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Raman spectroscopy has become an essential tool for chemists, physicists, biologists and materials
scientists. In this article, we present the challenges in unravelling the molecule-specific Raman
spectral signatures of different biomolecules like proteins, nucleic acids, lipids and carbohydrates
based on the review of our work and the current trends in these areas. We also show how Raman
spectroscopy can be used to probe the secondary and tertiary structural changes occurring
during thermal denaturation of protein and lysozyme as well as more complex biological systems
like bacteria. Complex biological systems like tissues, cells, blood serum etc. are also made up of
such biomolecules. Using mice liver and blood serum, it is shown that different tissues yield their
unique signature Raman spectra, owing to a difference in the relative composition of the
biomolecules. Additionally, recent progress in Raman spectroscopy for diagnosing a multitude of
diseases ranging from cancer to infection is also presented. The second part of this article
focuses on applications of Raman spectroscopy to materials. As a first example, Raman
spectroscopy of a melt cast explosives formulation was carried out to monitor the changes in the
peaks which indicates the potential of this technique for remote process monitoring. The second
example presents various modern methods of Raman spectroscopy such as spatially offset Raman
spectroscopy (SORS), reflection, transmission and universal multiple angle Raman spectroscopy
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, metallic containers using the above variants are presented. Using suitable examples, it is shown
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how a specific excitation or collection geometry canyield different information about the location of

materials. Additionally, itis shown that UMARS imaging can also be used as an effective tool to obtain

layer specific information of materials located at depths beyond a few centimeters.

Introduction

‘VidyaViniyogaVikasah’ (a Sanskrit phrase) means progress
comes from proper application of knowledge. This statement is
true for the research and development in the field of Raman
spectroscopy, which is considered as an evolving technology
towards a direct impact to society. Although the discovery
happened in 1928, the number of publications remained low
until the 1960s; the web of science data indicates that there was
an upsurge in the number of publications in the decade
following the invention of lasers followed by a steady growth in
the number of publications. The 90's saw a revival in Raman
research both in theory as well as on instrumentation. Its
potential applications were understood immediately as this is
a straightforward technique without much need for sample
preparation and almost any material, in any state under
extreme conditions, can be probed. In addition, due to its non-
destructive nature, it can be used as a technique for in situ
measurements. Moreover, Raman microscopy has made it
possible to probe very small quantity of materials with high
spatial resolution. With the advent of techniques like Scanning
Near-Field Microscopy (SNOM) and Tip-Enhanced Raman
Spectroscopy (TERS), resolution of the order of few nanometres
can also be achieved. This advantage makes it an essential and
unique technique in the field of biology and materials science to
explore the molecular basis of structure and function.**
Progress in the field of Raman spectroscopy can be largely
attributed to the recent advances made in the areas of instru-
mentation.®> Historically, analytical applications involving
Raman spectroscopy was thought to be difficult, however,
developments in the sources such as diode lasers, charge-
coupled devices (CCDs), small spectrometers, optics along
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with interfacing optical fibres with Raman have made it a novel
method for analytical applications. Confluence of nanotech-
nology and Raman spectroscopy which led to the discovery of
Surface Enhanced Raman Spectroscopy (SERS) has opened new
vistas for detection of analytes at very low concentrations. It is
possible to obtain Raman signals of biomolecules, chemicals,
explosives, drugs etc. at parts per billion (even at single mole-
cule level) with great sensitivity and specificity®*”

Raman spectroscopy owing to its molecular specificity can be
a boon, however, in the case of biological samples, it compli-
cates the analyses. Firstly, all biological systems are composed
of biochemicals such as lipids, proteins, nucleic acids, carbo-
hydrates etc. Therefore, vibrations from all the modes
comprising the chemicals shall be manifested in the Raman
spectra. To an untrained eye, spectra of a cell, tissue and
a bacterium may appear very similar. Therefore, analyses of
such convoluted complex spectra and assignments can be
a challenging endeavour. Despite this, these complex spectra
can yield a treasure of information pertaining to the structure
and dynamics of the sample under evaluation. Once the
assignments are made, the whole world of biochemical
processes, such as metabolic pathways or dynamics can be
unearthed. The second challenge towards obtaining Raman
spectra of biomolecules is the occurrence of peaks from the
matrix. For instance, paraffin fixed tissue may show a similar
peak to a C-H stretch.’®* Differentiating the actual spectra
from the matrix therefore, becomes an equally important part
before analyses. Thirdly, understanding the system under study
and making an informed judgement based on the experiments
and correlating it with the available data is crucial. Finally,
signal processing of a large number of data set can be
a contributing factor towards understanding of the system.
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The objective of this article is based on the review of our
work to demonstrate the challenges and potential of Raman
spectroscopy for applications in biology and materials.
Emphasis has largely been placed on the challenges of using
Raman spectroscopic techniques for studying biomolecules and
non-invasive, depth sensitive identification of materials. This
laboratory has been working on various facets of Raman spec-
troscopy for the last three decades. Only a few results pertaining
towards research on biological systems and materials have been
included in this review which is organized in the following
manner:

