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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

Development of research methods provides op-
portunities for monitoring biomedical changes and
metabolic processes with the use of various spectro-
scopic techniques. At present, there are a lot of
spectroscopic methods based on various effects of
interactions between radiation and matter, among
which vibrational spectroscopy deserves special at-
tention. The method is widely used for gathering
structural information on biological systems during
in situ and in vivo investigations. It is non-invasive
and causes no damage to experimental materials. The
method helps identify tissues and their components

as well as investigate their mutual interactions. Vi-
brational spectroscopy can be applied for quantita-
tive and qualitative analyses. It can be used for
studying materials in different physical states and
requires no (or slight) sample preparation or chemi-
cal modifications.

The infrared and Raman spectroscopies are used as
complementary techniques. Interpretation of IR and
Raman bands is based on a comparative analysis of
spectra corresponding to investigated materials and
the standard substance spectra. In general, a spectral
analysis is based on identification of band positions in
obtained spectra, assignment of specific bands to cor-
responding bonds and functional groups as well as
observation of spectral parameter changes.
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2. ATR-FTIR spectroscopy

Water in biological fluids and tissues has a very
high molar absorptivity in the infrared region, such that
many of the water absorption bands are so intense that
they cannot be reliably measured using standard trans-
mission techniques. In such cases ATR technique may
be preferable [1]. ATR-FTIR (Attenuated Total Re-
flection Fourier Transform Infrared Spectroscopy)
spectroscopy is a technique of infrared spectroscopy
using the phenomenon of the attenuated total internal
reflection of electromagnetic radiation on the crys-
tal/sample interface. ATR method offers the important
advantage of being non-destructive, requiring micro-
grams of material and no (or small) sample preparation.

ATR method has become an accepted tool in bio-
medical sciences, providing information concerning
the structure and interactions of amino acids, proteins,
lipids, carbohydrates and nucleic acids in isolation and
as components of tissues. Studies of these samples in
the fingerprint regions of ATR spectra have generated
a great deal of valuable biochemical information
about their structure and interactions [2]. Currently
available ATR-FTIR spectrometers can provide re-
producible IR spectra of tissue components in solu-
tions, on surfaces and under aqueous conditions.

2.1. DNA

The study of aqueous DNA solutions by infrared
spectroscopy requires extremely limited water content

in the sample due to strong absorption of radiation by
the solvent (about 1640 cm–1). An analysis of such
spectra may be difficult due to the overlapping of
water and nucleic acid bands. As a result of the limi-
tations regarding water content in the sample, high
concentrations of nucleic acid solutions are required.
This can lead to deformation of a spectrum due to
intermolecular interactions. The use of thin films or
powders of DNA can solve these problems. Despite
these limitations, the method can provide valuable
information about the DNA structure [3].

The IR spectra of DNA show many characteristic
bands, which are sensitive to denaturation, dehydration
and conformational transition. The infrared spectrum can
be divided into four characteristic spectral ranges: base,
base-sugar, sugar-phosphate and sugar vibrations (fig-
ure 1). Within the 1800–1500 cm–1 region, there are
absorption bands associated with C=O, C=N, C=C
stretching vibrations and N–H bending vibrations of
bases. These bands are sensitive to changes in the base
stacking and base pairing interactions. Bands occurring
in the interval 1500–1250 cm–1 are assigned to vibrations
of the bases and base-sugar connections. The range of
1250–1000 cm–1 refers to vibrations of a phosphate-
sugar chain. The bands within this range, including −

2PO
symmetric and asymmetric stretching vibrations as well
as C–O stretching vibrations of the side chain, show high
sensitivity to conformational changes of the backbone.
Within the last region (1000–800 cm–1), there are ab-
sorption bands associated with sugar vibrations, which
correlate with the various nucleic acid sugar puckering
modes (C2′-endo and C3′-endo) [4]–[9].

Fig. 1. The FTIR-ATR spectrum of herring sperm DNA films in the interval 850–1800 cm–1.
Labels identify bands assigned to specific base, sugar and phosphate vibrations

Sugar-phosphate
vibrations
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2.1.1. DNA hydration

