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Among the currently used methods of monitoring human tissues and their components many types of research are distinguished.
These include spectroscopic techniques. The advantage of these techniques is the small amount of sample required the rapid process of
recording the spectra, and most importantly in the case of biological samples – preparation of tissues is not required. In this work vibra-
tional spectroscopy: ATR-FTIR and Raman spectroscopy will be used. Studies are carried out on tissues: tendons, blood vessels, skin,
red blood cells and biological components: amino acids, proteins, DNA, plasma, and deposits.
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1. Introduction

ATR-FTIR (Attenuated Total Reflection Fourier
Transform Infrared) and Raman spectroscopy are novel
tools of modern biology and medicine. Vibrational
spectroscopic methods are widely used in studies
ranging from single cells to whole tissues analysis. The
greatest benefits of these spectroscopic techniques lie in
their high sensitivity to biochemical changes, as well as
in non-destructive application.

The methods and the application of infrared spec-
troscopy are described in previous part [1]. A major
goal of this paper is the discussion on possibility of an
application of Raman spectroscopy in human tissue
and their components studies.

2. Raman spectroscopy

Raman spectroscopy is a modern measurement
technique used for investigating biological materials,
including human tissues. It provides information
about their structure at a molecular level and is util-
ized in medicine as a diagnostic technique. With the
use of Raman spectroscopy, tissue changes due to
disease processes and pathological factors can be
analyzed. The technique is considered as non-invasive
and can be used for in vivo measurements [2]–[11].

The consequences of disease and aging processes
are changes in the biochemical structure of tissues,
which are also seen in their Raman spectra [5], [12].
One of more commonly investigated tissues is skin.
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2.1. Tissues

2.1.1. Skin

The skin is an organ that can be treated as a multi-
layered material. The histological structure of the skin
is not uniform and depends not only on genetic fac-
tors, but also the region of the body. The most signifi-
cant differences are visible in skin thickness in both
the epidermis and dermis layers. The epidermis is
approx. 0.1 mm thick, whereas the dermis is approx.
1–4 mm thick [13], [14].

The mechanical properties of the skin are mostly
determined by the dermis layer. The dermis is com-
posed of two layers, the papillary and reticular dermis.
The dermis is a complex system of insoluble fibres
(collagen and elastin) and soluble macromolecules
(proteoglycans and hyaluronan). The fibrous compo-
nents resist tensile forces, whereas the soluble macro-
molecules resist or dissipate compressive forces [15].

Proteoglycans are the biological matrix of collagen
fibres and proteoglycan content stimulates collagen
fibre synthesis.

In young people collagen fibres in the papillary
dermis take the form of densely packed, thin, and
irregularly arranged plexuses while in the reticular
dermis they take the form of larger, loosely arranged,
intertwined, and wavy bundles. With age the amount
of collagen fibres increases, which also reduces space
between individual fibres. Collagen fibres composed
of collagen types I and III are present in both the pap-
illary dermis and the reticular dermis, with the ratio of
type III to type I being slightly higher in the papillary
layer than in the reticular layer, where type I collagen
constitutes approx. 80–90% of the total collagen con-
tent. With age collagen fibres show a denser and less
twisted arrangement [16], [17].

Elastic fibres are important structural elements.
They are made up of two components: the amorphous
fraction representing 90% of the mature fibre and com-
posed exclusively of elastin and the microfibrillar com-
ponent consisting of 10- to 12-nm diameter fibrils [18].
The elastic tissue in the normal skin consists of superfi-
cial microfibril bundles, which gradually thicken and
merge with increasingly large amounts of amorphous
elastin as the papillary dermis changes into the reticular
dermis. The relative volume of elastin fibres increases
from 0.7% to 2.5% and their diameter grows from
1–2 µm. With age the concentration of elastin fibres in
the papillary dermis decreases. Elastic fibres from the
skin of older individuals lose some of their elasticity,
thicken into clumps, and fray [17].

The mechanical properties of the skin depend on
the arrangement and orientation of collagen fibres and
surface stresses forming on its surface relative to the
distribution of the Langer’s lines. These lines are the
areas of decreased stress and are arranged perpen-
dicularly to the long axes of the muscles [19]–[22].

Raman spectroscopy provides information about
skin structure at a molecular level. Raman spectra of
human skin are characterized by the presence of fluo-
rescence background with the height increasing with
melanin content in skin [24], [25]. The Raman spec-
trum of skin is dominated by vibrational bands of its
structural proteins and lipids (figure 1a, table 1).

