raman Spectroscopy (SEHRS)

Surface-enhanced hyper Raman scattering spectroscopy is focused on detecting extremely strong hyper Raman
signals whenever the scattering molecule is in close contact to nanoparticles. Surface-enhanced hyper Raman
scattering is just an inelastic sum of frequency scatted by two photons, whereas normal Raman scattering is
caused by a single photon. SERS total surface enhancement factors are predicted to be in the range of 101, The
amplification might be caused by molecule electronic resonance, in which the chemical transition coincides with
the sum frequency of the incoming photons. When both the surface effect and the resonance effect are
applied simultaneously, the surface enhancement for hyper-Raman scattering is maximized. The majority of
SEHRS studies were carried out at 1064 nm excitation employing mode-locked Nd: YAG lasers or Q-switched
laser beams. Van Duyne's group gave the first description of SEHRS spectra combining experiment and
theoretical study for vibrational assignment, in 1988. It was also observed that compressing the signal to just a
few picoseconds can enhance the strength of SEHRS. SEHRS has also been explored for biological applications.
The Kneipp group conducted an early research in which they exploited SEHRS to record the stretches of
biological bonds such as amide I and Il and the C-O bond in DNA. SEHRS may also be used to investigate the
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electrochemical reactions on electrode surfaces. The experimental studies demonstrated that SEHRS may be
exploited as a possible ultrafast technique to examine the dynamics of complicated reactions with sensitivity
greater than that of SERS. Furthermore, SEHRS may be exploited to examine excited states, as proven by the
Camden group. By using unique second-order nonlinearity multi-photon plasmonic enhancement and intrinsic
frequency doubling will afford SEHRS an advantage in being recognized in the categories of valuable detection
methodology.

4.7. Resonant Raman Spectroscopy (RRS)

Resonance Raman spectroscopy (RRS) is a sophisticated technique for studying vibrational bands in the group
frequency range, and the information gained is comparable to that provided by Fourier transforminfrared (FTIR)
and Raman experiments. A Schematic illustration of Infrared, Spontaneous and resonance Raman transition is
shown in Fig.10. RRS improves spontaneous Raman by a factor of 10° to 10 8. RRS involves use of a laser light
with a frequency near to the energy necessary for a compound's electronic transition. The intensity of Raman
scattering is increased by this resonance in frequency between the incident light and the analyte. In Fig. 8
demonstrates the differences between IR, spontaneous Raman, and resonance Raman spectroscopy
methodologies.

In RRS, the resonance effect is caused by the coupling of the molecule's vibrational transition with the mobility
of electrons associated with the electronic excitation. RRS enhances sensitivity, allowing the material to be
detected at micro-molar concentrations, whereas FTIR and traditional Raman need milli-molar concentrations.
The limitation of this study is that the laser light used for excitation might destroy the sample; however, this can
be mitigated by agitating the sample or utilizing flow methods. RRS is classified into visible RRS (VRRS) and
ultraviolet RRS (UVRRS) depending on what kind of bond present in the sample. RRS has been used to
investigate conformational changes in chromo-phores' photoproducts.

Resonance Raman

Excited
electronic
state

|

Virtual Raman
state

Ground
electronic
IR 4 state

Fig.8: Schematic illustration of Infrared, Spontaneous and resonance Raman transition.

4.8. Resonance Hyper-Raman spectroscopy(RHRS)

Resonance hyper-Raman spectroscopy is a modification of resonance Raman spectroscopy wherein the purpose
is to accomplish a two-photon absorption excitation to a certain energy level in the target molecule of the
sample. Two photons are absorbed into a molecule at the same time in two-photon absorption. Only one photon
is released when the molecule recovers from its excited state to its initial state. This is a distinctive kind of
fluorescence. Certain portions of molecules can be targeted in Resonance Raman spectroscopy by synchronizing
the wavelength of the incident laser beam to the “color”, energy between two desirable electron quantum
levels of the component of the molecule being examined. This is known as resonance fluorescence, which is
why the name "Raman spectroscopy" includes the term "resonance.” Single or double photon absorption can be
used to achieve some excited states. However, in certain circumstances, double photon excitation may be
performed to estimate more information about excited states than single photon absorption. Both resonance
Raman and resonance hyper Raman spectroscopy have various limits and consequences. Resonance Hyper
Raman spectroscopy, may excite atoms to emit light at wavelengths beyond the laser's adjustable range,
therefore expanding the range of molecule components that can be stimulated and analyzed. The resonance
hyper Raman spectroscopy is a variety of "non-linear" Raman spectroscopy. When a photon is emitted and the
electron cloud relaxes back to its initial state in linear Raman spectroscopy, the amount of energy that passes
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into the excitation of an atom is the same amount that exits the electron cloud of that atom when a photon is
released. The phrase "non-linear" refers to the fact that emission energy is lower than input energy. In another
way we can say that the energy entering the system no longer equals the energy leaving it. Because the energy
input in hyper-Raman spectroscopy is significantly higher than in traditional Raman spectroscopy.