It is well known that water is a key factor re-
garding stabilization of secondary and tertiary bio-
polymer structures [10]. Structural modifications of
water surrounding a biomolecule result in confor-
mational changes and, as a consequence, lead to
modulation of their functions and properties. In the
case of nucleic acids, water and hydrated ions neu-
tralize electrostatic repulsions between phosphate
groups. DNA stability and conformational diversity
mainly depend on interactions with surrounding
water molecules [11]. Due to a highly ionic charac-
ter of nucleic acids, the strength of interactions
between these biomolecules and water molecules is
far greater than for proteins. Hydration of nucleic
acids can be described with three hydration layers
[12], [13]. The first layer is impermeable to ions
and remains in a close contact with a polyelectro-
lyte molecule. For the DNA double helix, at the
relative humidity (RH) of about 92%, approxi-
mately 20 water molecules per nucleotide form the
primary hydration layer. However, as demonstrated
in many studies, only 10–12 water molecules per
nucleotide directly interact with the phosphates,
oxygen atoms in sugars as well as polar groups of
bases are incapable of crystallization to ice upon
cooling to temperatures well below 0 °C [9], [12]–
[16]. Bound water is important for macromolecule
stability and its removal results in the structure dis-
ruption [9], [17]. With high water activity (high
relative humidity), all oxygen atoms of phosphate
groups, oxygen atoms of sugars and functional
groups of bases are highly hydrated [16], [18]. In
this case, DNA appears in the B-type conformation.
When the water activity decreases, its molecules are
removed from the helix and the DNA conformation
changes, resulting in fewer water molecules re-
quired for structure hydration. The conformation of
sugar is changed from C2′-endo to C3′-endo and
within the same strand, the distance between adja-
cent phosphate groups is decreased. Hydration be-
comes more economical and DNA is transformed
into the A-type [11], [14], [15], [19]. Further dehy-
dration results in removal of remaining water mole-
cules that interact with bases and sugars, whereas
phosphate groups are still hydrated. Such DNA de-
hydration leads to disruption of stacking interac-
tions between the bases and consequently degrada-
tion of the macromolecule.

Infrared spectroscopy has proven to be a perfect
tool for investigating the effects of hydration levels
on the DNA structure [9]. The consequence of DNA

dehydration from 95% to 88% RH is its transition
from the B-type into the A-DNA. The process is
accompanied by infrared spectral changes. The B-DNA
is characterized by the presence of 835, 1088, 1223
and 1715 cm–1 marker bands. In the A-type of 88%
relative humidity, the bands are shifted to 861, 1089,
1234 and 1709 cm–1, respectively. Moreover, the
A-DNA infrared spectrum contains a new band at
1185 cm–1 assigned to the vibrations of deoxyribose
in the C3′-endo conformation [5], [20]. Further de-
hydration of a DNA molecule leads to the loss of its
ordered structure, which is manifested by decreased
intensities of bands in the 1709–1715 cm–1 region. In
DNA samples with the water content of 7.2, 3.3 and
1.2 wpn, the band in this region disappears, which
indicates the loss of interactions between bases and
partial DNA denaturation [9]. DNA dehydration
results in changes within other infrared bands. Due
to dehydration, strong shifts of bands corresponding
to the −

2PO  asymmetric stretching vibrations from
1220 cm–1 (95% RH) to 1240 cm–1 (0% RH), −

2PO
symmetric stretching vibrations from 1089 cm–1

(95% RH) to 1086 cm–1 (0% RH), C–O stretching
vibrations of the side chain from 1052 cm–1 (95%
RH) to 1066 cm–1 (0% RH) and C–C stretching vi-
brations of the backbone from 970 cm–1 (95% RH) to
962 cm–1 (0% RH) are observed. The changes within
these bands prove that dehydration of the macro-
molecule results in destruction of ordered DNA
structure [21].

2.1.2. DNA denaturation

Infrared spectroscopy is an effective tool for in-
vestigating nucleic acid denaturation, i.e., separation
of a double-stranded DNA into two individual strands.
The process is accompanied by intensity changes and
shifts of many bands in the infrared spectrum. The
most significant changes occur within vibrations of
the C=O and C=N groups of bases. Thermal denatu-
ration of DNA results in disruption of hydrogen bonds
between base pairs. In the infrared spectrum, a shift of
the band from 1710 cm–1 (double helix of DNA) to
1690 cm–1 (denatured DNA) is observed. However,
this band should be analyzed with great caution in the
case of spectra recorded for aqueous DNA solutions.
The band may be overlapped by a band corresponding
to vibrations of the hydroxyl groups (–OH) of DNA-
bonded water [3]. The denaturation process is also
accompanied by changes within other infrared bands
[4], [8], [9]. The bands sensitive to temperature
changes are listed in table 1.
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2.1.3. Interactions with metals

Metal ions give rise to various structural changes
within a DNA molecule, including B-DNA → A-DNA,
B-DNA → A-DNA → Z-DNA, B-DNA → C-DNA
→ Z-DNA, B-DNA → Z-DNA and B-DNA → Z-DNA
→ ΨDNA transitions. Moreover, aggregation and con-
densation of a macromolecule, helix stabilization or
denaturation and structural changes like helix-coil
transition are observed [22]. As shown in many stud-
ies, metals with a high affinity to bases destroy hydro-
gen bonds between base pairs, which leads to destabi-
lization of B-DNA molecule [22]. On the other hand,
cations that preferentially interact with phosphate
groups stabilize the B-DNA structure due to neutrali-
zation of the phosphate negative charge. Metal ions
with increasing affinity to bases can be ordered as
follows: Hg2+ > Cu2+ > Pb2+ > Cd2+ > Zn2+ > Mn2+

> Ni2+, Co2+ > Fe2+ > Ca2+ > Mg2+, Ba2+. All of them,
excluding Hg2+, more easily bind to GC than AT pairs
[22].