In the range of 3200–3600 cm–1, the Raman spec-
trum of skin shows a broad band associated with the
ν(OH) vibrations of tissue water and the ν(NH) vi-
brations of proteins [23], [26], [27]. An intense,
asymmetric band with the maximum at 2938 cm–1 is
the band corresponding to stretching vibrations of the
CH2 and CH3 amino acid side chains as well as the
lipid chains, whereas an intense band with the maxi-
mum at around 1450 cm–1 corresponds to their defor-
mation vibrations [23], [25]–[29]. In the 1200–1700
cm–1 range, the amide bands associated with vibra-
tions of amide bonds in polypeptide chains are ob-
served. The amide I band is dominated by the ν(C=O)
vibrations, while the amide III band – by the ν(C–N)
and δ(N–H) vibrations. In the Raman spectrum of
human epidermis, the maximum of amide I band is
located at around 1652 cm–1, which is typical of
mammalian keratins with the mainly alpha-helical
conformation [26], [28], [30]. In the Raman spectrum
of entire skin, the maximum of this band is seen at
higher wavenumbers of ~1658 cm–1. The 1658 cm–1

band primarily corresponds to collagen type I [2], [31],
[32]. Within the amide III band, there are two maxima
seen in the skin spectrum: 1271 cm–1 (assigned to non-
polar fragments with high proline content that form
a typical collagen triple helix) and 1244 cm–1 (assigned
to polar fragments of collagen characterized by low
proline content) [2], [5], [27], [34], [35]. Vibrations
observed within the 1050–1150 cm–1 region are
mainly assigned to the ν(C–C) modes from lipid
components of the tissue [23], [24], [26], [29]. The
bands at 935 and 817 cm–1 arise from the skeletal
C–C stretching vibrations of proteins [23], [29], [35],
[36], [38]. Spectral features in the 450–1050 cm−1

region are attributed to aminoacids: 1003 cm–1

(phenylalanine), 919 cm–1 (proline), 877 cm–1 (hy-
droxyproline, tryptophan), 855 cm–1 (proline, tyro-
sine) [5], [26], [31], [34], [36], [39]. The stretching
vibrations of the S–S bonds of cystine are visible in
the 510–545 cm−1 region [23], [26], [28], [35]. The
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1108 and 526 cm–1 bands arise from desmosine and
isodesmosine amino acids [5].

Fig. 1. Representative Raman spectra of human tissues:
(a) arm skin; (b) an intact artery; (c) calcified plaque; (d) bone (femur).

(FT Raman Bruker RFS/100, Nd:YAG:
1064 nm, 450 mW, 128 scans, 4 cm–1)

Table 1. Major positions (in cm–1) and tentative assignment
of Raman bands of human arm skin [40]

ν [cm–1] Assignments*
3600–3200 ν(OH), ν(NH) proteins

2938 ν(CH2, CH3) proteins
1657 δ(NH), ν(CO) amide I   proteins
1450 δ(CH2, CH3) lipids and proteins
1271
1244 δ(NH), ν(CN), ν(C–C) amide III   proteins

1004 Δ(C–C)ring Phe
935 ν(C–C) proteins
919 ν(C–C) Pro
877 ν(C–C), δ(CCH) Hypro, Trp
855 ν(C–C), δ(CCH) Pro, Tyr
817 ν(C–C) proteins

510–545 ν(S–S) Cys2

* Abbreviations:  ν, stretching; δ, bending; Δ, breathing mode;
Phe, phenylalanine; Pro, proline; Hypro, hydroxyproline; Trp, trypto-
phan; Tyr, tyrosine; Cys2, cystine.

Vibrational spectroscopic methods are useful for
identification of many skin diseases that are difficult
to diagnose based only on their clinical manifesta-
tion.

Many publications focus on spectroscopic investi-
gations regarding psoriatic skin. It has been demon-
strated that psoriatic epidermis contains less lipids
compared to healthy tissue. The Raman spectrum of
psoriatic skin shows reduced intensity of the ν(CH2)
vibrational bands (2883 and 2852 cm–1) and disap-
pearance of the bands at 1082 cm–1 and 1062 cm–1 con-
nected with the skeletal vibrations ν(CC) of lipid
chains, whereas the band corresponding to the ν(CH2)
vibrations of keratin (2872 cm–1) is more intense [28].

