- \
v
A4

http://pubs.acs.org/journal/acsodf

This article is licensed under CC-BY-NC-ND 4.0 @ @ @ @

Unveiling the Molecular Secrets: A Comprehensive Review of Raman
Spectroscopy in Biological Research

Anshuman Chandra, Vimal Kumar, Umesh Chandra Garnaik, Rima Dada, Imteyaz Qamar,

Vijay Kumar Goel, and Shilpi Agarwal*
I: I Read Online

Article Recommendations |

Cite This: ACS Omega 2024, 9, 50049-50063

ACCESS | [l Metrics & More ’ Q Supporting Information

ABSTRACT: Raman spectroscopy has been proven to be a fast, convenient,

and nondestructive technique for advancing our understanding of biological I
systems. The Raman effect originates from the inelastic scattering of light which f;?'?i:“g:gz = FE
directly probe vibration/rotational states in biological molecules and materials. ' ==
Despite numerous advantages over infrared spectroscopy and continuous
technical as well as operational improvement in Raman spectroscopy, an
advanced development of the device and more applications have become
possible. In this review, we explore the principles, techniques, and myriad
applications of Raman spectroscopy in the realm of biology. We begin by
providing an overview of Raman spectroscopy, highlighting its significance in

unraveling the complexities of biological research. The focus of this review is on b preprroliliie
Raman spectroscopy concepts and methods, clarifying the fundamentals of = s = MR, TIRT
Raman scattering and spectral interpretation. The review also highlights the key
experimental considerations for productive biological applications. We explore

the broad range of Raman applications including molecular structure, biomolecular composition, disease detection, and medication
discovery. The Raman imaging and mapping can also be used to visualize biological samples at the molecular level. Raman
spectroscopy is still developing, giving fresh insights and remedies, from biosensing to its use in tissue engineering and regenerative
medicine. This review sheds light on the past, present, and future of Raman spectroscopyj; it also highlights promising directions of
future research developments and serves as a thorough resource for all researchers.
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Raman spectroscopy facilitates the investigation of molecular structures
and compositions, offers insights into chemical and biological processes
and aids in material characterization.
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1. INTRODUCTION
1.1. Overview of Raman Spectroscopy. In order to

was for a long time the main challenge in obtaining Raman
spectra. Spontaneous Raman scattering is frequently quite

determine the vibrational modes of molecules, scientists
employ the spectroscopic technique known as Raman
spectroscopy, which bears the name of the Indian physicist
C.V. Raman." Chemistry routinely uses Raman spectroscopy to
give molecules a distinctive structural fingerprint. The
foundation of Raman spectroscopy is Raman scattering,
commonly referred to as inelastic photon scattering. Lasers
in the visible, near-infrared, or near-ultraviolet spectrum, as
well as X-rays, are widely employed to produce monochro-
matic light. The energy of the laser photons is pushed up or
down by interactions of the laser light with phonons, molecular
vibrations, or other excitations in the system. The energy shift
reveals information about the vibrational modes of the system,
in which a laser beam is typically used to illuminate a sample
and an objective lens collects the electromagnetic radiation
emitted by the lit area and directs it toward a monochromator.
The elimination of elastically scattered light at the laser line’s
wavelength through the use of a notch filter, edge pass filter, or
band-pass filter is known as Rayleigh scattering. Separating the
strongly Rayleigh scattered laser light from the weakly
inelastically scattered light a process known as “laser rejection”
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faint. In the past, holographic gratings and several dispersion
stages were utilized in Raman spectrometers to create a high
level of laser rejection. For dispersive Raman setups in the past,
photomultipliers were the detector of choice, which led to
lengthy acquisition periods. However, current technology
nearly invariably contains notch or edge filters to stop lasers.
The most common types dispersive single-stage spectrographs
used with NIR lasers are axial transmissive (AT) or Czerny-
Turner (CT) monochromators coupled with CCD detectors;
however, Fourier transform (FT) spectrometers are also often
employed. When “Raman spectroscopy” is mentioned, it
typically refers to vibrational Raman using laser wavelengths
that are not absorbed by the substance.
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Figure 1. Raman spectroscopy and its variant.
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Figure 2. Potential biological applications of Raman spectroscopy. (Created with BioRender.com.)

Among the numerous types of Raman spectroscopy are
surface-enhanced Raman, resonance Raman, tip-enhanced
Raman, polarized Raman, Coherent Raman, transmission
Raman, spatially offset Raman, and hyper Raman. Figure 1
shows all the promising variants of Raman spectroscopy. The
inelastic scattering of light was predicted by Adolf Smekal in
1923, but it was not discovered until 1928.> The Raman effect
was first observed in inorganic crystals in 1928 by the Indian
scientists C. V. Raman and K. S. Krishnan® and separately by
Grigory Landsberg and Leonid Mandelstam. In 1930, Raman
won the Physics Nobel Prize for making this discovery. In
1929, Franco Rasetti made the first observation of Raman
spectra in gases.’” Between 1930 and 1934, Czechoslovak
physicist George Placzek developed a complete, ground-
breaking theory of the Raman phenomenon.” The primary
source of illumination, initially for photography and later for
spectrophotometric detection, was the mercury arc. Raman
spectroscopy was used to compile the first database of
molecular vibrational frequencies in the years after its
discovery.

There are many applications of Raman spectroscopy that
can be applied to biological studies. Biomolecules are vital
components of life. They are essential to all life processes,
performing critical metabolic reactions and regulating a live
organism’s general biochemistry. A variety of macromolecules,
including nucleic acids, proteins, lipids, and carbohydrates, play
a role in maintaining cellular functional homeostasis. Any
biological substance (cell, tissue, etc.) is composed of a variety
of biomolecules. As a result, it is critical to understand the
structure and characteristics of each biomolecule individually.
Interestingly, each of these biomolecules has a separate
chemical identity and hence unique molecular structures.
Consequently, these biomolecules create a characteristic
Raman spectrum.”® Raman spectroscopy is used for identifying
biological fluids, including blood, saliva, urine, perspiration,
vaginal fluid, and menstrual blood. These are often seen in
situations involving various crimes. The investigation of body
fluids aids in determining a probable relationship between the
suspect, crime, and victim. Body fluids may be used to extract a
DNA profile, which can then be used to identify and
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Figure 3. Raman scattering process and spectral information. (Created with BioRender.com.)

personalize someone. Sikirzhytskaya’s team”® has proved the
effectiveness of Raman spectroscopy for the investigation of
numerous bodily fluids, and other researchers have expanded
this work.

The pathophysiology of many neurodegenerative illnesses is
not well understood. The scarcity of viable biomarkers and
disease prevention methods”'® necessitates the development
of novel approaches for efficiently probing disease processes
and detecting early biomarkers predictive of illness onset.
Raman spectroscopy is an established technique for label-free
fingerprinting and imaging of molecules based on their
chemical composition and structure. While Raman spectros-
copy has long been used in the chemical community to analyze
isolated biological molecules, its use in the research of
therapeutically relevant biological species, disease cause, and
diagnostics has increased dramatically over the past dec-
ade."' ™' The rising number of biological applications has
demonstrated Raman spectroscopy’s potential for detecting
new biomarkers, allowing for quick and reliable screening of
disease susceptibility and onset."’™"" Figure 2 shows the
potential biological applications of Raman spectroscopy
covered in the review.