5. Clinical Application of Raman Spectroscopy

Over the last few decades, a number of research groups have investigated at the therapeutic potential of Raman
spectroscopy, and they continue to uncover new medical issues for which the remarkable sensitivity of Raman
scattering offers tremendous promise. Clinical research have been used various implementations of the devices
mentioned above to illustrate the potential of Raman spectroscopy to affect medical treatment. We offer a
review of major (n>50) clinical in vivo research focusing on the use of Raman spectroscopy for illness diagnosis
and sensing in this part project report. These project reports offer a glimpse about where the field is in terms of
clinical use of this technique (Table 1). Cancer is perhaps the most common clinical target studied with Raman
spectroscopy. Large clinical trials have been ongoing in a variety of organ systems, all of which share the
following characteristics: a need for better early detection with high sensitivity and specificity, well-
characterized disease processes, and relative ease of access to the organ under research. The tools used in these
investigations vary significantly, but the anatomical target of interest is at the heart of all of them. It's also worth
noting that all significant clinical studies published to date have been carried out by the same few research
organizations, indicating the necessity for further research to extend the reach of Raman spectroscopy to in vivo
human investigations (Table 1).

Table 1: Overview of large clinical studies (n > 50) performed with Raman spectroscopy in vivo in humans

Disease type Raman Group Publication Patient  Sensitivity (%) Specificity (%) Ref.
method year number
Barrett’s Probe Raman Wilson et al. 2005 65 86 (dysplastic), 88 88 (non2splastic), 82
esophagus (high grade) 89 (non-high
grade)
Barrett’s Confocal Huang et al. 2014 373 87 (high grade) 84.7 101
esophagus Raman
Cervical Probe Raman Murali 2014 63 100 96.7 162
cancer Krishna et al.
Cervical Probe Raman Murali 2014 93 100 93 161
cancer Krishna et al.
Cervical Confocal Huang et al. 2013 84 81 (dysplasia) 87.1 163
precancer Raman
Colon cancer Probe Raman Huang et al. 2015 50 90.9 (adenoma) 83.3 (hyperplastic 128
(HF) polyps)
Gl cancer Probe Raman Huang et al. 2011 107  92.6 (gastric) and 88.6 (gastric) and 99
90.9 (esophagus) 93.9 (esophagus)
Gl cancer Probe Raman Huang et al. 2014 450  81.3 (prospective) 88.3 186
Gl ulcers Probe Raman Huang et al. 2010 71  82.1 (malignant 90.8 187
ulcers)
84.7 (benign ulcers)
Oral cancer Probe Raman Murali 2012 104 86 (tumors) 74 176
Krishna et al. 72 (pre-malignant)
Oral cancer Probe Raman Gupta et al. 2014 199 96 (malignant) 99 (normal) 180
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88 (premalignant), 77 (multiclass)
84 (malignant)
(multiclass)
Oral cancer Probe Raman Murali 2013 84  92.7 (tumor) 98.7 (healthy 177
Krishna et al. control)
84 (contralateral
normal)
Skin cancer Probe Raman Tunnell et al. 2014 76 100 (malignant 100 (pigmented 154
+ fluorescence melanoma) lesion)
90 (non-melanoma 85 (normal)
cancer)
Skin cancer Probe Raman Moryatov et 2014 50 89 (malignant 87 173
+ fluorescence  al. melanoma)
Skin cancer Probe Raman Meinke et al. 2015 104 74 (basal + 82 172

squamous cell)

Skin cancer Probe Raman Zeng etal. 2012 453 90 64 6
(cancer vs. benign)

Skin cancer Probe Raman Zeng et al. 2008 289 91 (cancer) 75 (benign) 174
97 (malignant 78 (pigmented
melanoma) lesion)