As skin cancer is one of the most common can-
cer types in the world and its early diagnosis is cru-
cial for effective treatment, reliable diagnostic
methods, safe for a patient, are continually being
searched and Raman techniques are of great interest
[41]–[44]. For instance, the Raman spectrum of
melanoma is characterized by increased intensity of
the lipid vibrational band at 1310 cm–1, while for basal
cell carcinoma, the increased band intensity is ob-
served at around 1330 cm–1 [42]. In certain types of
cancer, higher levels of skin hydration are also ob-
served. The amount of protein-bound water can be
estimated based on the Raman spectrum through cal-
culating the ratio of protein ν(CH) (2940 cm–1) to
water ν(OH) (3250 cm–1) vibrational band intensities
[45]. The analysis of Raman spectra of skin after sun-
light exposure has shown that the total amount of
water in tanned skin is higher than in untanned skin by
about 30% [23]. It has been observed that water con-
tent in skin generally increases with age [46]. The
evidence of unbound water (tetrahedral water clusters)
presence in skin is the band at 180 cm–1 in the Raman
spectrum [45]. Each skin layer shows a different hy-
dration level [41], [47].

Skin aging processes lead to conformational
changes of its structural proteins. In the Raman spec-
tra of old skin and skin exposed to sunlight, shifts of
the amide I and III band maxima towards lower fre-
quencies compared to the spectrum of healthy, untan-
ned skin are observed. Moreover, the amide band
intensities are reduced and a shift of the ν(CH2) band
corresponding to aliphatic side chains of amino acids
towards lower frequencies, suggestive of protein
folding changes, is observed.

In the Raman spectrum of pilomatrixoma, a clear
ν )PO( 3

4
−  vibration band (960 cm–1), not observable

in healthy skin, is seen [34], [48]. The presence of this
band in the Raman spectrum is the basis for diagnos-
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tics of atherosclerotic processes within blood vessel
walls.

2.1.2. Blood vessel walls

Blood vessel walls are composed of three structur-
ally different, concentric layers: the inner layer (tunica
intima), the middle layer (tunica media), and the outer
layer (tunica adventitia or tunica externa). Histologi-
cally, each of the layers is a heterogeneous material,
whose structure also varies depending on the topo-
graphic location of the blood vessel in the cardiovas-
cular system as well as the age and condition of the
patient [49]. The characteristic structure of blood ves-
sel walls provides them with appropriate strength and
elasticity, enabling their smooth functioning with
respect to the transfer of loads generated by arterial
blood flow [50].

In the case of young and healthy people the behav-
iour of a vessel wall subjected to mechanical loads is
determined mostly by the middle layer of the vessel
and the adventitia. The tunica media of a vessel, built
mainly of elastin fibres, collagen fibres, and smooth
muscle cells, is responsible for the transfer of low me-
chanical loads acting on the wall, i.e. pressures existing
under physiological work conditions of the vessel [51].
The adventitia, built mainly of collagen fibres, partici-
pates in load transfer at higher strain values by chang-
ing into a rigid tube that protects the vessel walls
against excessive stretching and rupture [52]. On the
other hand, the tunica intima of the aortic wall does not
significantly affect its mechanical properties in the case
of young and healthy individuals. However, with age,
due to the development of atherosclerosis, the inner
layer becomes thicker and the changes in its structure
and composition, associated with the deposition of
atheromatous plaques [53], significantly alter the me-
chanical properties of this layer [54].

Elastin fibres, collagen fibres, and smooth muscle
cells are the basic structural components of blood

vessel walls, determining their mechanical properties.
Smooth muscle cells are responsible for active me-
chanical properties of the vessel wall because of their
ability to contract and relax in response to mechanical
and other stimuli [55]. On the other hand, elastin and
collagen fibres are responsible for passive mechanical
properties of the blood vessel wall [51], [56]. Elastic
elastin fibres transfer loads at low load values (of
pressures or forces) [57], whereas collagen fibres
gradually take over the function of load transfer at
increasingly higher values of the applied pressures or
forces [58], [59]. The gradual inclusion of collagen
fibres into the process of transfer of mechanical loads
results in highly non-linear load curves, i.e. the rela-
tionship between stress and strain in the case of
mechanical tests in vitro (figure 2a) and between
diameter and pressure observed in tests in vivo (fig-
ure 2b) [56], [60], [61].

Atherosclerosis is one of the most common causes
of death in developed and developing countries, but
its etiology is still not fully known. The atheroscle-
rotic process is characterized by cholesterol aggrega-
tion in the middle layer of a vessel. In the end stage of
disease, wall calcification is observed, resulting in
vessel stenosis and reduced blood flow. The athero-
sclerotic processes are mentioned as one of aortic
aneurysm causative factors; they can also lead to arte-
rial thrombosis (detached fragments of calcified
plaque induce thrombus formation). The atheromatous
plaque stability and risk of its detachment largely
depend on its composition and structure [62]. Raman
spectroscopy is used for assessing arterial lesions re-
sulting from pathological processes and provides de-
tailed information about e.g. the composition of an
atheromatous plaque [5], [63]–[66].