1.2. Significance of Raman Spectroscopy in Bio-
logical Research. This work aims to build a database of
molecular fingerprints that aids in defining the chemical
structure of biological tissues by including the bulk of the
conspicuous peaks observed in natural tissues. The definition
of peaks in the same regions of the Raman spectrum are
defined in relatively comparable ways despite the employment
of a variety of approaches. The quantity and quality of data
relevant to Raman spectra and their findings have significantly
improved as a result of the development of a unique collection
of frequencies utilized in Raman spectroscopy study. This
review provides a brief database on the main Raman lines for
researchers who want to utilize Raman spectroscopy to
examine natural tissues. Additionally, this is of great use to
individuals whose line of work entails examining cancerous
tissues utilizing Raman analysis. It is a method that is
frequently used to identify biological tissues. This method is

50051

chosen by scientists to ascertain the chemical and structural
properties of synthetic and natural tissues. Using the peak
frequencies at 1300 cm™' (CH, twist), 1440 cm™ (CH,
bend), 1656 cm™' (C=C), and the lipid constituents and
chemical structures are well analyzed. Peak frequencies at 1300
cm™! (CH, bend), 1440 cm™' (CH,), and 1656 cm™" (amide
I) are useful for exploring protein concentrations.”’ The
modifications brought on by cell proliferation can be
monitored using Raman spectroscopy. In order to do this,
cultures are examined throughout both their nonproliferative
and proliferative growth phases. After that, the relative
concentrations of biological components such as RNA, DNA,
proteins, and lipids in cell nuclei and membranes are estimated.
Reproducible differences are identified and assessed using the
relative amounts and ratios of biological components. This
information can be helpful for in vivo cancer cell populations
that are actively multiplying detection can be done via Raman
analysis.”'

Koljenovic and his team used Raman microscopy to analyse
meningioma and normal dura mater in order to see if it would
be able to develop an in vivo Raman technique for the
regulation of meningioma reactions. Raman maps were
produced using cryosections of the dura and meningiomas
from 20 patients. Maps and histology were compared to
identify the Raman spectra as either meningioma or dura.
There are more variances between them as a result of the
dura’s high collagen content and meningiomas’ increased lipid
content. On the basis of a linear discriminant analysis of
Raman spectra, the classification model for dura and
meningioma demonstrated 100% accuracy.”” The meningioma
and dura can be separated from one another using Raman
spectra. Raman spectroscopy is therefore a formidable rival for
the management of meningioma surgery. Jalkanen and his
team analyzed the structures of DNA and proteins using
vibrational spectroscopy. In addition, the research of
biomolecule hydration and binding integrated experimental
and theoretical approaches. Peptides and amino acids made up
the vast majority of the substances that were meticulously
examined. The objective was to fully comprehend the
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experimentally determined vibrational spectra of the molecules
and to ascertain the function, structure, and electronic
properties of the molecules in the various environments. As
more environmental and biophysical tests employ spectro-
scopic methods, a more thorough understanding of the
phenomenon from a sound theoretical foundation is
required.”

2. PRINCIPLES AND TECHNIQUES OF RAMAN
SPECTROSCOPY

2.1. Raman Scattering and Spectral Interpretation.
Raman scattering is a type of inelastic scattering by which
photons are scattered by matter, resulting in both an energy
exchange and a change in light direction. Technically scattering
occurs when a strong light source, often laser impacts a sample,
the amount of light scattered from the laser is in numerous
directions. Most of the scattered light has the same wavelength
of the light that comes in, but only a small proportion of it may
reach the sample and indicate a small amount of energy.
Changes in frequency and wavelength can be used to identify
energy shifts in scattered light.

To assess the physical and chemical composition of a
sample, Raman spectroscopy employs the following scattering
mechanism: Rayleigh scattering, Stokes scattering, and anti-
Stokes scattering. Figure 3 shows the Raman scattering process
and spectral information.

Here AE represents the photon energy difference between
the virtual energy state and ground energy state. v, is the
incident Raman frequency, whereas v, defines scattered Raman
frequency. Av gives the Raman shift in cm™. I: Energy is
absorbed by atoms or molecule. A scattered photon’s energy is
less than that of an incoming photon. Vibrational energy is
gained by the atom or molecule. II: Here there is no exchange
of energy. The incident and scattered photons have the same
energy. Frequency shifts are symmetric. III: The energy is lost
by an atom or molecule. The energy of the incident photon is
smaller than that of the scattered photon.

Raman Scattering light wavelength is determined by the
wavelength of the excited light. As a result of comparing
spectra obtained with various lasers, the Raman scatter
wavelength is an incorrect value. Hence the position of the
Raman scatter is away from the excitation wavelength
converted into a Raman shift:

1 _ 1 ]* (107 nm)
Ao(nm)  A;(nm) (cm)

Here the first term represents the wavenumber Raman shift in
em™" and 4, and 4, define the wavelength of the excitation
laser and Raman scatter in nanometers, respectively.

In most cases, Raman spectra are plotted with the intensity
or number of counts on the y-axis and the Raman Shift
frequency along the x-axis. Raman shift is defined as the
frequency difference between the laser light and the scattered
or dispersed light. Here the Raman shift is not related to the
wavelength of the laser and is given in wavenumbers. The
number of events measured by the spectrometer per second for
a certain Raman shift is proportional to the amount of light
detected defining the count rate. Searching for molecular
functional groups, which are different molecule components, is
the first approach of analyzing Raman spectra. Raman spectra
depict functional group vibrations at discrete Raman shifts.
These structural changes enable an unknown molecule to be

Av(em™) = (

related to a known class of compounds. The complete analysis
of Raman spectra depends on symmetry, polarization, and
selection rules. Observing the polarization of scattered photons
can help us understand the relationship between Raman
activity and molecular symmetry, which can aid in the
assignment of peaks in Raman spectra. Only specific Raman-
active modes are accessible with polarized light in a single
direction. Changing the polarization, on the other hand,
enables access to alternative modes. Each mode is classified
based on its symmetry. Except when phonon confinement is
evident, according to a selection criterion applicable exclusively
to ordered solid materials, exclusively phonons with zero phase
angle may be observed by IR and Raman.

The Raman shifts and relative intensities of the material’s
spectra can identify the material using Raman bands. With
individual band modifications, a band’s intensity may shift,
narrow, or broaden, or shift in intensity. These changes can
provide details about the sample’s stresses, crystallinity
variations, and material amount. Differences in spectra with
sample position will reveal differences in the uniformity of the
material. The frequencies of vibration are determined by the
masses of the atoms engaged and the strength of their
connections. Raman shifts are small in the case of heavy atoms
and weak links. Raman shifts are large in light atoms and strong
bonds. Once we identify the Raman shifts, we can plot them to
get the Raman spectra. Each Raman peak corresponds to a
certain frequency of light absorbed by the sample, resulting in
vibration. The Raman spectrum allows us to identify and
evaluate a wide range of chemicals since these frequencies
come under the chemical fingerprint region. For example, we
know that two carbon atoms with a double bond vibrate
around 1300 cm™" and the C—C weaker single bond at 800
cm™'. When we beam our green laser on the molecules, they
absorb the light frequencies that we detect on the Raman
spectrum. The C=C peak will be about 1650 cm™', and the
C—C peak will be around 800 cm™". This implies that Raman
spectroscopy can easily distinguish between these two types of
bonding as well as molecules.