5.1. Cervix Cancer

Cervical cancer is a largely preventable illness because the transition from pre-cancer (or dysplasia) to cancer
takes a long time, allowing for a large diagnostic and treatment window. Cervical cancer rates have dropped
substantially in developed nations as a result of aggressive screening program. Cervical cancer is one of the
most prevalent causes of cancer-related mortality among women, accounting for about 90% of the 2,65,000
cervical cancer deaths globally in underdeveloped countries where limited resources prohibit comprehensive
screening. Over the last two decades, Raman spectroscopy has been studied as an early diagnostic technique for
cervical malignancies and pre-cancers. In vivo, our team showed that Raman scattering could detect normal,
benign, low-grade, and high-grade dysplastic tissues. Diagnostic accuracies of up to 88% were attained by
combining analytical algorithms with data gathering. Further research revealed that adding
hormonal/menopausal status increased the prediction accuracy to 94%. Cervical inflammation, parity status, and
body mass index have been discovered as new variables to consider, although other patient characteristics such
as race/ethnicity and socioeconomic position have been found to have a modest impact on Raman scattering-
based illness discriminating. Because of the well-defined nature of the illness and the simple accessibility of the
cervix, numerous researchers have been able to do in vivo diagnostic studies on this organ. Several
organizations have employed fiber-based Raman devices for diagnosis and compared their results to those
obtained by colpos-copy. To produce a range of performance estimates, they have employed a variety of fiber
probe designs and different multivariate statistical techniques, as indicated in Table 1. Huang and his co-
worker established a simultaneous fingerprint and high-wave-number confocal Raman system for cervical pre-
cancer diagnosis in 84 individual patients and proved the performance of this combination technique with a
sensitivity of 81% and a specificity of 87% in other cervical cancer investigations. When utilizing multivariate
diagnostic algorithms, Zeng and his co-worker investigated the feasibility of a label-free blood test based on
blood plasma SERS on samples from 60 cervical cancer patients and found that it had a sensitivity and
specificity of 96% and 92%, respectively. Other research has shown that Raman spectroscopy may be used to
distinguish between responders and non-responders to radiotherapy in biopsies from patients with cervical
cancer, as well as to detect high-risk human papilla-ma-virus strains in cervical cells. These findings, however,
must be independently confirmed in a large research cohort. A table in a recent review paper on the use of
Raman spectroscopy in the treatment of cervical cancer provides an outstanding overview of all relevant
research. Beyond cancer detection, our team has shown that Raman spectroscopy may be used to follow
biochemical changes in the cervix throughout pregnancy and gain a better knowledge of cervical remodeling
during pregnancy and parturition.
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5.2. Skin Cancer

The skin, being the largest organ in the in tegumentary system, serves as both the body's exterior barrier to the
outside world and the tissue that is simplest to examine with light. The most prevalent malignancies in the world
are melanocytic and non-melanocytic tumours, which have different biological origins. Skin cancers are among
the simplest to investigate using optical methods since they are surface organ cancers; nevertheless, the
complex, turbid structure of the skin makes it one of the most difficult clinical targets for optical diagnostics and
monitoring. Early investigations utilized Raman spectroscopy to extract water concentration patterns in human
skin, proving that in vivo Raman spectroscopy may be used for clinical monitoring. Since then, a large portion
of skin Raman research has concentrated on developing Raman-based diagnostics. This research also led to the
development of portable systems that are directly applicable to clinical practice, including equipment that can
produce measurements in less than a second. As shown in Table 1, a number of organizations have made
considerable expenditures in investigating skin cancers in order to enhance patient care. As a result, skin cancer
studies have some of the highest recruitment of any Raman research published. Zeng and his co-worker used a
Raman instrument to investigate 453 patients' melanocytic and non-melanocytic lesions, as well as malignant
and premalignant mela-no-cytic lesions: cancer and pre-cancer versus benign lesions had a sensitivity of 90—
99%, with a specificity of 15-54%. This research shows that Raman methods can be used to significantly
minimize the need for superfluous biopsies, possibly by 50-100%. Other organizations have used multimodal
methods to improve diagnostic performance, combining the strengths of Raman spectroscopy with fluorescence
and diffuse reflectance techniques. Raman spectroscopy alone was shown to achieve 100 % sensitivity and
specificity for distinguishing melanoma from benign pigmented lesions in one study of 76 patients, but only 72
% sensitivity and 64 % specificity for distinguishing non-melanoma skin cancers from pre-cancers and 68 %
sensitivity and 55 % specificity for distinguishing non-melanoma cancers. When fluorescence and diffuse
reflectance characteristics were added to the comparisons, the sensitivities/specificities increased to 100/100 %,
95/71 %, and 90/85 %, respectively. Irvine and his colleagues investigated 132 children with atopic dermatitis,
combining natural moisturizing factor signals acquired by Raman scattering with genetic screening for filaggrin
mutations, which are prevalent in atopic dermatitis. Raman signals had a sensitivity of 98.7% and a specificity
of 86.8% in recognizing atopic dermatitis correlated with these mutations, according to the conclusions of this
investigation. The use of a 488 nm based resonance technique to profile the consumption of fruits and
vegetables in preschool-aged children has also been studied utilizing Raman spectral fingerprints of skin
carotenoids. This investigation identified a connection between Raman signatures and parent-reported family
engagement in nutritional education and -quality programs, revealing the Raman scattering's remarkable
sensitivity to biochemical components.