The spectrum of healthy aorta is dominated by vi-
brational bands of its structural proteins – collagen
and elastin (figure 1b, table 2) whose compositions
change with disease progression, whereas the Raman
spectrum of atherosclerotic tissue is dominated by the

a) b) 

Fig. 2. Schematic non-linear load curves of a blood vessel wall:
(a) stress–strain curve in mechanical tests in vitro;

(b) diameter–pressure curve in tests in vivo
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lipid bands; increased intensities of the bands corre-
sponding to cholesterol and its esters (880, 850, 720
and 700 cm–1) are observed. The higher lipid contents
are also confirmed by clearly broader bands of the
CH2 and CH3 stretching and deformation vibrations as
well as shifts of their maxima to lower wavenumbers.
Moreover, in the spectra of a calcified atheromatous
plaque (figure 1c), intense bands of the phosphate
group vibrations are present, contrary to the spectra of
healthy vessel walls [5], [56], [63], [66], [67].

The main calcium compound that occurs in its de-
posits in blood vessel walls is carbonate apatite of low
crystallinity similar to that of bone or dentin mineral
[69].

2.1.3. Bones

As shown in figure 1d, the Raman spectrum of
bone reveals an intense band at around 960 cm–1 con-
nected with the ν1(PO4) vibrations of hydroxyapatite
(Ca10(PO)46(OH)2) which constitutes 60–70% of the
bone mineral mass. The ν2(PO4) and ν4(PO4) vibra-
tions occur at 430 and 590 cm–1, respectively. The
presence of a band at around 1074 cm–1 in the Raman
spectrum of bone means that within the hydroxyapa-
tite lattice, the −3

4PO  groups are isomorphically re-
placed by −2

3CO  ions (5–8% wt% of the bone mineral
mass) [65], which indicates the presence of type-B
carbonate apatite typical of biological systems [70].
Broad bands within the 1200–1300 cm–1 (amide III)
and 1620–1700 cm–1 (amide I) ranges are bands con-

nected with vibrations of peptide bonds in proteins.
Positions of the band maxima – at 1246 cm–1 for the
amide III and at 1656 cm–1 for the amide I – are typi-
cal of collagen I which constitutes about 90% of the
bone organic mass. The band at 1450 cm–1 is assigned
to deformation vibrations of the CH2 and CH3 groups,
whereas the band at 2935 cm–1 – to stretching vibra-
tions [71]–[76].

Table 3. Major positions (in cm–1) and tentative assignment
of Raman bands of human bone [77]

ν [cm–1] Assignments*
2935 ν(CH2, CH3) lipids and proteins
1656 δ(NH), ν(CO) amide I   proteins
1450 δ(CH2, CH3) lipids and proteins
1270
1246 δ(NH), ν(CN), ν(C–C) amide III   proteins

1074 )PO(/()CO( 3
43

2
31

−− νν HA
960 )PO( 3

41
−v HA

590 )PO( 3
44
−v HA

450
430 )PO( 3

42
−v HA

* Abbreviations: ν, stretching; δ, bending mode; HA,
hydroxyapatite.

The hydroxyapatite content in bone tissue and
its composition depend on the bone type, age, pres-
ence of disease processes, nutritional habits and
physical activity of a person. The bone structure
determines its biomechanical properties. Such pa-
rameters as the degree of tissue mineralization, hy-
droxyapatite crystallinity level and the presence of

Table 2. Major positions (in cm–1) and tentative assignment
of Raman bands of human aortic wall and calcium deposits [68].

ν [cm–1]
aortic wall calcium deposits Assignments*

3600–3200 ν (OH), ν(NH) proteins
2940 2935 ν (CH2, CH3) lipids and proteins
1664 1668 δ (NH), ν (CO) amide I   proteins

1450 1440 δ (CH2, CH3) lipids and proteins
1303 1304 δ (CH2) lipids and proteins
1268 1270
1257 1250 δ (NH), ν (CN), ν (C–C) amide III   proteins