2.2. Instrumentation and Experimental Setup. Raman
spectroscopy was named after its creator, C.V. Raman, who
published the first article on the technique alongside K.S.
Krishnan.”* Raman spectroscopy provides a flexible C=C
technique for analyzing several sorts of forensic evidence. It
solves most existing spectroscopic technique constraints and
provides qualitative as well as quantitative data about the
material under investigation. In qualitative analysis, the
frequency of scattered radiation is assessed, whereas
quantitative analysis measures the intensity of scattered
radiation.”>*® Raman and Krishnan used a mercury lamp and
photographic plates to capture spectra. Due to limited light
sources, detector sensitivity, and the low Raman scattering
cross sections of most materials, early spectra took hours or
even days to acquire.”* Technological advances in recent times
improves the quality of components used in the Raman
spectroscopic techniques. Raman spectrometer is made up of
many basic components, including a laser that acts as an
excitation source to cause Raman scattering. Solid state lasers
are commonly employed in current Raman equipment, with
popular wavelengths including 532, 785, 830, and 1064 nm.
Shorter wavelength lasers offer higher Raman scattering cross
sections, resulting in a stronger signal; nevertheless, the
incidence of fluorescence increases with shorter wavelength.
Because of this, many Raman systems include a 785 nm laser.
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Figure 4. Schematic of experimental set up for confocal Raman spectroscopy.

Fiber optic cables are used to transport and collect laser energy
from the sample. A notch or edge filter eliminates Rayleigh and
anti-Stokes scattering, and the remaining Stokes scattered light
is sent on to a dispersion element, generally holographic
grating. A CCD detector catches the light, producing the
Raman spectrum. Here we will explain all the details of
components and their physical uses to obtain Raman spectra.
The rest of the spectrometer receives the remaining Raman
scattered light. Figure 4 shows the schematic of the
experimental set up for Raman spectroscopy.

2.2.1. Excitation Source (Laser). We can use a number of
lasers for example, helium—neon (He—Ne) (632.8 nm), argon
ion (488 and 514.5 nm), Nd:YAG laser and Nd:YVO4 (1064
nm), near infrared (IR) diode lasers (785 and 830 nm), etc.
Gas lasers, such as He—Ne lasers, operate at lower output
power levels and longer wavelengths but are significantly
cheaper to acquire and run. They also have good qualities in
terms of beam quality, line width, and laser noise. Laser diodes
come in a variety of emission wavelengths and are extremely
small and dependable sources. Although high beam quality and
narrow line width are easier to accomplish at low power levels,
optimized diode lasers can have very high output power while
maintaining high beam quality and small line width. One main
drawback of diode laser is that their center wavelength may not
always be the same frequency and sometimes may not be
single-frequency. Continuous-wave diode-pumped lasers
(DPL) have a set wavelength ranging from 457 to 1064 nm.
Single frequency operation offers ultranarrow spectral line
width, extended coherence length, and high spectral purity.
The lasers are designed and built to be highly reliable.
Quantum cascade lasers can be utilized to produce tunable
mid-infrared light. Ar and Ar—Kr lasers are no longer
commercially available. Various laser parameters, particularly
the center wavelength and output power, should stay relatively
steady during operation; otherwise, the precision and
repeatability of spectroscopic observations may suffer. This is
especially important when working with weak Raman

scatterers, which necessitate extended measurement durations.
Long wavelength sources, on the other hand, such as diode or
Nd:YAG lasers, may operate at extremely high power without
dissolving the material and can also erase or minimize
fluorescence. A 532 nm green laser is the most often used
laser in Raman spectroscopy because it has high sensitivity at a
reasonable cost. The shorter the wavelength of the laser, the
better the sensitivity. As a result, for investigations that need
extreme sensitivity, a costlier 488 nm blue laser should be
utilized instead. However, sensitivity is not the only element to
consider while choosing a laser. Shorter wavelength lasers are
more likely to cause the material to glow, interfering with the
Raman spectra. If a material fluoresces when a 532 nm laser is
employed, a 785 nm infrared laser will frequently perform
better. The most often used laser wavelength in Raman
spectroscopy is 785 nm, which provides modest fluorescence
while maintaining a reasonably high Raman intensity.
However, for items with strong fluorescence backgrounds,
such as dyes, a 1064 nm laser may be required. Because of the
reduced Raman intensity and potential of sample damage
caused by a more powerful laser, this laser is typically
employed only when the fluorescence is exceptionally high.
Because most materials will not glow when exposed to the 785
nm laser, it is a fairly adaptable laser for most studies at the
expense of some sensitivity. Longer wavelength lasers generate
greater heat, which may harm the sample. This may be
alleviated by lowering the laser’s power, which regrettably
reduces Raman sensitivity even further. That is why a 633 nm
laser is an excellent choice for some investigations; the
wavelength is sufficiently long to eliminate fluorescence but
shorter than a 785 nm laser, so it does not overheat the
material.

2.2.2. Optical Components. The light from the illuminated
spot is focused by a microscopic objective (MO) and
collimated by a lens before being routed to a notch filter and
spectrometer to get the Raman spectrum. Raman laser line
filters are intended to transmit a certain laser wavelength while
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excluding all other ambient light. This bandpass filter
effectively cleans the laser beam signal and eliminates noise.
To get a good signal-to-noise ratio in Raman measurements,
Rayleigh scattering must be blocked from reaching the detector
while sending the Raman signal. To reject the background
signal, you can use a double or triple grating spectrometer.
Angle tuning narrow bandpass filters are useful for Raman
imaging applications that demand a high signal throughput for
a given Raman mode. The notion is based on the fact that the
center wavelength of a narrow bandpass filter blueshifts as the
angle of incidence increases. A single bandpass filter can cover
more than 10% of the center wavelength at normal incidence.
To optimize the Raman measurement, optical filters can be
selected and customized based on the experiment’s require-
ments. Long pass edge filters are used in Raman spectroscopy
to transmit light from a Raman-scattered material at lower
energy or longer wavelengths while blocking undesired
Rayleigh scattered signal laser light. To do this, only
wavelengths greater than a certain blocking wavelength are
communicated. Most commercial Raman microscopes nowa-
days are equipped with long path filters.

2.2.3. Wavelength Selection (Filter). To isolate a single
laser beam, bandpass filters are used. To get high-quality
Raman spectra, it is usually necessary to use a laser rejection
filter for distinguishing Raman scattered light from Rayleigh
and reflected laser signals. Typically, notch filters are utilized
for this purpose. Volume holographic filters,”” on the other
hand, are becoming increasingly widespread, allowing changes
as small as 5 cm™ to be noticed.