5.3. Mouth Cancer

Mouth although endoscopy is not required, oral tissue is particularly easy to reach, alleviating the probe size
restrictions for in vivo Raman studies. Oral cancer has been more common in the United States during the
previous 40 years, and it is a global concern. In India, for example, it accounts for 10% of all malignancies. This
cancer can spread quickly, emphasizing the importance of early identification and surveillance. Murali Krishna
and his colleagues claim that they were able to distinguish between normal control, premalignant, and cancerous
areas in 104 individuals, with prediction accuracies ranging from 72 to 96%. The same group evaluated the
ability of Raman spectroscopy to identify cancer changes/cancer field effects in a cohort of 84 oral cancer and
age-matched control patients in a more recent research. The accuracy of non-cancer regions in a smoking and
non-smoking population was 75-98%, with the majority of misclassifications occurring between control
locations in cancer patients and locations in smoking healthy controls. The sensitivity of Raman scattering to
minor biochemical changes that may precede macroscopic illness is further demonstrated in this study. Another
analysis revealed that normal oral tissue could be distinguished from three different lesion categories with per-
class accuracies ranging from 82-89% in 199 patients, with 96% sensitivity and 99% specificities for normal
versus malignant and 99% and 98% for normal versus potentially malignant, respectively. Given the significant
need for oral cancer diagnosis, especially in low-resource settings, and the outstanding performance that Raman
spectroscopy can accomplish in its detection, this field of study is ripe for clinical translation, but it will require
a piece of low-cost equipment to be successful. The number of commercially accessible portable Raman devices
has recently increased in the optical device industry; they are mostly used to identify pure compounds and trace
elements. These devices, on the other hand, show that the technology exists for miniaturizing current clinical
Raman systems, which might pave the way for the commercialization of Raman systems in low-resource
situations.

5.4. Neurosurgery

In 2017, approximately 23,000 instances of brain and other nervous system cancers were estimated in the United
States, with a 70% death rate. Brain and central nervous system cancers were the sixth most prevalent cause of
death for those age between 15 to 39, according to the most current data (2010-2014) from the Central Brain
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Tumor Registry of the United States (CBTRUS). Standard RS has been used in the bulk of studies on utilizing
RS for brain tumour assessment. Standard RS has been used in the bulk of studies on utilizing RS for brain
tumour assessment. Kast and his Co-worker used Raman peak intensities of 1004, 1300:1344, and 1660 cm™to
produce pictures from frozen slices of brain tissue samples, which are indicative of protein and lipid content.
With an in via Raman microscope (Renishaw) with an excitation wavelength of 785 nm, Raman spectra were
obtained on five frozen section tissues (one normal, one necrotic, one GBM, and two infiltrating glioma). A
300-m2 step size was used to map the portions in their entirety. A 25-m step size was used to map smaller areas
of interest, with each step corresponding to a distinct Raman spectrum. The pixels in each Raman picture were
made up of data from the Raman characteristics that were chosen. The pixels in each Raman picture were made
up of data from the Raman characteristics that were selected. A color was allocated to each peak (or peak ratio):
red (1004 cm™), green (1300:1344 cm™), or blue (1660 cm™). The colored pictures allowed for the interpretation
of brain matter, white matter, and diseased tissue barriers that paralleled the findings of neighboring
hematoxylin and eosin-stained sections. Using the three Raman characteristics to perform leave-one-out
discriminant function analysis yielded over 90% classification accuracy. A 785-nm laser (Innovative Photonic
Solutions, NH, USA) and a high-resolution charge-coupled device spectroscopic detector were linked to the
portable fiber optic probe (Em Vision LLC, FL, USA) (ANDOR Technology, Belfast, UK). For each
measurement, the probe was put in direct contact with the brain at the resection cavity margin, with a 0.2-second
acquisition period. To differentiate samples harboring invasive cancer cells from normal brain, researchers
utilized a supervised machine learning boosted-trees classification method that took into account all spectral
data.