(1) Discussion on the challenges of probing biomolecules
using Raman spectroscopy. Various examples on Raman spec-
troscopic study of biomolecules such as proteins, lipids etc.
have been discussed. Furthermore, examples of Raman spec-
troscopy for disease diagnosis have been presented. In partic-
ular, identifying and assigning Raman spectral bands to specific
molecular structures in relation to multitude of complex
biomolecules present in a system.

(2) Discussion on depth sensitive Raman measurements
such as spatially offset Raman spectroscopy, universal multiple
angle Raman spectroscopy towards depth sensitive detection of
chemicals (explosives) and transmission Raman spectroscopy.
Recent developments and the relative advantages have also
been presented.

Results and discussions
(I) Raman spectroscopy towards biological applications

The following sections review how fundamental studies on
different types of biomolecules can be carried out and also the
complications involved in Raman band assignments using
Raman spectroscopy. We also discuss some of the very recent
applications of Raman spectroscopy in translational research,
citing examples of how this technique can help in under-
standing and diagnosing different diseases like cancer, malaria,
dengue and others.

(a) Raman spectroscopy of biomolecules. Biomolecules are
essential building blocks of life. They are central to all life
processes and are involved in carrying out important metabolic
reactions and maintaining the overall biochemistry of a living
organism. Different kinds of biomolecules like nucleic acids,
proteins, lipids and carbohydrates are involved in maintaining
the functional homeostasis of a cell. Any biological material
(cell, tissue etc.) is made up of different composition of various
biomolecules. Therefore, it is important to understand the
structure and properties of various biomolecules separately.
Interestingly, each of these biomolecules has distinct chemical
identities and therefore has unique molecular structures.
Consequently, these biomolecules generate a signature Raman
spectrum.>®*!

To demonstrate this aspect, we have recorded Raman spectra
of pure biomolecules belonging to different classes-protein
(Bovine Serum Albumin (BSA)), DNA (calf-thymus DNA), lipids
(cholesterol) and carbohydrates (glucose), as shown in Fig. 1.
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Fig. 1 Distinctive Raman spectra of various biomolecules. All spectra
were collected from powdered samples using 785 nm excitation.
Spectra were corrected for cosmic rays and baseline corrected prior to
analysis.

Although the Raman spectra shown above are quite complex,
several unique marker bands can be identified for each of these
biomolecules as explained below.

Proteins. Proteins have numerous functions like catalyzing
many reactions, guiding the flow of electrons in reactions,
transmitting information between specific cells, controlling the
passage of molecules around the cell membrane or providing
the filamentous architecture within cells etc. They are charac-
terized by their unique three-dimensional architecture.” A
small change in the conformation can make them biologically
inactive and may even be toxic. Various life-threatening diseases
have been associated with such denaturation of proteins fore.g.,
Alzheimer's disease, Parkinson's disease etc.>»** Raman spec-
troscopy is an excellent tool to look at the protein structure.
Several vibrational modes can be used for the analysis of
peptide structure. Most characteristic bands are associated with
the CONH group, referred to as amide A (NH stretching, about
3500 cm '), amide B (NH stretching, about 3100 cm™ ') and
Amide I to VIL.*® Out of all, Amide I & III are frequently used to
estimate the secondary structure of proteins. Amide I mode
which ranges from 1580 cm™' to 1700 cm™ ' arises from
stretching vibration of C=0.%° It is very sensitive to the back-
bone conformation and not affected by the side chains. Amide I
band can be deconvoluted with various sub-bands which
directly correlate with various secondary structures. Similarly,
Amide III band (1200 cm™'~1300 cm™ ") which arises from C-N
stretching coupled with N-H bending vibrations can also give
complementary information about the protein backbone
conformations.””*® Asher's group suggested an empirical rela-
tion between Amide III frequency and dihedral angle @, which
paves the way to analyse conformation of proteins using Amide
III band of Raman spectra.**