2.2.4. Detector. A visible spectrometer with software
employs ultrahigh performance, high-sensitivity, and high
resolution. 640 X 480 pixels, 1280 X 1024 pixels, 2048 X 64
pixels, the widely used camera resolution of 1600 X 1200 pixels
frequently employs a slightly bigger sensor with 1/1.8” and the
same pixel size, a back-thinned CCD array, thermoelectrically
cooled down to —5 °C. Sensor noise is reduced, and SNR is
almost 2 times higher than others. Increased reliability ensures
that the measurement results do not change with temperature.

Higher-sensitivity charge transfer devices (CTDs) like
charge-coupled devices (CCDs) and charge-injection devices
(CIDs) have been developed as a result of technical and
instrument developments. There are many varieties of CCDs
that are optimized for various wavelength ranges. Enhanced
CCDs can be employed for weak signals along with pulsed
lasers. The focal length of the spectrograph and the size of the
CCD define the spectral range. CCDs require some cooling to
be acceptable for high-quality spectroscopy. This is commonly
accomplished using either Peltier cooling (usable for temper-
atures as low as —90 °C) or liquid nitrogen cryogenic cooling.
Most Raman systems employ Peltier-cooled detectors;
however, liquid nitrogen-cooled detectors provide benefits in
some specialized applications. The Peltier effect is the inverse
of the Seebeck effect; electrical current running through a
junction connecting two materials emits or absorbs heat per
unit time at the junction to balance the difference in chemical
potential between the two materials. This phenomenon allows
for the creation of an electrical refrigerator known as a Peltier
cooler. Because of its lower cooling power than compressor-
based freezers, the Peltier cooler has been used in specialized
applications such as infrared detectors, CCDs, CPU coolers,
wine cellars, and so on.””?®

Before reaching the CCD detector, the diffraction grating
within the Raman spectrometer scatters the distinct wave-

lengths of Raman scattered light out in space. The number of
lines on the diffraction grating may be changed to control how
much or how little light is spread out. Diffraction gratings
having a greater line density, or more lines per millimeter on
the grating, will spread out the light more. Controlling how
light passes through the detector is extremely useful for
studying various parts of the Raman spectrum. Examining the
entire Raman spectrum (100—3500 cm™") demands the use of
a wide range of wavelengths. This is why a grating with a lower
line density is necessary because lower line density diffraction
gratings do not spread the light out as much, enabling a wider
range of light to reach the detector. When the laser is altered
for a Raman experiment, the diffraction grating may also need
to be adjusted. Though the Raman shifts for a sample are
constant, the wavelength of the laser influences the wavelength
of Raman scattered light that reaches the detector. Examining a
tiny portion of the spectrum necessitates the employment of a
diffraction grating with a greater line density, causing the light
to spread out more. This implies that less light will reach the
detector overall, but we will be able to investigate certain areas
of the spectrum in more detail, for example, with higher
spectral resolution.

3. APPLICATIONS OF RAMAN SPECTROSCOPY IN
BIOLOGY

3.1. Biomolecular Structure Determination: Unveiling
Protein and Nucleic Acid Conformation. While imaging
biological materials, Raman microscopy may thoroughly detect
molecular species, such as lipids, proteins, and nucleic acids,
and their spatial distributions in a sample.”” The cytoplasm of
living HeLa cells has been treated with a 532 nm laser,
producing a Raman spectrum.’’™>* The strong peaks in the
spectrum represent Raman scattering from the many vibra-
tional modes of the molecules in the cells. Plotting the spatial
distribution of peak intensities, which provides information on
the molecular species present at the measurement spots,
enables the creation of Raman images of the cells.”> The
visualization of lipid storage, lipid phase separation, axonal
myelin, and tissue structures like the liver, brain, and skin have
all been accomplished with success. High wavenumber areas
(2800—3000 cm™") in particular offer stronger signals due to
the vibrational modes of CH, and CH; in the cell.***® The
Raman spectra, which describe the molecular makeup at the
measured locations, can be used to discriminate between
organelles and cells in tissues and other components of a
sample.”” Multivariate analytical techniques can be utilized in
addition to Raman peak mapping to separate nuclei, lipid
droplets, and cell bodies and offer morphological information
on the sample without labeling.*’~* Multiple curve resolution
and independent component analysis are two examples of
these techniques.

3.2. Biophysics: Studying Protein Folding, Interac-
tions, and Dynamics. Many biological processes are
controlled by the large, complex molecules known as proteins.
However, a number of deadly diseases can be brought on by
protein dynamics. Understanding the structure and form of
proteins is crucial. A mechanistic knowledge of the way
proteins fold remains elusive despite various attempts. As a
result, new methods are always being researched. Raman
spectroscopy can be used to pinpoint particular amino acid
residues like tyrosine, tryptophan, and phenylalanine as well as
secondary protein structures including helices, beta-sheets,
twists, and random structures in proteins.*}’3 Raman spectra can
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be used to discriminate between lysozyme protein and bovine
serum albumin (BSA) based on the differences in their
primary, secondary, and tertiary sequences and structures.
Although it is challenging to detect the structure of a protein
using a Raman spectrum alone, spectra can be used to
distinguish tiny changes in the conformations of proteins like
BSA during melting. Numerous novel approaches to method-
ology and data analysis have been investigated in protein
Raman spectroscopy investigations.

3.3. Cellular Analysis: Probing Molecular Composi-
tion and Dynamics. Raman spectra can be used to separate
different types of cells as the spectral forms indicate the
balance of chemical species at each location in a sample. The
identification of cancerous cells and tissues is one of the
practical uses of this technique, which has been demonstrated
to be effective for a variety of tumor forms.*® The label-free
approach is the sub_}'ect of in-depth study for intraoperational
rapid diagnostics.””** Raman microscopy is expected to
demonstrate dynamic changes in intracellular chemical
compositions during cell differentiation or reprogramming in
the same way that induced pluripotent stem (iPS) cells,
osteoblasts, and embryonic stem (ES) cells.” ™’ In these
studies, the gradual changes in chemical composition
throughout the modulation of cellular states were visualized
by the multivariate analysis of Raman spectra obtained at
multiple time points as the cell state changed. Due to its
capacity to identify cellular states without the use of labels,
Raman microscopy is predicted to be a successful technology
for the assessment and quality control of cells for use in
regenerative medicine and drug development. It has been
demonstrated that comparable techniques may distinguish
between various immune-stimulated cell responses. Raman
spectra may distinguish between various cell states; however,
the biological background that is detected in Raman
experiments is difficult to pinpoint. This paves the way for
the omics-equivalent analysis of live cells and tissues as well as
the employment of Raman microscopy as a reliable tool for
comprehending living systems.**">® The relationship between
Raman spectra and gene expression in cells has recently been
investigated using a combination of transcriptome and Raman
microscopy. The integration with flow cytometry is one of the
predicted Raman microscopy applications for biological and
medicinal applications.”” " This technique enables live cell
applications by allowing cells to be sorted according to their
characteristics and functions without the need for labels.”*~**