6. Application of Raman Spectroscopy in Current Scenario
6.1. Raman Spectroscopy in Corona Virus Detection

During the sample preparation, concentrated viral particle stock of 7.05 x 107 TU/mL is to be diluted in 1:10
and 1:1000 ratio using two different diluents- sterile ultrapure water and human saliva to mimic the patient
condition. Plain media in ultrapure water and saliva without viral particles are to be taken as negative controls.
Besides, to check the specific biomolecule (DNA, RNA or proteins) which helps in the differentiation of viral
particles, the samples were treated with either DNase or RNase or Proteinase K, respectively [67]. Dr Amit
Dutta and his employees have used Raman spectra to identify the presence of RNA virions, generated using pLL
3.7 lentivirus vector system (based on HIV-I), with 7.05 x 107 TU/mL stock titre spiked in water and human
saliva at 1:10 and 1:1000 dilutions. The infectivity of the viral particles was simultaneously confirmed by the
observation of GFP expression in HEK293FT cells (Figure 9). Reported spectral data from the saliva of
individuals not known to have viral infection was used as a negative control. In this section of project work, a
substitute Raman resolution was presented for the bias of current or past infection by SARS-CoV-2 from a
really simply and safely collectable bio-fluid such as saliva. Raman spectroscopy can facilitation uncovering the
molecular basis of disease like corona-virus and provide objective, quantifiable molecular information about
their testing, diagnosis and treatment evaluation.

(A) (B8)

Fig. 9: A Raman spectroscopy-based model to detect RNA viruses. A Heatmap representation of the 1200
features from the virus-positive and negative training sample set of Raman spectra with the zoomed-out version
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showing the peak intensities for the features selected (n = 65) for model construction. The table shows the
overall sample statistics and summary of the performance of the 65-feature linear discriminant analysis-based
model for the prediction of viral presence in the human saliva samples. B, Comparison of Raman spectra peaks
between virus-positive, virus-negative and RNase-treated viral positive sample for RNA-specific constituents:
the nitrogenous uracil base, ribose phosphate and A/G ring at 780, 1044 and 1480cm™, respectively by
Wilcoxon rank-sum test.

Promiscuous experimental studies have been exhibited the faculty of Raman spectroscopy in tissue and RNA
type virus characterization. Machine learning and artificial intelligence algorithms effectively promise of
automating the recognizance and diagnosis of corona-virus.

By applying deep learning training with huge numbers of spectra, may also diagnosticate molecular arrangement
among RNA-types virus, encouragement in RNA-type virus detection, and will play a prognosticator role in the
aggressiveness of corona-virus. In enlargement to algorithm development, laser-tissue interactions that might
result in tissue illness need to be examined to explicate the technology to clinical use. Raman scattering strength
is proportional to the inverse of excitation wavelength to the fourth power and proportional to the intensity of
the incident light. Even though more light explicates to more signal, the tissue has an illness threshold. The
salivary Raman analysis was carried out following and slightly modifying the analytical protocol developed and
validated by our group, leading to the observation of the whole biochemical pattern of saliva. The sample
preparation procedure was compressed avoiding the filtration step, this way makes the analysis faster, inferior
and more informative, modifying progressively the Raman procurement parameters. The procedure was
intended for the free from harm collection of saliva, confine the sample handling and difficult or aggregate
passages.
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Fig.10: Average Raman spectra obtained from (a) healthy subjects (CTRL), (b) patients affected by COVID19
(COV+) and (c) subjects with at least two negative SARS-CoV-2 tests after being positive (COV—). (d)
Overlapped average spectra of the three experimental groups highlighting spectral differences. The grey bands
represent the standard deviations.

Figure 10 shows the salivary spectra obtained from the considered experimental groups, Healthy Subjects
(CTRL) Fig. 104, patients affected by COVID-19 (COV+) Fig. 10b, and subjects negative to the SARS-CoV-2
test with an ascertained episode of COVID-19 (COV-) Fig. 10c. The principal characteristics peaks and bands
are located at 509, 577, 716, 748, 897, 922, 1000, 1048, 1126, 1155, 1249, 1288, 1317, 1384 and 1453 cm~—1
highlighted in the overlapped spectrum (Fig. 10d). The presented spectra are mainly dominated by the peaks
attributed to C—N stretching and CH3 rocking in protein backbone (897 and 1155 cm—1) and by the signal at
1453 cm—1 assigned to the C—H stretching of glycol-proteins, mostly generated from mucinous. Crucial
importance in the signal discrimination between the different experimental groups can be attributed to the peaks
located at 748, 922, 1048, 1249 and 1126 cm—1, which present significant differences from a preliminary visual
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spectral investigation (Fig. 10d). Te peak positioned at 748 cm—1 is mainly related to the O-O stretching in
oxygenated proteins and glycoproteins including mucinous and proline-rich glycoprotein and to the symmetric
breathing of tryptophan (Trp), while the peak at 922 cm—1 is related to simple and branched carbohydrates
including glucose and glycogen. Probably, the peaks of greatest interest are located at 1048 and 1126 cm—1 that
can be respectively attributed to the Trp and phenylalanine signal and to the C—N and C-C stretching. The
potential assignment of other peaks and bands are listed in Table-2:

Table-2: Attribution of the most legendary signals revealed from the Raman salivary analysis (10 cm—1), Trp,
Cys, Phephenylalanine.