1071 ν1 )CO( 2
3

− /ν3 )PO( 3
4
− HA

1004 Δ(C–C)ring Phe
937 ν (C–C) proteins

960 )PO( 3
41
−v HA

591 )PO( 3
44
−v HA

450
430 )PO( 3

42
−v HA

* Abbreviations: ν, stretching; δ, bending; Δ, breathing mode; HA, hydroxyapatite; Phe, phenyl-
alanine.
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substitutions within the crystal lattice can be deter-
mined by means of Raman and infrared spectroscopy
[74], [76], [78]–[84]. The degree of bone minerali-
zation can be determined from a Raman spectrum
through calculating the ratio of integral intensities of
the ν1(PO4) vibrational band (~960 cm–1) and the
amide I band (~1656 cm–1). Crystallinity levels of
bone samples can be compared when the half-width of
ν1(PO4) band is determined. The degree of substitution
of the phosphate groups for the −2

3CO  groups in the
hydroxyapatite lattice is calculated as a ratio of the
ν3(PO4), ν1(CO3) (~1071 cm–1) integral intensities
to the ν1(PO4) (~961 cm–1) band intensity [75],
[78], [81].

2.1.4. Studies of mechanical properties
with the use of Raman spectroscopy

Mechanical properties of tissues are also influ-
enced by the orientation of collagen and elastin fibres.
Identification of protein fibre orientation is possible
by means of Raman spectroscopy. In view of the fact
that the intensities of certain bands in the Raman
spectrum depend on the orientation of excitation
beam: ν1PO4 stretching vibration is strongest parallel to
the axis of the fibre. The scattering of amide I bands is
more intense in the perpendicular direction to the fibre
axis; it was demonstrated that 90% type I collagen fi-
brils is locally oriented predominantly parallel to each
other in long bones [72], [78]. Based on optical anisot-
ropy of collagen fibres, JANKO et al. [85] studied the
distribution of collagen fibres in human skin. MASIC
et al. applied Polarized Raman Spectroscopy for ob-
servations of stress-induced changes of collagen ori-
entation in tendon [86].

Raman spectroscopic techniques may also be util-
ized for describing conformational changes in proteins
due to stress. Studies on polymers and natural fibres,
including collagen [10], [38], [87]–[90], revealed that
stress applied to chemical bonds leads to changes in
interatomic distances and consequently, due to the
inharmonicity of the vibrational energy, it shifts posi-
tions of the bands. First of all, the amide bands and
the bands of C–C stretching vibrations change their
positions in the Raman spectrum with increasing pro-
tein deformation. For spider silk, SIRICHAISIT et al.
[88] observed an approximately linear dependence
between the ν(C–C) band position (in the Raman
spectrum of non-stretched structure: 1095 cm–1) and
the fibre deformation value. The studies conducted by
WANG [38] revealed that for the collagen spectrum,
vibrations (822, 1166, 1418, 1443 and 1460 cm–1) are
shifted to lower frequencies, whereas vibrations of

879, 952, 1392 and 1684 cm–1 are shifted to higher
wavenumbers. The observed vibration frequency
changes are fairly significant, e.g., about 2.5 cm–1

with 13% stress for the ν(C–C) (822 cm–1) vibra-
tion. The decrease of the half-width of this band is
approximately linear, which is related to straight-
ening of the molecular kinks during collagen fibre
stretching.

Analogical studies were conducted for more com-
plex structures, i.e. tissues. A combination of Raman
spectroscopy and single-axis stretch tests allowed for
a detailed description of the mechanism related to load
transfer by collagen and elastin in tissues containing
these proteins, i.a. tendon, ligaments, aortic wall and
skin [35], [37], [40], [56], [91].

2.2. DNA

Raman spectrum of DNA can be divided into
characteristic spectral regions (figure 3). The first one
is the broad band centered at 1668 cm–1 assigned to
coupled C=O stretching and N–H deformation modes
of dT, dG and dC. This band is sensitive to denatura-
tion process. In the next interval 1600–1200 cm–1

there are located bands associated to purine and py-
rimidine ring vibrations. The bands in this region are
sensitive to conformational transition and melting
process. In addition, they exhibit perturbation upon
metal binding at ring sites. It was observed that these
bands are sensitive indicators of electronic structures
of the ring. The −