3.4. Disease Diagnosis: Detection of Biomarkers and
Pathological Changes. To detect stomach cancer, doctors
currently use endoscopic diagnostics, histology, clinical
imaging, tumor markers, and other clinical methods. Endo-
scopic and histological testing, which is carried out on a tissue
and cellular level, is the “gold standard” in clinical tumor
diagnosis. After staining the tissues, it is possible to distinguish
between healthy gastric mucosa, precancerous lesions, and
stomach cancer based on the kind, quantity, and arrangement
of the glands as well as the nucleoplasmic ratio of the cells.
However, in order to do so, a biopsy sample is required, which
may result in intestinal bleeding or perforation. Additionally,
testing processes take time, and the subjective factors of the
pathologists might affect how precisely a pathological diagnosis
is established, delaying the results. Despite being frequently
used as clinical diagnostic tools, X-ray contrast radiography
examination, computed tomography examination, magnetic
resonance imaging (MRI), and other imaging diagnostic

procedures are limited in their capacity to assess the structure
and makeup of problematic tissues. These methods have a low
detection rate for microscopic tumors and early gastric cancer
due to their inadequate capacity to discern the shape and
structure of sick tissues and their limited spatial resolution.
Commonly used clinical indicators include CEA, CA19-9,
CA125, CA72-4, etc. Due to their low specificity and
sensitivity, tumor markers have limited usefulness in the
early identification of gastric cancer since they are subject to
individual variations and some benign diseases. The detection
process requires some time. But locating tumor markers is
quite difficult. This demonstrates the value of Raman
spectroscopy in the early detection of stomach cancer. The
composition and concentration of chemical substances in
stomach tissues or cells, which will vary to some amount
during the malignant process, can be directly related to the
matching distinctive peaks and intensities of the Raman
spectra. The total sensitivity and specificity of Raman
spectroscopy for the diagnosis of stomach cancer are 0.89
and 0.92, respectively, when histology is used as the reference
standard. Raman spectroscopy thus offers a noninvasive,
precise, and user-friendly optical diagnostic tool for the
sensitive and objective early identification of stomach cancer.”®
Nowadays, surgically excised tissues, isolated cell samples,
body fluids, or endoscopic biopsies make up the majority of
the samples used in stomach cancer Raman research.
Spontaneous Raman spectroscopy using lasers with a wave-
length of 532 nm, 785 nm, or 1064 nm is the main technique
for collecting spectrum data for the in vitro study of tissue or
cell samples.”"** Additionally, confocal Raman spectroscopy
techniques have been used in a number of studies. These
techniques have the advantage of great spatial resolution and
effectively remove signal interference from layers outside the
focal plane. Surface-enhanced Raman spectroscopy (SERS),
with a maximum amplification of 10" times over ordinary
Raman spectra of molecules, was mainly used to investigate
substances like blood,*® breath, and saliva.®” Additionally, fiber
optic Raman spectroscopy, which makes use of in vivo fiber
optic probes, is essential for the in situ analysis and real-time
detection of gastric cancer patients.

In recent modern societies chronic kidney disease
constitutes one of the most frequent noncommunicable disease
pathologies. As reported by the World Health Organisation,
10% of the world’s population suffers from chronic kidney
disease, with millions dying each year as a result of kidney
failure. Kidney failure causes water, electrolyte, and nitrogen
breakdown, as well as other metabolic abnormalities in the
human body. One of the key developments in therapeutic
fields is the investigation of changes in the composition of
distinct human skin layers. Furthermore, the skin is easily
accessible and hence appealing as an in vivo diagnostic object.
Bratchenko et al. reported the most significant detection of
kidney failure by Raman spectroscopy of in vivo human skin
analysis.”® This in vivo investigation of skin spectral character-
istics in kidney failure patients uses conventional Raman
spectroscopy in the near-infrared range. In terms of identifying
the target subjects with kidney failure, the use of Raman
spectroscopy on the forearm skin of adult patients with kidney
failure (90 spectra) and healthy adult volunteers (80 spectra)
yielded. The experimental data set was submitted to
discriminant analysis using latent structure projection (PLS-
DA). When applying the PLS-DA approach to identify
participants with kidney disease, the most relevant Raman
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spectral bands are 1315—1330 cm™, 1450—1460 cm™, and
1700—1800 cm™. These bands correspond to amide I, amide
III and the §(CH2) bending vibrations in a-helix collagen.
3.5. Raman Imaging and Mapping: Visualizing Bio-
logical Samples at the Molecular Level. In vitro gastric
tissue and cell using Raman spectroscopy: The data gathering
and classification of stomach tissues or cells is the most direct
and frequent application of Raman spectroscopy in figuring out
the type of gastric cancers. In contrast to the standard
intraoperative histological diagnosis, which requires procedures
including tissue transport, sample processing, section prepara-
tion, and tissue identification, the Raman spectroscopy-based
gastric cancer diagnostic technique is able to collect data
directly from fresh tissues. The most frequent types of samples
employed in Raman analyses of isolated stomach tissues and
cells include frozen samples, formalin-fixed paraffin-embedded
(EFPE) samples, and fresh tissue samples.”” FFPE samples can
be analyzed once the findings of the diagnostic tests are known,
albeit the fixation of the tissue may modify its biochemical
composition and lead to changes in Raman peaks.”>’°~"* The
signal-to-noise ratio and reproducibility of the Raman spectra
of frozen tissues are excellent, and they resemble those of fresh
tissues more.”””” The intensity of multiple Raman peaks,
however, seems to change during the freezing and thawing
process, making identification less accurate than in fresh
tissues.”*’”” Raman spectroscopy of isolated tissues is routinely
performed using desktop Raman spectroscopy equipment. Due
to the relatively low absorption coefficient of NIR light by
molecules in biological tissues that typically absorb light (e.g.,
melanin, water, and lipids), NIR light sources, particularly 785
nm lasers positioned in the high transmittance “optical
window” of biological tissues, are frequently used in medical
Raman measurement systems.”” While NIR light with
wavelengths of 785 nm and 1064 nm is useful in lowering
tissue autofluorescence and has been employed more
frequently in diagnostic tests for stomach cancer, visible light
with a wavelength of 532 nm has a higher scattering
intensity.”*~”* The sample is illuminated by the transmission
system, and the Raman signal produced by the illuminated
tissue sample is then collected and analyzed by the detector
and spectrometer. The Raman fingerprint region (FP, 400—
1800 cm™"), the high wavenumber region (HW, 2800—3200
cm™'), and the intermediate region which is often devoid of
Raman distinctive peaks can be distinguished within this
wavenumber range. Raman spectra are commonly recorded
between 400 and 3500 cm™'. The majority of studies only
collect spectrum data in the FP area or in both the FP and HW
regions since the acquisition range of the spectra influences the
acquisition time and redundancy of future data processing. In a
related investigation, it was discovered that FP and HW region
analysis was superior to HW region analysis alone and
preferred to FP and HW region analysis separately.”"*’
Additionally, studies have shown that while lengthening the
integration period can significantly improve prediction
accuracy, doing so at the expense of laser intensity has no
effect on overall prediction accuracy.®’ The diagnostic results
may be affected by the use of different spectrum ranges and
spectral acquisition parameters; as a result, the ideal
experimental circumstances should be established by the
characteristics of the sample being used in the experiment.
As a rapid and noninvasive method for detecting stomach
tissues, Raman spectroscopy has made tremendous progress.
Other studies have shown that with utilizing Raman detection