S.No. Position of the Raman peak(cm™1) Attribution

1 512 Phosphorylated protein and lipids

2 580 Trp, Cys

3 720 Phospholipids

4 750 O-0 stretching, symmetric breathing of Trp

5 899 Mono and disaccharides C—-O—C skeletal modes
6 925 Glucose/glycogen

7 1000 Phe ring modes

8 1050 C-N and C-C protein stretching

9 1130 Trp, Phe

10 1155 Glycogen

11 1250 Secondary bands of amide I11

12 1290 Phosphodiester groups in nucleic acids

13 1320 Amide III (a-helix structures)

14 1385 C—H rocking in lipids

15 1455 General fatty acids, C—H stretching of glycoproteins

The principal differences between the evaluate groups in terms of intensities are pointed out by the subtraction
spectra accomplish between the averages Raman signals obtained (Fig. 11). The highest differences can be
detected in the comparison between the CTRL group with the CoV-positive and CoV-negative groups (Fig. 11
a, b). All the differences in intensities (Al) were considered for £0.005 Al, identifying peaks at 748, 897, 922,
1048, 1126, 1249, 1317 and 1348 cm™. Interestingly, peaks at 1048 and 1126 cm™ govern the subtraction
spectra, with substantial differences between the CTRL experimental group and the CoV-positive and CoV-
negative respectively (Fig. 11 a, b). The strong signal in correspondence of these two regions is normally
associated with an environment rich in aromatic amino acids, in particular tryptophan and phenylalanine (1048
cm?, Table-2). Interestingly, the two identical peaks were also recognized as character bsignals from viruses of
the corona-virus family, probably being confluent in the viral protein structure or with the interactions with
physiologically expressed molecules. Recent studies conducted on SARS-CoV-2 and on other types of corona-
viruses display the important presence of aromatic amino acids, including Trp, in the virus spike glycoproteins,
label the so-called Trp-rich regions confluent in the interaction between the virus and the receptor Angiotensin-
Converting Enzyme type-2 (ACE2). In terms of Raman signal, an abundance of aromatic amino acids and
saccharides in saliva could exhort the different intensities evident in the relative regions for CoV- positive and
CoV-negative experimental groups (Fig. 11 a, b). The presence in CoV-positive saliva of potential viral
particles in huge amount can be easily analysed by the high viral title reached during the COVID-19 infection
with the oral cavity as one of the first infection sites, together with the upper and lower respiratory tracts due to
the high expression of ACE2 receptor. Moreover, the assignment of the main differences to protein species and
correction could be made clear also with the expression of different molecules of the immune response in the
first and late stages of the infection. The complex and specific manifestation pattern of immunity proteins, such
as IgA, I1gM and 1gG, can last up to 3 months leading to the detectable signals both in serum and in saliva.
Specifically, the saliva represents a reliable biofluid for the detection being involved in the first phases of
infection with the tenacious presence of biological molecules precisely involved in the SARS-CoV-2 presence.
Clinical data collected from CoV-negative patients revealed periods of negativization between 8 and 90 days
explaining the persistence in the Raman signals of differences when compared with CTRL and CoV-positive
(Fig. 11 b, c).
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Fig.11: Subtraction Raman spectra of (a) the average CTRL signal versus the average signal of CoV-positive ,
(b) the average CTRL signal versus the average CoV-negative spectrum and c) the average CoV-positive signal
versus the average CoV—negative signal. The +0.005 Al interval is indicated in the graphs, confirmed by the
error propagation from the spectra standard deviation. d) Overlapped average spectra of CTRL, CoV-positive
and CoV-negative with the main different region highlighted.

These results are confirmed by the fewer characterised differences in terms of peak intensities in the subtraction
spectrum of CoV-positive and CoV-negative concerning the peaks at 1048 and 1126 cm™ (Fig. 11c). In this
case, it is possible to observe a discontinuous trend of the subtraction spectrum, with bands belonging to lipids
(509 cm™), carbohydrates (922 and 1155 cm™) and structured proteins (1317 cm™) tending to the CoV-positive
groups with respect to the CoV-negative. With the information obtained from the subtraction spectra, it is
desirable to identify four regions of particular interest in the spectra obtained from CTRL, CoV-positive and
CoV-negative groups (Fig. 11d), where the trends of the curves are modified by differences in intensities and in
presence of specific peaks. Preprocessing the raw data helps eliminate unwanted signals enhance Raman
spectral features and allow more reproducible data for qualitative and quantitative analysis.