2PO  band centered near 1092 cm–1 is
susceptible to changes in the electrostatic environment
of the phosphate groups. The bands in the next range
1100–800 cm–1 are responsive to backbone geometry
and secondary structure. The region 800–600 cm–1

includes bands that are sensitive to nucleoside con-
formation. The Raman line near 750 cm–1 is assigned
to C2′-endo/anti conformers of thymidine. The band
near 727 cm–1 is associated to vibrations of adenine
residue. In the interval 685–620 cm–1 there are placed
diagnostic bands of sugar pucker and glycosyl torsion
of dG residues [92]–[94]. In table 4, major Raman
bands and their assignments for DNA are presented.
Raman spectra of nucleic acids in aqueous solution do
not depend on the strong water absorption. In this
method water bands do not overlap bands of nucleic
acids. Thus, Raman spectroscopy can be successfully
used to study solids and aqueous solutions of DNA.
This method similar to the IR spectroscopy provides
important information about the structure of DNA in
different environmental conditions.
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Table 4. Major positions (in cm–1) and tentative assignment
of Raman bands of B-DNA

ν [cm–1] Assignments*

1688 ν(C=O), δ(NH2) of
dT, dG, dC

1610 dC
1578 dG, dA
1534 dC
1511 dA, dC
1489 dG, dA
1421 d purine/syn
1376 dT, dA, dG
1339 dA, dG
1320 dG
1304 dA
1292 dC
1257 dC, dA
1238 dT
1218 dT
1186 dT, dC
1142 ν(C–C)
1094 )PO( 2

−
sν

1054 ν(C–O)
895 d
835 ν(O–P–O)
781 dC
750 dT
729 dA
682 G C2′-endo/anti

* Abbreviations: ν, stretching; δ, in-plane bend-
ing; s, symmetrical; dA, deoxyadenosine; dC, de-
oxycytidine; dG, deoxyguanosine; dT, thymidine;
d, deoxyribose.

2.2.1. DNA denaturation

Raman spectroscopy is an excellent analytical
tool for studying DNA denaturation processes [95],
[96]. Denaturation of this macromolecule occurs in
two stages: the premelting stage and the melting
stage. The first stage refers to structural changes
in DNA that are induced before strand separation
begins, i.e. before the melting temperature Tm.

is reached. Melting occurs after reaching the melt-
ing temperature, at which hydrogen bonds between
the bases are destroyed and separation of the DNA
strands occurs. Each of those stages can be success-
fully studied by using Raman spectroscopy. Con-
trary to infrared spectroscopy characterized by very
strong IR absorption by water, in the Raman spec-
troscopy, scattering of radiation by water is weak.
Therefore, this method allows for detailed analysis
of bands corresponding to base vibrations and
studying melting process of DNA solution. In table 5,
structural changes in poly(dA–dT)*poly(dA–dT)
during premelting and melting processes are pre-
sented.

In [95] authors have reported that during denatu-
ration of calf-thymus DNA, the bands corresponding
to deoxyribose and deoxyribose-phosphate vibrations,
located in the range 828–1047 cm–1 showed reduction
of intensities with increasing temperature. These
backbone vibrations indicate of changes observed in

Fig. 3. Raman spectrum of herring sperm DNA in the interval 600–1700 cm–1.
Labels identify bands assigned to specific base, sugar and phosphate vibrations
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the backbone conformation upon melting. However,
no changes of these vibrations were observed before
reaching Tm, which means that the sugar-phosphate
backbone geometry was intact. Moreover, the de-
crease in intensity and broadening of the band (studies
conducted in D2O) above the melting temperature Tm

were also observed for the 1047 cm–1 band assigned to
the C–O stretching vibrations of deoxyribose. The
analysis of this band showed no changes during
premelting, which is the evidence that this fragment of
the backbone is intact before reaching the melting
temperature. Also, Raman spectra analysis showed

that bands located at 785 and 1091 cm–1, assigned
respectively to the O–P–O of diester symmetric stretch
and the −

2PO  symmetric stretching vibrations, did not
change with increasing temperature.

2.2.2. DNA and metals

Raman spectroscopy was also used to study inter-
actions between DNA molecules and metal ions. As
shown in many experiments [97]–[100], alkaline-earth
metal ions stabilize DNA, whereas transition metal

Table 5. Major positions (in cm–1) and tentative assignment of Raman bands
of poly (dA–dT)*poly(dA–dT) observed during premelting and melting transition.