of isolated stomach tissues, it is possible to identify malignant
gastric mucosal tissues, diagnose gastric dysplasia, differentiate
the stage of gastric adenocarcinoma, and discriminate between
precancerous and cancerous tissues.”* Additionally, researchers
investigated how the genomic DNA, nuclei, and tissues of
normal and malignant gastric mucosa affected the spatial
organization and biochemical composition of mucosal tissue
during carcinogenesis by looking at variations in the typical
peak spectra of these components.®” Researchers demonstrated
that NIR Raman spectroscopy can be used to detect
Helicobacter pylori infection and inflammatory damage in the
stomach at the molecular level. On the scale of detection, cells
are more refined than tissues.*> Researchers identified probable
stomach mucosal cancer cells using Raman spectroscopy on
cultured single cells.”* Nondestructive Raman spectroscopy
was used to monitor apoptosis in gastric cancer cells and test
new medications against the therapeutic effects of various
cancer cells after discovering the primary compositional
differences between apoptosis-inducing cells and gastric cancer
cells.”

3.6. Microbiology: Identification and Differentiation
of Microorganisms. Raman spectroscopy has been inten-
sively studied in terms of its potential applications in clinical
studies because the sample preparation procedures are simple
and the spectroscopic operations may be completed in only a
few seconds, so it is a promising tool for diagnosing bacterial
disease.”> Raman spectroscopy cannot completely replace
conventional laboratory procedures since there is still a
considerable gap between basic research and practical
application. Examples include the weak Raman effect, which
calls for prolonged measurement times, and sample fluo-
rescence, which brings noisy signals into the spectrum and
makes subsequent analysis more difficult.’® Additionally,
heated samples can be destroyed and have their Raman
spectra changed by intense laser radiation. It is advised to
study biological samples in aqueous solutions or with low-
energy near-infrared light, such as that with wavelengths of 785
or 830 nm.”” During the analysis of bacterial samples, Raman
spectroscopy provides information on both chemical compo-
sitions and biomolecular structures, such as DNA, RNA,
proteins, lipids, and carbohydrates. The term “whole-organism
fingerprint” is frequently used to describe this information. For
instance, the amide I vibration at 1665 cm™! is the main signal
for proteins, but the Raman signals for C—H stretching at 2930
ecm™' and C—H deformation at 1440 cm™' are both
present.**®” Additionally, single-bacteria analysis and live-
bacteria research have both utilized Raman spectroscopy to
lessen the metabolic variability of bacteria at various phases
and to better comprehend cellular dynamics.”””" It was
established that particular peaks at 540 and 1380 cm™" differed
significantly between Gram-positive and Gram-negative
bacteria. The glycosidic linkages in N-acetyl glucosamine and
N-acetyl muramic acid of peptido§lycan were principally
responsible for these variations.”” Research employing
Raman spectroscopy on clinical bacterial infections has thus
far required growth on agar plates because of the low bacterial
content in clinical samples.

3.7. Biomedical Engineering: Applications in Tissue
Engineering and Regenerative Medicine. 3.7.1. Applica-
tions of Raman Spectroscopy to Tissue Engineering. Tissue
engineering (TE) holds great promise for improving the
prognosis of patients with degenerative illnesses. Successful
clinical translation of TE as a therapy component requires
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describing and quantifying tissue creation and contrasting the
TE implant with native tissue. For instance, conventional
approaches rely on histological labeling and biochemical
assays, both of which have inherent risks, to determine the
extracellular matrix (ECM) composition in orthopedic TE,
such as cartilage or meniscus. These methods are not suitable
for in-depth analyses of ECM component distributions since
they include labeling, are still qualitative or semiquantitative,
and are still qualitative in nature. To use these methods to
measure tissue growth over time, a translational system would
also require the concurrent generation of sacrificial designed
tissue samples. Thus, there is an urgent unmet demand to
include cutting-edge optical techniques like Raman spectros-
copy into TE. Raman spectroscopy may be essential in TE for
biomolecular characterization, comparisons with natural
tissues, and quality control of live cell TE production.”
Raman spectroscopy has not been extensively studied for
bimolecular TE structure evaluation. Additionally, they have
investigated the synthesis of ECM in polymeric scaffolds and
samples cultured in chondrocyte medium using Raman
spectroscopy and complementary techniques.”” Raman spec-
troscopy was used to spot spectrum changes in thermally
stressed tissue 3 weeks after implantation in mice.”* With the
use of Raman microspectroscopy, the mineralized nodules
created in vitro was studied.” In contrast to osteoblasts and
adult stem cells, which exhibited biological characteristics
specific to bone, the bone nodules produced by embryonic
stem cells lacked the complex biomolecular and mineral
composition evident in the original tissue. In order to evaluate
the ECM microstructure and biomolecules (such as collagen,
glycosaminoglycans (GAGs), and hydration) of sectioned
native articular cartilage and TE constructions, researchers
devised a polarized Raman imaging technique.”® On the basis
of collagen alignment and the molecular signature, this
research demonstrated that actual bovine tissues were
connected to greater zonal complexity (at least six separate
zones could be differentiated). In both natural and tissue-
engineered structures, the pure spectra of water, GAGs, and
collagen were separated using multivariate curve resolution
(MCR). In light of depth-dependent biomolecular structure,
they were able to develop quantitative criteria for contrasting
native and TE constructs.

3.7.2. Raman Spectroscopy Applications in Regenerative
Medicine. Raman spectroscopy has a wide range of potential
applications in regenerative medicine due to its adaptability;
some of the most important ones are listed here.

3.7.2.1. Applications of Raman Spectroscopy to Stem
Cells. Just two of the many limitations on the use of stem cells
in research and the therapeutic setting are the unpredictability
of cell populations and the lack of clarity regarding stem cell
quality.”” For this area of study and therapy, noninvasive
techniques for defining cell types, identifying disease or
apoptotic states, and evaluating differentiation would be
necessary. All these elements make Raman spectroscopy
promising, and it has proven that it is suitable for studying a
range of regeneration-related topics. This is made possible by
its ability to evaluate biomolecular composition. Teratomas,
which are tumors made up of many cell types, may form after
therapy if differentiated cells are coexisting with undiffer-
entiated stem cells.”®”” It has been possible to discriminate
between stem cells and their offspring using Raman spectros-
copy. Currently, a number of methods are used to find stem
cells, including harmful immunocytochemical methods that

make use of fluorescence.'”’ To discriminate between human
embryonic stem cells (hESCs) and their cardiomyocyte
progeny, scientists performed multivariate data analysis of
their Raman spectra.'’’ Spectrum of human embryonic stem
cells (hESCs) resembles that of human-induced pluripotent
stem cells more so than it does that of their differentiated
progeny.'”” In order to identify both from adipose-derived
stem cells, CARS microscopy used to see the lipids in
adipocytes and the mineralization in osteoblasts.”