6.2. Raman Spectroscopy in Characterization of Nano-Particles

In this section of the project report we will discuss how Raman Spectroscopy characterized nano-particle will
the help of surface enhancement Raman Spectroscopy. Now do this for Gold and Silver nano-particles. Now
demonstrate how SERS enhancement is contingent on interactions between the target molecule and the SERS
substrate. As a consequence, the primary challenge for a successful SERS enhancing technique is the
preparation of the SERS substrate. The preponderance of the SERS enhancement is due to EM enhancement,
which is highly dependent on the size, shape, and structure of the material used to build the substrate. SERS
substrates are often constructed using nano-structured plasmonic materials including such gold (Au), silver
(Ag), and copper (Cu). Cu, on the other extreme, has a constrained application due to oxidation difficulties in
air. Gold and silver, on the other side, are the most widely used due to their higher stability over copper and,
more significantly, their LSPR frequencies in the visible to near-infrared spectrum, where most Raman
scattering occurs. In this section, we will explore the use of these plasmonic noble metals as SERS substrates.
Gold and silver nanoparticles have unique optical characteristics that make them extremely useful for
nanoscience and nanotechnology applications. Gold nanoparticles, in particular, have numerous applications in
regular activities, and they have been widely utilized to develop various nanostructured assemblies due to their
processability, simple surface functionalization, chemical stability, and biocompatibility. Silver nanoparticles,
on the other hand, have grown in popularity in biomedicine due to their antibacterial action against a variety of
bacteria, fungi, protozoa, and viruses. Although gold and silver nanoparticles have strong plasmon absorption
bands that may be modulated in the visible spectral range, they have become one of the most widely utilised
materials in plasmonics, ultrasensitive detection, and surface-enhanced Raman spectroscopy. Since gold and
silver nanoparticles have strong plasmon absorption bands that may be modulated in the visible spectral range,
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they have become one of the most widely utilised materials in plasmonics, ultrasensitive detection, and surface-
enhanced Raman spectroscopy (SERS). Because of their LSPR characteristics, nano-particles of noble metals
are the most extensively employed materials for the preparation of SERS substrates. These characteristics are
only significant when the materials are nanoscale, i.e. shorter than 100 nm in dimension. Several publications on
the synthesis and development of noble metal nanostructures with customizable forms and sizes for SERS
applications are presently available. Colloidal mono-disperse metal nano-particles exhibit significant SERS
enhancement due to the nano-particles’ predetermined size and shape. A comprehensive investigation of
colloidal Ag nanostructures with diameters ranging from 60 to 100 nm confirmed that the SERS enhancement
was dependent on the shape and size of the nano-particles.

Fig. 12: SEM and TEM micrographs of laser irradiated various shaped colloidal SERS Au nanoparticles. Au
nanoparticles were prepared by a polyol route at 195 C. (a, b) original octahedral nanoparticles and
nanopatrticles in (c, d), (e, f), (g, h) and (i, j) were irradiated with a Nd: YAG laser (532 nm, pulse duration:10 s)
operated at 20 Hz with laser fluences equal to 1.76, 2.87, 3.84 and 5.50 mJ.cm™ respectively.

It was discovered that EFSERS improves with increasing nano-particle size from 60 to 100 nm, with cubical
nano-particles with sharp edges producing EFSERS on the order of 10° when compared to almost spherical Ag
nano-particle EFSERS (in the order of10*). The shape dependency of the E is mostly attributable to the
concentrated nonuniform electric field density (hot spots) along the sharp edges of the cubical Ag nanoparticle,
whereas the field spread uniformly over the entire surface of the spherical nanoparticles. It has been
demonstrated, for example, that the strength of the hot spots may be modified by changing the shape of the
colloidal nanoparticles from spherical to anisotropic. It was observed that a spherical nanoparticle has a weak
hot spot when compared to an anisotropic particle, resulting in an increase in EFSERS from 10* to 107, making
anisotropic particles acceptable for single molecule detection. The researchers also demonstrated that increasing
the anisotropy or aspect ratio of such colloidal metal nano-particles can enhance the EFSERS.
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Fig. 13: Surface-enhanced Raman spectroscopy coupled with Gold nano-patrticles.

Using aggregated colloidal Ag nano-clusters, an amplification factor of up to 10* was also observed. Many
researchers are interested in the SERS application of colloidal gold (Au) nano-particles. Gold is more expensive
than Ag, and gold ultimately resulted in moderate EFSERS to Ag nano-particles. Gold, on the other hand, has
excellent biocompatibility characteristics, making it an effective SERS candidate for biological secimen.
Quester and his colleagues investigated the SERS characteristics of Au nanoparticles of various sizes (10-200
nm) and shapes (spherical, triangles, hexagons, and pentagons). Similarly, Liu et al. proposed a laser irradiation
rapid synthesis method for different shaped colloidal gold nanoparticles for SERS applications (Fig. 13). They
have effectively demonstrated detection of Rhodamine 6G (R6G) dyes at concentration levels as low as 10 M
using nanospheres of Au nano-particles.