Plus (or minus) sign indicates that the band has gained (or lost) appreciable intensity as a result of DNA melting

Premelting Melting

ν [cm–1]
Changes

of spectral
parameters

Assignments* ν [cm–1]
Changes

of spectral
parameters

Assignments*

670 660 C2'-endo dA→ C3'-endo dA 727 +727 Unstacking of adenine

731 724 Change of adenine hydrogen
bonding 792 790 Change of phospho-diester

conformation

752 742 C2'-endo dT→ C3'-endo dT 840 878 Change of phospho-diester
conformation

792 790 Change of phospho-diester
conformation 924 –924 Change of deoxyribose

conformation

840 878 Change of phospho-diester
conformation 970 –970 Change of deoxyribose

conformation

1000–1082 +1000–1082 Change of deoxyribose
conformation 1000–1082 +1000–1082 Change of deoxyribose

conformation

1242 –1242 Change of thymine hydrogen
bonding 1182 +1182 Unpairing of thymine

1262 –1262 Change of thymine hydrogen
bonding 1200 +1200 Unpairing of thymine

1345 1330 C2'-endo dA→ C3'-endo dA 1237 +1237 Unstacking of thymine

1379 1365 Change of thymine hydrogen
bonding 1309 +1309 Unstacking of adenine

1420–1465 –1420–1465 Change of deoxyribose
conformation 1345 1330 C2'-endo dA→ C3'-endo dA

1516 1502 Change of adenine hydrogen
bonding 1369 +1369 Unstacking of adenine

and thymine

1579 1571 Change of adenine hydrogen
bonding 1413 +1413 Unstacking of adenine

1640 +1640 Change of thymine hydrogen
bonding 1420–1465 –1420–1465 Change of deoxyribose

conformation

1688 +1688 Change of thymine hydrogen
bonding 1480 +1480 Unstacking of adenine

1516 1502 Change of adenine hydrogen
bonding

1581 +1581 Unstacking of adenine

1663 +1663 Unstacking and unpairing
of thymine

1688 +1688 Unstacking and unpairing
of thymine
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ions destabilize this macromolecule. Stabilizing ef-
fects of alkaline-earth metal ions are related to direct
binding of these ions to DNA phosphates, resulting in
reduced repulsions between complementary DNA
strands. There is the evidence that alkaline-earth metal
ions especially Ca2+ and Mg2+ primarily interact with
negatively-charged phosphate groups but also show
a weak interaction with the DNA bases [101]. It
means that ions of this group can also bind to bases
or at least indirectly influence them, e.g. they can
enhance stacking interactions between the bases
through reduction of electrostatic repulsions between
adjacent DNA stands. Transition metal ions, in turn,
show a high binding affinity to nitrogenous bases (the
highest to the N7 atom of guanine), resulting in desta-
bilization of DNA molecule. Moreover, divalent ions
might cause DNA aggregation at higher temperatures
[101]. In the studies applying the Raman spectroscopy
it was shown that at temperatures below Tm, alkaline-
earth metal ions slightly affected the DNA structure
compared to the transition metal ions. Disorders
caused by Sr2+ ions are very weak, while Ba2+, Mg2+

and Ca2+ cations disrupt the structure of DNA in
a more distinct manner [94]. Binding of metal ions to
phosphates is manifested by decrease in intensity of
the band at 1093 cm–1 assigned to −

2PO  symmetric
stretching vibrations. The reduced intensity of this
band is probably caused by the covalent bonding of
the oxygen atom of a phosphate group and metal ion
(–P(=O)–O–metal). Moreover, the band intensity de-
crease is proportional to the amount of metal ions that
will bind to the phosphate group [101]. Binding of
metal ions to bases can be demonstrated by changes
within the bands located within the 1200–1500 cm–1

range. The guanine marker, located at 1489 cm–1 in
the Raman spectrum of DNA with no metal additive,
is shifted to lower frequencies after metal ion binding.
It was also observed that the band at 1257 cm–1, as-
signed to the dC vibrations, showed increase in inten-
sity after alkaline-earth metal ion binding. This be-
havior may indicate that these ions cause a slight
weakening of stacking interactions of cytosine [94].
Significant changes can be observed within the bands
located at 1208 and 1218 cm-1 assigned to adenine
and thymine vibrations, respectively. When a magne-
sium ion binds to DNA, both lines are linked into
one band at 1228 cm–1. These changes may suggest
a partial separation of base pairs [103]. Greater dis-
turbances are seen within the carbonyl vibration
region at 1668 cm–1. It is suggested that these ions
induce modifications of hydrogen bonds between
the bases and disrupt the DNA-bound water struc-
ture [94].