3.7.2.2. Applications of Raman Spectroscopy to Cell Lines.
The challenges of producing stem cells are typically overcome
in regenerative medicine research via the use of cell lines.
Determining the quality of the cells and establishing that the
phenotypes of cell lines genuinely match the cells they are
intended to copy have proven to be challenging tasks. When
scientists compared cell lines to primary stem cells using single-
cell Raman spectroscopy, they discovered that the metabolic
profiles of AS49 adenocarcinoma cells and the alveolar type II
(ATH) epithelial cells they are intended to mimic are
extremely different.'”® In the meanwhile, the alveolar type I-
like cell line TT1 offers a respectable depiction of ATI. This
highlights how general biochemical changes between cells may
be swiftly and noninvasively studied using Raman spectrosco-
py. Spontaneous Raman spectroscopy was employed to
distinguish between live and dead cells in an effort to
noninvasively test cell viability.'**~'°° Changes in the DNA-
attributed peaks at 782, 788, and 1095 cm™ could be used to
determine the stage of the cell cycle of a particular cell. Dead
cells had unusually low DNA peak intensities and changed
protein peak intensities, possibly as a result of modified protein
structure.

3.8. Surface Enhanced Raman Spectroscopy (SERS) in
Biological Applications. Surface-enhanced Raman spectros-
copy (SERS) is a very sensitive method for increasing the
Raman scattering of molecules supported by nanostructured
materials. SERS enables the structural fingerprinting of low-
concentration analytes via plasmon-mediated amplification of
electrical fields or chemical augmentation. Because of its
extremely high sensitivity and selectivity, SERS has a wide
range of applications in surface and interface chemistry,
nanotechnology, biology, biomedicine, food science, and other
fields.'”~""" The Raman spectra of pyridine on roughened
silver were originally seen in 1974;'"> however, at the time, the
authors did not recognize that these spectra were caused by
any uncommon, increased, or novel processes. Since its
development in 1977,'"' interest in and use of surface-
enhanced Raman spectroscopy (SERS) has increased tremen-
dously. In particular, the advancement of nanotechnology has
accelerated the advancement of SERS technology. It has grown
in popularity in the scientific community, and it has inspired
several different spectroscopic techniques that use heightened
local fields caused by plasmon excitation in the NPs to study
optical phenomena such as fluorescence or nonlinear optics.
Furthermore, connecting SERS with AFM or STM tips has
resulted in tip-enhanced Raman scattering (TERS), a strong
imaging technique.''* For analytical applications, SERS stands
out from many other techniques because of the extensive
vibrational spectroscopic information it gives, which has led to
applications in various domains such as electrochemistry,
catalysis, biology, medicine, and others. In a further sensing
technique, SERS tags made of plasmonic nanoparticles (NPs),
Raman reporter molecules, and recognition components are
used as stable and brilliant labels in, e.g, DNA detection
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schemes or immunoassays. SERS has shown significant

promise in protein identification and quantification. However,
the low spectrum repeatability resulting from random protein
immobilization on SERS substrates makes it difficult for SERS
to explore protein activities in the absence of exogenous
Raman labels. SERS can be applicable to investigate the
conformational fluctuation of single proteins,118 which is one
of the very first detailed SERS study on proteins. Also, live cell
surface-enhanced endoscopic probes made of plasmonic
nanowire waveguides are used to perform SERS. It has been
established that probe insertion does not stress the cell. Unlike
traditional SERS endoscopy, which excites at the cell’s hotspot,
the distant excitation approach produces low-background
SERS spectra from particular cell compartments with
minimum photodamage.''® This is the first report of SERS
detection inside a single cell using an endoscopy approach,
which breaks the limitation of SERS in cells. In recent times
knowing the dynamics and distribution of medicinal medicines
in live cells is critical for designing and developing therapies.
However, the methods available to uncover this information
are relatively restricted. SERS endoscopy, using plasmonic
nanowires as SERS probes, was used to monitor the
intracellular fate and dynamics of doxorubicin, a common
chemo-drug, in A549 cancer cells.''“Figure 5 shows the SERS-
based potential biological applications.
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Figure S. Surface-enhanced Raman spectroscopy (SERS) based
biological applications. (Created with BioRender.com.)

Figure S1 shows the different Raman spectroscopic
techniques applied in the development of biology.

4. CHALLENGES IN RAMAN SPECTROSCOPY FOR
BIOLOGICAL RESEARCH

4.1.1. Sample Preparation and Handling. For applica-
tions based on Raman microscopy, sample processing
compatibility must always be taken into account. Raman
spectroscopy’s great compatibility with aquatic environments is
one of its main advantages. In buffered saline solution, imaging
can therefore be carried out directly on hydrated tissues
without the need for sample processing (such as fixation,
dehydration, or embedding).% It is typically desirable to

explore specimens with flat surfaces for the capture of large
hyperspectral photographs in order to keep a stable focus over
a broad region of interest. Using a vibratome or cutting block,
or a cryostat if tissue viability preservation is required, sample
flattening is easily performed. Traditional histology sectioning
techniques can also be used to cut tissues into sections.'”
Paraffin embedding is unsuitable for Raman acquisitions to
considerable spectrum interference, which is one disadvantage
of Raman imaging. Strategies for experimental and digital
deparaffinization have both been investigated.'”""'** Despite
the fact that molecular cross-linking brought on by formalin
fixation leads in very modest changes in the Raman spectra,
tissues can be easily scanned in both a fresh and fixed state.
The use of specialized substrates, such as aluminum, steel,
calcium fluoride (CaF,), or magnesium fluoride (MgF,, which
induces a negligible background signal), is typically required
for nonconfocal Raman spectroscopy, which cannot be
performed on conventional microscopy glass slides.”>'**
Modern confocal Raman microscopy with high magnification
objectives and a narrow aperture, however, provides imaging
with basically minimal contribution from common glass
substrate, even for imaging a monolayer of cells.'*®