Apart from the secondary structure, characteristic Raman
bands have also been identified for various side chains and
disulphide regions as well. George J. Thomas resolved the
signature for each of the eight cysteines per 666-residue subunit

This journal is © The Royal Society of Chemistry 2018
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in the trimeric tall spike of an icosahedral bacteriophage P22.%*
They demonstrated that a broad range of S-H---X interactions is
accessible to the protein. The integration of microscope in
Raman spectrometer has enabled studying of protein crystals,
which led to genesis of a new technique termed as Raman
crystallography.®> Raman crystallography can identify and
follow the conformations of reaction intermediates in single
crystals. Helfand et al. monitored the reactions between three
clinically relevant inhibitors, tazobactam, sulbactam, and clav-
ulanic acid, and SHV beta-lactamase (EC 3.5.2.6) in single
crystals using a Raman microscope and observed acyl-enzyme
formed between Ser70 and the lactam ring's C=0O group as
a key intermediate in the reaction pathway.** Various charac-
teristic Raman bands for proteins are summarized in Table 1.

Nucleic acids. Richard C. Lord and co-workers recorded the
Raman spectra of various nucleic acid constituents for the first
time in 1960.*” Further improvements in the instrumentation
have enabled studying of various problems concerning the
structure and interaction in nucleic acids, nucleic acid hydra-
tion, interaction with metal ions, DNA melting, DNA damage
etc.***' Raman spectra of nucleic acids contain a large number
of bands originating from various moieties like sugar, phos-
phate, bases etc. which provide very useful information about
backbone conformation, base pairing etc.

Very strong Raman peaks are observed by ring breathing
modes of various bases in the region of 600 cm ™" to 800 cm ™ *.%°
Therefore, this region can be used to differentiate various bases.
Out of all the bases, thymine has a very distinctive peak at
around 1671 cm ' originating from C=O stretching which
makes it easily distinguishable from rest of the bases.”®
Different conformations of backbone (A-DNA, B-DNA and Z-
DNA) can be identified using Raman spectra. J. M. Benevides
and co-workers have studied different backbone conformation
at various salt conformations. They could qualitatively identify
the A, B and Z-DNA using phosphodiester Raman band lying in
the region of 750 to 800 cm™ %2 Apart from the above, many

Table 1 Peak assignments for proteins®
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important group vibrations have also been assigned for nucleic
acids in vibrational spectra, for example, region from 1800-
1500 cm ™" has been assigned for nucleobase vibrations appear
which are extremely sensitive to base pairing interactions and
1500-1250 em™ " region have been assigned for vibrational
coupling between the base-sugar entities, stacking ligation
etc.” Okotrub et al. (2014) quantified DNA in the cell the nucleus
using intensity of phosphate mode at 1096 cm ' without
extraction or dye labelling using Raman spectroscopy.** Wood's
group (2013) probed DNA double-strand breaks (DSBs) with
TERS coupled with Atomic Force Microscopy (AFM) and sug-
gested that the O-C bond in the DNA backbone is most sensitive
to UVC radiation and its cleavage causes DSBs most of the
time.*® Deckert's group recorded the TERS spectra from an
artificial DNA single strand with alternating blocks of adenine
and cytosine. They could resolve adenine and cytosine bases
placed at a distance of 2.1 nm by unique Raman spectral
features proving that TERS can offer resolutions upto single
nucleobase level.***” Various characteristic Raman bands for
nucleic acid are summarized in Table 2.