6.2.1.  Properties of Gold Nano-particles

The gold nano-particles properties are the wine-red solution. The interactions of gold nanoparticles play an
important role in their properties. There are different sizes of gold nanoparticles start from 1 hm to 8 uM, and
various shapes; for example, spherical ring, suboctahedral, icosahedral tetrahedral, decahedral, octahedral, and
nano-rods. Gold nanoparticles have been commonly utilized in the radiation medicine field as a radiant enhancer
and improvement in the therapy of radiation because the ability in drug delivery. Furthermore, Au/NPs have
different uses or applications in nanotechnology as a platform for labeling of proteins and biomolecular
detection. The Au/NPs are non-toxic particles with large surface area and can be modified with other molecules,
and used in biomedical fields. The significance of Au/NPs in biochemistry field is due to the compatibility, and
optical properties.

Table-3: Optical Property of Gold Particle of Varying Radius.

S.No Radius(nm) Extinction Resonance Lower Half Upper Half Peak | Half Peak
Efficiency Wavelength PeakWavelength | Wavelength Width (nm)
(nm) (nm) (nm)

1 2 0.261 522 504 538 34

2 3 0.392 522 504 538 34

3 5 0.658 522 504 538 34

4 6 0.794 522 504 539 35

5 7 0.933 523 504 539 35

6 8 1.07 523 504 539 35

7 10 1.37 523 505 540 35

8 15 2.16 525 506 541 35

9 20 3.07 526 508 545 37
10 25 4.06 529 510 550 40
11 30 5.05 534 513 557 44
12 35 5.89 540 517 567 50
13 40 6.5 549 520 578 58
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Nanoparticles are good therapeutic agents due to their ease transport in the diseased cell and carrier-loading
drug. Gold nanorods are widely used in the vivo cell imaging because of resonance absorption plasmon and
scatter of light in IR. In addition, colloidal Au/NPs have the very small size to introduce in the tissues and cells
of biological molecules such as proteins and DNA. Because of their electronic properties, Au/NPs have been
commonly utilized in analytical methods and used as an electrode sensor of different samples.

7. Conclusion

Raman spectroscopy is a variety of vibrational spectroscopy that requires a thorough understanding of light's
characteristics. It provides a chemical "fingerprint™ of the substance examined and is thus commonly employed
when identifying unknown materials. Raman spectroscopy is a very effective technique in a variety of
disciplines, including biomedical, material science, pharmaceutical nano-science, and sensor applications. With
the emergence of nanotechnology as an enabling technology, applications of noble metal nanostructures with
remarkable opto-electrical properties for SERS applications have emerged as a major area of R&D, which
includes not only the synthesis of plasmonic nanostructures for SERS substrates, but also nano-scale patterning
of surfaces to enhance the effect. Producing highly sensitive, large area resilient, and reusable SERS substrates
using low-cost fabrication techniques presents a challenge. Raman spectroscopy can serve in the discovery of
disease's molecular foundation and offer objective, quantitative molecular information for diagnosis and
treatment evaluation. Numerous experimental studies have demonstrated Raman spectroscopy's capability for
tissue characterisation. The development of comprehensive spectrum databases and tissue categorization
techniques that can be compared to current gold standards is essential for clinical application. Best-practice data
processing, acquisition, and categorization techniques must be established and implemented. Various
interferents, such as fluorescence, a process that generally competes with Raman scattering, might make it very
difficult to understand Raman spectra of biological samples. Preprocessing raw data eliminates unnecessary
signals, enhances Raman spectral characteristics, and enables for more repeatable data for qualitative and
quantitative analysis. However, we and others show that the average preprocessing technique employed can
have a significant impact on tissue categorization results. In addition to providing best-practice frequency band
preprocessing approaches, consideration must be used when developing classification algorithms for diagnostic
assessment. To confirm that algorithms developed on ex vivo specimens are applicable to in vivo tissues,
validation studies must be performed successfully. Machine learning algorithms provide the potential of
automating cancer detection and diagnosis. Deep learning training with such a large number of spectra may also
identify molecular patterns among cancer species, aid with margin detection, and become indicators of cancer
aggressiveness. The continuing development of Raman spectrum databases, tissue categorization techniques,
and instrument designs aimed at obtaining data with higher resolution, shorter collection periods, and higher
accuracy will ensure that Raman spectroscopy becomes a valuable clinical tool.
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