4.1.2. Data Acquisition and Analysis. To extract
molecular information from the enormous amount of data
obtained from hyperspectral Raman pictures, computational
processing is required. Before analysis, Raman spectra must be
preprocessed to get rid of distracting components such
background autofluorescence and noise. Techniques used for
this include cosmic ray rejection, autofluorescence subtraction,
dark signal subtraction, and normalization.'*¢~ "% Additionally,
system response adjustment using NIST standards, such as the
standard reference materials range (for example, SRM2241 for
785 nm laser excitation), should typically be used to
standardize the Raman intensities. This will improve
consistency between instruments. Semiquantitative images
can be created from the absolute signal for sufficiently flat
samples, but for samples with thickness changes, spectral
normalization techniques may be needed to provide artifact-
free images. Raman images taken at several periods must
occasionally be combined in temporal research in order to
perform quantitative image analysis. This necessitates stringent
standardization of the Raman pictures, such as through
spectrum normalization, due to the varying focus of the
microscope objective and, consequently, the different absolute
intensities."*>'** Historically, Pearson’s correlation coefficients
(PCCs) were utilized to locate Raman peaks.'”” The
development of computational analytic techniques has come
a long way. However, in recent years, machine learning and
deep learning approaches have gained popularity."*’ Nowadays
machine learning based analysis of single cell based Raman
fingerprinting is being done."*" There are several approaches to
performing spectrum analysis on Raman images in general.
Univariate peak analysis, which maps the intensities of a single
Raman peak and also includes Gaussian peak fitting and peak
intensity ratios, is the most basic technique. To extract precise
quantitative data for particular ECM elements, more advanced
multivariate or machine learning algorithms might be
applied.”® Since multivariate and machine learning consider
the entire spectrum of spectral information, they generally offer
more accurate quantitative analysis. Supervised analysis and
unsupervised analysis are the two primary versions of these
approaches.
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4.1.3. Limitations and Potential Artifacts. One of the
main issues with Raman spectroscopy is the inability to identify
signals. A material’s low Raman activity, weak Raman signal
emission, or fluorescence-overpowering signal can all contrib-
ute to low detection. The first of them cannot be addressed
without changing the sample, but the other two can be (using
SERS, for example). Once a signal is found, Raman has few
limitations. (A) Raman spectrometers are unable to distinguish
between chemicals with high color and those that are
noncovalently bound. The majority of samples in critical
Raman application fields (such pharmaceutical quality control
and hazardous substance identification) are Raman active,
despite the fact that HCI and NaCl are notable outliers. (B)
The observation of a Raman event occurring once every 10°
excitation photons on average places restrictions on the
method’s sensitivity and usefulness for contamination identi-
fication or trace analysis. One method that can occasionally be
used to amplify weak signals is surface-enhanced Raman
spectroscopy (SERS). The use of beam enhancer technology in
conjunction with transmission Raman spectroscopy (TRS) is a
possibility. (C) Fluorescence, a far more efficient optical
technique, can be used to mask Raman bands in the spectrum.
Options for mitigation, including the use of longer wavelength
excitation sources, are frequently accessible for the examination
of materials with high fluorescence. SORS is particularly
helpful for minimizing fluorescence while taking measurements
through containers.

5. EMERGING TRENDS AND FUTURE DIRECTIONS IN
RAMAN SPECTROSCOPY FOR BIOLOGICAL
RESEARCH

Because the current disease detection techniques have
substantial shortcomings, there is an urgent need to develop
new technologies that can diagnose diseases swiftly. Label-free
illness diagnosis is made possible by a cutting-edge method
known as Raman spectroscopy, which can identify differences
in chemical composition across various types of materials.
Raman spectroscopy is used to distinguish at the molecular
level between healthy and unhealthy materials, enabling the
early detection of cancer. Analyzing the chemical makeup and
structural alterations of isolated tissue or physiological fluid
samples allows for this. Real-time in vivo detection is made
possible by the integration of a Raman fiber optic probe and
endoscope, helping to determine the location and amount of
cancer development. The effectiveness and precision of Raman
spectroscopy in the detection of stomach cancer are also
steadily improving thanks to advancements in Raman
spectrometer technology and novel techniques developed
from Raman data analysis. Although there have been
substantial improvements in the diagnosis of stomach cancer,
Raman spectroscopy still has several problems. Among the
challenges are the development of a database and evaluation
system for Raman spectra relevant to cancer, the elimination of
spectral irregularities brought on by various spectrometers, and
the acquisition of higher quality Raman spectra. In order to
capture Raman spectrum data more quickly, it is still a
challenge that needs to be investigated how to obtain higher-
quality Raman spectra. The spectra obtained by various Raman
spectrometers differ due to signal noise and laser stability.
During Raman signal collection, the acquisition parameters,
such as the laser’s wavelength, power, and integration time, as
well as various sample processing techniques, will affect the
signal. In order to achieve detection repeatability and stability,

adopting a standardized sample strategy and looking into data
collection techniques are some of the main research objectives.
To determine the variability of Raman peaks, the currently
used data processing techniques are comparatively insufficient.
Large or enormous volumes of spectral data require the
development of more precise and dependable data processing
algorithms. Processing Raman spectrum and Raman imaging
data using computer science and technology, such as deep
learning, provides several advantages. These technologies
might eventually even replace pathologists in the detection
of many cancer forms. Last but not least, despite the fact that
Raman spectroscopy is very accurate at differentiating between
healthy and malignant tissues, this accuracy is insufficient to
detect the benignity and malignancy of tumors for the precise
diagnosis of patient’s tumors, necessitating a deeper inves-
tigation into how to use Raman spectroscopy for the diagnosis
of cancer subtypes and stages. The development of innovative,
rapid procedures for tumor diagnosis is a key step toward in
situ real-time tumor diagnostics employing fiber optics and
endoscopy. Numerous investigations have already used Raman
endoscopy, but more in vitro testing is necessary before it can
be applied in clinical settings. In conclusion, the Raman
spectroscopy-based methodology has numerous potential uses
in the detection of cancer, and is quickly becoming a
recognized clinical diagnosis tool.

Table SI shows the applications of Raman spectroscopy in
biology and its advantages.

6. CONCLUSION

Undoubtedly, Raman spectroscopy has firmly established itself
as an essential instrument inside the continuously progressing
realm of biological investigation. It is employed as a
noninvasive, label-free, chemically selective, imaging technique
with recent advances enabling the probing of molecular
orientation and chemical composition. This review has
provided a comprehensive exploration of the fundamental
concepts underlying Raman scattering, as well as an extensive
examination of its wide-ranging applications, from gaining
insight into the composition of cells, the structures of
biomolecules, the diagnosis of diseases to the production of
pharmaceuticals. The utilization of Raman imaging has
significantly broadened our understanding of biological
material by facilitating visualization at the molecular level.
The inclusion of methodological aspects, such as sample
preparation and data processing, serves as a reminder of the
meticulousness and caution necessary when utilizing Raman
spectroscopy in biological research. The advent of emerging
trends, such as biosensing and point-of-care diagnostics, holds
great potential for offering novel answers to enduring
challenges. The integration of Raman spectroscopy into the
fields of tissue engineering and regenerative medicine has the
capacity to significantly transform the healthcare industry.
Furthermore, within the field of neurology, Raman spectros-
copy is positioned to elucidate the enigmatic intricacies of the
brain’s neural networks. This review has provided a complete
overview of the transformational impact of Raman spectros-
copy in the field of biological research. This phenomenon
stands as evidence of the collaborative efforts by spectroscop-
ists, biologists, and doctors from many disciplines. In the realm
of expanding possibilities, Raman spectroscopy persists as an
invaluable tool, shedding light on the trajectory toward
enhanced comprehension and pioneering advancements within
the field of biological sciences. The nascent stage of the
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journey signifies the immense potential and prospects that lie
ahead for Raman spectroscopy in the realm of biological study.
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