Lipids. Lipids, also called fats, are one of the important
classes of biomolecules. They have important role in energy
storage, cellular signalling, digestion and absorption of food,
building of cellular membranes and various tissues, maintain-
ing body temperature etc. Raman spectroscopy provides an
invaluable tool to estimate various structural properties of
lipids like the degree of unsaturation, level of E, Z unsaturation
etc.*®® The stretching vibrations from C=0 in lipids are observed
at around 1749 cm™ ' which are quite distinct and far from that
of proteins. Similarly, many other markers bands for lipids like
Raman bands at 1430 cm ™" (CH, scissoring), 1443 cm™ " (CH,
and CH; deformation of lipids and triglycerides), 1453 cm " (C-
H bending of lipids) have been used to quantify lipids in oral
cancer tissues. Nieva et al. (2012) characterized the lipid
phenotype of breast cancer cells using Raman spectroscopy.®
Raman spectra analysed in the range of 2820-3030 cm™*, where

Contributing group Frequency (cm ™) Assignment

Backbone 1670-1680 B turn, random structure, Amide I
1660-1670 B sheet, Amide I**
1650-1655 o helices, Amide I*°
1630-1635 B sheet, Amide 1*¢%’
1550 Amide 11>
1270-1300 o helices, Amide IIT*®
1240-1250 Random structure, Amide III*°
1230-1240 B sheet, Amide II1*°

Disulphide 505-515 GGG conformation®®*!
520-530 GGT, GTG conformation®®**
540-545 TGT conformation®®**

Side chain 1615, 830, 643 Tyrosine**
850/830 Hydrogen bonding state of tyrosine;**
1550, 1010, 750 Tryptophan®*
880/1361 Ring environment of indole ring of tryptophan*’
1360/1340 Hydrophobicity marker for tryptophan**

1609, 1205, 1003

Phenylalanine*®

“ a: alpha helices, B: beta sheets, GGG: gauche-gauche-gauche, GGT: gauche-gauche-trans, GTG: gauche-trans-gauche, TGT: trans-gauche-trans.

This journal is © The Royal Society of Chemistry 2018
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Table 2 Peak assignments for nucleic acids®
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Contributing group Frequency (cm™ %)

Assignment

726
668, 746, 785
668
781, 785
785
1257
1336
1485
1576
807
1099
1415
784

830
1090
1420
748

792

810
1095
1425

Base

Backbone

Ring breathing of A”®

Ring breathing of T°®

Ring breathing of G**

Ring breathing of C*®

Ring breathing of U*®

Ring mode (C, T)*®

Ring mode (A, G); A form of DNA*®
Ring stretching (G, A) A form of DNA>®
Ring stretching (A, G); A form of DNA®®
Vas(O-P-0), v4(0-P-0); A-DNA**
(PO, "); A-DNA*?

df(CH,); A-DNA*

v4(O-P-0); B-DNA>?

V,5(O-P-0O); B-DNA*

v5(PO,"); B-DNA™

df(CH,); B-DNA®>

v,(0O-P-0); Z-DNA

v,5(0-P-0); Z-DNA

7,5(0O-P-0); Z-DNA

v5(PO,"); Z-DNA

df(CH,); Z-DNA

¢ p: stretching (s: symmetric, as: asymmetric), b: bending, t: twisting, df: deformation, A: adenine, T: thymine, C: cytosine, G: guanine, U: uracil, A-

DNA: A-form of DNA, B-DNA: B form of DNA, Z-DNA: Z form of DNA.

total fatty acid content (TFA) and total unsaturated fatty acids
(TUFA) (3015 ecm™') bands were quantified using bands at
2845 cm™ " and 3015 cm™ ' respectively. Popp's group (2015)
analysed fungal lipids inside living hyphae using Raman spec-
troscopy.” Raman spectra from single vesicles were collected
and analysed for peak intensity ratio 7 (1270 cm ™ ")/I (1445 cm™*)
from the signals of =CH and -CH,/-CH; groups, respectively.
This ratio is linked to the iodine values of lipids. Raman spectra
from lipids can be characterized in seven regions as explained
in Table 3 (all assignments have been taken from Czamara
et al.*®).