As shown in studies conducted by DUGUID et al.
[94], transition metal ions evidently modify the B-DNA
structure. Drastic changes occur within bands sensi-
tive to base paring. The band at 1668 cm–1, assigned
to the coupled C=O stretching and N–H deformation
vibrations, is shifted to 1656 cm–1 after transition
metal ion binding. Such a large shift suggests disrup-
tion of hydrogen bonds between the bases due to in-
teractions of the exocyclic dG groups and NH2 dA
groups with transition metals. Moreover, disruption of
the stacking interactions between nucleic bases is
observed. Changes in intensity of bands sensitive to
stacking interaction, located at 1240, 1304, 1337,
1376 and 1578 cm–1 indicate DNA structure disrup-
tion. Furthermore, strong hyperchromism of these
bands, indicating that the stacking interactions be-
tween the bases have been destroyed by the transition
metal ions, is observed. Some transition metal ions,
particularly Cu2+, indicate the possibility of interaction
with the −

2PO  groups. The decrease in the intensity of
the band at 1092 cm–1 in the Raman spectrum of the
Cu-DNA complex proves the existence of such inter-
actions.

Analysis of the Raman spectra of DNA-metal
complexes showed that some ions cause DNA aggre-
gation at elevated temperatures. In the study [104], the
effects of alkaline-earth metal ions on the DNA melt-
ing process were investigated. During the denaturation
intensity changes of bands located at 1335 cm–1 and
1374 cm–1, assigned to the dA, dG and dT, dA, dG
vibrations, respectively, were observed. The behavior
of these peaks in Raman spectra was correlated with
the ability to aggregate DNA-metal complexes at ele-
vated temperatures. Analysis of I1335/I1374 ratio showed
that the aggregation occurs if the value is > 1. It was
also observed that higher values of this ratio corre-
spond to lower melting temperatures of DNA-metal
complexes and lower aggregation temperatures. The
Sr-DNA and Ba-DNA complexes show the ratios
I1335/I1374 < 1, which means they are not capable
for forming aggregates. On the other hand, Ni- and
Cd-DNA complexes (I1335/I1374 > 1) undergo strong
aggregation and have low Tm values. Intermediate
values, i.e., I1335/I1374 ≈ 1, were observed for Mg-, Ca-
and Mn-DNA complexes. Raman spectroscopy
studies combined with DSC analysis allowed to
propose a mechanism describing aggregation proc-
ess initiated by metal ions. The authors present two
models describing this process. The first model
postulate that the aggregation probably occurs
through the crosslinks of partly melted DNA frag-
ments, whereas the second shows that the duplex
remains intact.
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2.2.3. The effects of pH

Raman spectroscopy was used to monitor the DNA
melting process induced by pH changes [105]. Acid
denaturation caused by reducing pH value to 2 occurs in
two consecutive stages. The first stage refers to adenine
and guanine protonation (pH 4.1) as well as C-DNA
formation. The Raman analysis shows that protonation
of cytosine occurs at pH of 5.54–4.09 and is manifested
by reduced intensity of the band located at 1252 cm–1.
Adenine protonation takes place within the same pH
range. Binding of H+ ions to adenine leads to inten-
sity changes of the bands located at 1335, 1373 and
1476 cm–1. Reduction of pH values to <3 cause the
decrease in intensity of the band located at 1476 cm–1,
which can be explained by H+ ion binding to N(7) of
guanine. Changes of pH values also affect the region of
phosphate group vibrations. In the Raman spectrum
recorded for pH = 4.09, a disappearance of the 835 cm–1

band corresponding to the B-DNA conformation and the
presence of a new band at 879 cm–1 were reported. This
band can be assigned to C-DNA. During the second
stage of acid denaturation, true macromolecule degrada-
tion was observed. The stacking interactions of adenine
residues are destroyed within the range of adenine pro-
tonation. It is manifested by changes in the intensity of
the band located at 721 cm–1. The stacking interactions
of cytosine can be monitored through observation of the
723 cm–1 band whose intensity does not change due to
protonation of the base. When pH reaches 3.3, the Ra-
man spectrum shows a loss of the stacking interactions
for adenine, thymine and cytosine bases.

Base denaturation of DNA molecule, contrary to
acid denaturation, occurs within a very limited pH
range. At pH = 11, intensity changes of the bands lo-
cated at 1252 cm–1 (partial contribution of thymine) and
1476 cm–1 (partial contribution of guanine) are ob-
served. These changes prove that H+ ions are removed
from the N(3) of thymine and N(1) of guanine. Depro-
tonation of guanine bases occurs at lower pH values
than those observed for thymine. The lines located at
721 and 783 cm–1 are diagnostic bands, which prove
the existence of stacking interactions for adenine and
cytosine bases. The increase in intensities of these
bands denotes a loss of the stacking interactions. Thus,
base denaturation of DNA is initiated by deprotonation
of guanine, followed by thymine deprotonation. The
consequence of these processes is a loss of the stacking
interactions.
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