Carbohydrates. Carbohydrates are naturally occurring
compounds and are essential constituents for living organisms.
They have significant functions, like, main source of energy,
major constituent of cell wall of plants and microorganisms,
molecular agents in cellular recognition etc. Carbohydrates can
be classified as monosaccharides, oligosaccharides and poly-
saccharides. Nonetheless, structural investigations on different
carbohydrates are difficult as the basic monomeric unit in the

Table 3 Peak assignments for lipids®

polymeric chains is very similar. Despite this, different nature of
H-bonding or the ring configuration gives rise to several marker
peaks for carbohydrates. Wiercigroch et al (2017) have
compiled Raman and IR features of 14 carbohydrates in the
solid state.®* Arboleda et al. recorded Raman spectra of nine
anomerically stable monosaccharides in solutions with
concentrations as low as 10 mM and volumes as small as 15 pL.
It is observed that Raman spectra are sensitive to the configu-
ration of the carbon centres and unique spectra are obtained of
all nine monosaccharides.®® Stuart et al. (2006) demonstrated in
vivo quantification of glucose in animal model for the first time
using Surface-Enhanced Raman Spectroscopy (SERS).*® Raman
spectra of carbohydrates can be categorised in five main regions
as given in Table 4. All assignments have been taken from
Wiercigroch et al.*

The above work provides extensive evidence that different
biomolecules yield distinct Raman spectra. While under-
standing the absolute structure of any biomolecule can be
a confounding task, monitoring changes in the chemical

Frequency (cm™ )

Assignment

Region I 2800-3100
Region II 1600-1800
Region III 1400-1500
Region IV 1200-1300
Region V 1050-1200
Region VI 800-1050
Region VII 500-700

V(CH)7 Vas(GH3)1 VS(CH3)y Vas(CHZ)y VS(CHZ)

»(C=C), »(C=0)

b(CH,/CH,), s¢(CH,/CH,), b(CH,)

t(CH,), df(CH)

»(C-C), »(P-0)

b(CH), skeletal(C-0-0), v,,N'(CH,);

»sN'(CH,)s, cholesterol ring df, df(C=0-0), b(CH,) ring

¢ p: stretching (s: symmetric, as: asymmetric), b: bending, sc: scissoring, t: twisting, df: deformation, skel: skeletal.

25892 | RSC Adv., 2018, 8, 25888-25908
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Table 4 Peak assignments for carbohydrates®

Frequency (cm ") Assignment
Region I 3100-3600 »(OH)
Region II 2800-3100 ¥(CH), v,5(CH,), v(CH,)
Region III 1200-1500 df(CH/CH,)
Region IV 800-1200 »(C-0), v(C-C)
Region V 100-800 df(cco)

“ p: stretching (s: symmetric, as: asymmetric), b: bending, sc: scissoring,
t: twisting, df: deformation.

structure in response to some perturbation can be efficiently
analysed using Raman spectra. Consequently, Raman spec-
troscopy has been used to study changes in the structure of
various biomolecules with external perturbation, like protein
folding, protein-protein interaction, DNA-drug interaction,
DNA melting etc.®

To elucidate further, we performed thermal denaturation
studies on the protein, lysozyme and compared the heat-
induced changes in the Raman spectra with the native form
(Fig. 2).

The Amide I peak in a Raman spectrum is a broad band
which ranges from 1580-1720 cm ™. It can be deconvoluted into
various sub-bands corresponding to different secondary struc-
tures like helices, B-sheets, random structures etc. The band at
around 1655 cm ™ is usually assigned for helices, 1665 cm ™" for
B-sheets and 1675 cm™* for random structures. Lysozyme in its
native state, has 41% helices and 10% p-sheets,*® therefore,
Amide I for the native state of this protein had a peak centre
around 1660 cm™'. After heat denaturation, the content of p-
sheets and random structure increased at the expense of
helices. Hence, the intensity of the band corresponding to the
helices (~1655 cm™ ') decreased and the intensity of the bands
for B-sheets (~1665 cm™ ') and random structures (~1675 cm™ ")
increased. This resulted in a change in the band shape of Amide
I and a consequent shift in the peak maxima. This shift in the
peak maxima was better understood by taking the second
derivative of the spectra.

The changes in the Amide III band (~1200-1300 cm ') also
corroborated this fact. There was a decrease in the intensity of
the Amide III band around 1300 cm™', assigned for alpha-
helices. This was coupled with an increase in the intensity of
the band between 1200-1260 ¢cm ™', which has contributions
from B-sheets and random coils.

The modulations in the Amide I and III bands demonstrated
how one can probe the changes in the secondary structure of
proteins.

The tertiary structure of the protein can also be probed using
various Raman marker bands for side-chains. For instance, the
ratio of 1360 cm ™' and 1340 cm™ " serves as a hydrophobicity
marker for tryptophan. As a consequence of thermal denatur-
ation of lysozyme, there was a decrease in this ratio, indicating
a change in the environment of buried tryptophan residues
from hydrophobic to hydrophilic. Similarly, there are several
other bands assigned for side chains of proteins which can be
analysed using Raman spectroscopy (see Table 1).

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Raman spectra of lysozyme in its native (black) and thermally
denatured (red) state. The major changes in the spectra are high-
lighted. The shift in the peak maxima of Amide | is shown by the second
derivative spectra. Spectra shown in top panel are baseline corrected
and vector normalised prior to analysis.

This highlights how Raman spectroscopy has proved to be
a valuable technique in analysing conformational changes in
the proteins as result of different perturbations.

However, it can become a very daunting task when one wants
to analyse complex biological systems like cells, tissues, body
fluids etc. While biomolecules are ubiquitously present in all
biological systems, their relative concentrations can be vastly
different. This becomes very evident when the Raman spectra of
different tissues and body fluids are compared, since a differ-
ential concentration of the biomolecules results in a character-
istic Raman spectrum.

We have highlighted this fact by comparing the Raman
spectra of liver tissue and blood serum isolated from healthy
mice. Raman spectra were recorded from 50 um thin sections of
liver tissue and ~2 pL of blood serum isolated from BALB/c
mice using 785 nm laser excitation (Fig. 3). The region, 600-
1725 em™ " was analysed since this constitutes the fingerprint

RSC Adv., 2018, 8, 25888-25908 | 25893
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Fig. 3 Average Raman spectra of liver and blood serum isolated from
BALB/c mice. The major peaks that were different across the samples
have been highlighted using arrows and the different peak ratios that
were considered are highlighted using grey boxes. Each spectrum
shown is an average of 200 spectra collected from 4 mice. All spectra
were baseline corrected, vector normalised and smoothed prior to
analysis.

region for most biological samples. Intense generic bands with
contributions from proteins and lipids, like 1003, 1451 and
1660 cm ', were observed in the Raman spectra of liver and
serum.

The serum is predominantly composed of different kinds of
proteins. It contains up to 80 mg mL ™" of protein along with
other constituents like amino acids, salts, lipids and sugars like
glucose.®® The bulk of the protein content of serum comes from
albumins, globulins and lipoproteins. This could also be seen
in the Raman spectra of serum which was heavily dominated by
Raman bands characteristic of proteins, for example, 644, 830,
854, 1003 and 1033, 1127, 1200-1300 cm™* (Amide III) and
1660 cm ' (Amide I) respectively. All assighments have been
listed in the preceding tables.

While these bands were also present in the Raman spectra of
liver, their relative intensities and the ratios varied across both
the samples, indicating differences in the relative distribution
of biomolecules (Fig. 4(A) and (B)).

The Raman band for DNA at 784 cm ™" was observed only in
the spectra of liver and was completely absent in the serum
indicating negligible amounts of DNA present in the serum
(Fig. 4(A)). Liver, being a tissue is made up of a large number of
cells containing nucleic acids like DNA and RNA. On the
contrary, blood serum is largely cell-free and thus devoid of any
quantifiable amounts of DNA under normal conditions.

Other peaks corresponding to biomolecules such as choles-
terol (700 cm™ ') and phosphatidylcholine (716 cm™") could also
be observed in the Raman spectra of both the samples. The
Raman bands for glycogen could be seen at 854 and
937 cm™'.7%”* These bands were more intense in the spectra of
liver, which is quite expected, since liver is the main organ that
stores glycogen.
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Fig. 4 Calculation of Raman band intensities and intensity ratios
pertaining to different biomolecules in liver and serum. Marker bands
were chosen for each of the biomolecules; (A) DNA (784 cm™),
proteins and lipids (1003, 1451 and 1660 cm™Y). (B) Ratiometric analysis
of two Raman bands — 830 and 854 cm ™. Each circle in the figure
represents an individual mouse. Spectra obtained from a total of 4
mice were used for enumeration. Statistical analysis was performed
using Mann-Whitney test where * indicates p < 0.05.

Quantifying ratios of Raman bands can be very advantageous
as they are least affected by background fluctuations and pre-
processing methods.” The ratio of two Raman bands at 830
and 854 cm™ ! has been shown in Fig. 4(B). These bands have
been famously called as the tyrosine Fermi doublet, originating
from proteins. The ratio has extensive significance and can be
a very good marker for the H-bonding status of the phenolic OH
of tyrosine.*” In serum, these two bands can be assigned to
tyrosine since serum is a rich source of proteins. However, in
case of liver, the assignment of the band at 854 cm ™" can be
ambiguous. In liver, the main contribution to this band comes
from glycogen, since it is this organ where glycogen is primarily
stored. This point brings to one's notice that most Raman
bands can have overlapping contributions from several
biomolecules and therefore, understanding the system under
study is essential before band assignments are made.

As already mentioned that although the Raman spectra of
such biological entities are quite complex, certain marker
Raman bands can still be assigned for different classes of
biomolecules in such systems.**”>”* This can help us monitor
the changes induced as a result of any stress or change in the
native environment. This point can be proven through an
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Fig. 5 Raman spectra of bacterial cells before (black) and after (red)
heat treatment. E. coli WT cells were grown for 8 h in shaking
condition at 37 °C and 160 rpm. Bacteria were heat treated at 85 °C for
15 minutes. The shift in the peak maxima of Amide | is shown by the
second derivative spectra. All spectra in the top panel were corrected
for cosmic rays, background subtracted and vector normalised prior to
analysis.

example by monitoring the biomolecular changes induced in
bacteria as a consequence of heat treatment.

Heat treatment of the bacterial cells induced several changes
in the Raman spectra (Fig. 5), as highlighted in the figure above.
The major changes observed were in the Amide I and III bands,
similar to what was noted in the lysozyme-denaturation exper-
iment shown in Fig. 2. This emphasises that these Raman
bands can be unambiguously assigned to proteins, even in
complex systems like bacteria.

After heat treatment, a prominent increase in the intensity of
the Raman band at 1674 cm™* was observed, which indicated
the increase in the content of B-sheets/random coils. This was
also highlighted by the second derivative spectra. Comple-
mentary information was obtained from the analysis of the
Amide III band. Accumulation of B-sheet/random coils is
highlighted by the increase in intensity of Raman bands in the
range of 1200-1260 cm™ ' at the expense of helical structure
(1300 cm ™). Another biomolecule which showed changes as
a result of heat treatment was DNA. All the major Raman bands
for DNA (726, 785, 1487 cm ™ ') showed a marginal decrease in
the heat treated bacterial cells.

These changes showcase how complex systems can also be
studied using Raman spectroscopy by analysing the unique
features assigned for different biomolecules. In the field of
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microbiology such information is deemed useful for classifica-
tion of different bacterial species or understanding biochemical
changes in bacteria due to external perturbations in the envi-
ronment.”>”* This paves the way for monitoring other pertur-
bations like diseases in more complex living systems like
human beings.”*”® Any disease can also be considered as
a perturbation to the native composition of these biomolecules
in different tissues and body fluids.

Every disease is associated with a change in biochemistry.
This principle is the central doctrine for modern medicine. The
biochemical changes can either be a cause for disease mani-
festation or may be a consequence of the disease itself. Since
Raman spectroscopy probes bond vibrations, the spectra
generated are very molecule-specific. Any change in the
concentration or the conformation of these biomolecules as
a result of a disease, however subtle, is reflected in a Raman
spectrum. This principle has formed the basis for a Raman-
based diagnostic tool. Though Raman scattering is a weak
phenomenon, technological advancements over the past few
decades have led to shorter acquisition times and improved
signal-to noise ratio, making the use of Raman spectrometers in
a clinical setting easier. The clinical practicality has also been
enhanced by the advent of fibre-optic probes for delivery of light
as well as collection of Raman scattered photons. The use of
advanced chemometric methods for handling Raman data sets
has also made the diagnosis and classification process user-
friendly.”

Different methods are available that help the user in deriving
meaningful information from a complex spectral dataset.
Principal component analysis (PCA) is one such technique that
reduces the spectra into a defined number of principal
components (PCs) that account for spectral variance. A detailed
analysis of cluster analysis and PCA in spectral data analysis is
demonstrated b