IR spectroscopic studies [23] on DNA-Ca2+, DNA-
Mn2+ and DNA-Cu2+ complexes have revealed that all
analyzed ions, particularly Cu2+, significantly change
the macromolecule structure. In the IR spectra of
DNA-metal ion complexes, shifts of absorption bands
of phosphate groups and bases as well as the increase
in their intensity are observed, which proves that

metal ions interact both with the nucleic bases and
phosphates. Cu2+ ions drastically change the B-DNA
molecular structure, which results in a partial disrup-
tion of the macromolecule even with the ratio of
[Cu2+]/[P] > 0.36, where [P] is a molar concentration
of phosphates in DNA. Ca2+ and Mn2+ ions do not
change the structure of B-DNA molecule. In the IR
spectrum, changes of absorption band shapes and shifts
of the B-DNA marker bands are observed; for Cu2+

ions, a shift from 1053 to 1060–1070 cm–1 is seen.
Moreover, within the phosphate absorption region, shifts
of the 1090–1095 cm–1 and 1223–1230 cm–1 bands cor-
responding to the DNA-Cu2+ complexes can be seen. In
the case of DNA molecules that interact with Ca2+ and
Mn2+ ions, shifts of the above bands are significantly
lower. Based on the investigations presented, ions that
interact with phosphate groups can be ordered as
follows: Cu2+ > Mn2+ > Ca2+. Simultaneously distinct
changes in IR spectra of the DNA-metal ion com-
plexes can be observed in the absorption region of
nucleic bases. In the spectra of DNA-Cu2+ complexes,
new absorption bands at 1547 and 1590 cm–1, respec-
tively, appear even with the ratio of [Cu2+]/[P] > 0.2.
Additionally, for this copper ion concentration, dis-
tinct band shifts are observed: 1675 and 1650 cm–1

to 1662 and 1643 cm–1, respectively. Their presence
results from interactions of Cu2+ ions with N3 of
cytosine and N7 of guanine. This indicates that

Table 1. Major positions (in cm–1) and tentative assignment
of IR bands of aqueous B-DNA.

Spectral changes observed during denaturation of DNA

ν [cm–1] Changes in band parameters Assignments*
1715 (–) 1690 cm–1

1664 (–) 1649 cm–1

disappearance of the band splitting
1610 (–) 1607 cm–1

ν (C=O), ν (C=C)
ν (C=N), β (N–H)

1492 1487 cm–1 β (NH/CH) of A, G
1425 (–) 1410 cm–1 dC2′-endo
1375 (+) 1362 cm–1 d purine/anti
1292 disappear ν(C4NH2) of C
1225 (–) 1240 cm–1 νas ( −

2PO )

1088 (–) 1096 cm–1 ν s ( −
2PO )

1050 (+) 1069 cm–1 ν (C–O)b
970 (–) 957 cm–1 ν (C–C)b
894 (–) 883 cm–1 δd
835 (–) 819 cm–1 ν(O–P–O)b

*Abbreviations: ν, stretching; β, in-plane bending; δ, in-plane bending
(ring); γ, out-of-plane bending; s, symmetrical; as, asymmetrical; A, adenine;
T, thymine; G, guanine; C, cytosine; d, deoxyribose; b, backbone. Plus (or minus)
sign indicates that the band has gained (or lost) appreciable intensity as a result
of DNA melting.



Spectroscopic techniques in the study of human tissues and their components. Part I: IR spectroscopy 105

within the range of 0.2 < [Cu2+]/[P] < 0.36, copper
ions are bound to N7 and O6 of guanine and to O2 of
cytosine.

The IR spectral analysis carried out by AHMAD et
al. [24] for DNA-Mg2+ and DNA-Ca2+ complexes re-
vealed that the band corresponding to the −

2PO  asym-
metric stretching vibrations at 1222 cm–1 was shifted
and split into three components: 1216, 1231 and
1250 cm–1 for Ca-DNA. In the IR spectra of Mg-DNA,
however, no band shift or split was observed. Moreo-
ver, the band at 1222 cm–1 demonstrates a 30% in-
creased intensity for calcium complexes and a 15%
increase for magnesium complexes compared to free
DNA. Additional evidence for the binding of cal-
cium ions by phosphate groups is a change of rela-
tive intensities of bands associated with the −

2PO
symmetric νs and asymmetric νas stretching vibrations.
After Ca-DNA-complex formation, the νs/νas ratio of
1.7 for free DNA decreases to 1.5, whereas after
binding Mg2+ to DNA, no change is seen. The ob-
served spectral changes are most probably caused by
direct binding of Ca2+ ions and indirect binding of
Mg2+ ions to the phosphate groups. The split observed
for the 1222 cm–1 (1216, 1231 and 1250 cm–1) band
in the Ca-DNA complexes spectra may indicate
multidentate Ca-phosphates bindings, probably by
O1P and O2P atoms. After Mg2+- and Ca2+-complex
formation [24], a strong guanine vibration band at
1717 cm–1 for free DNA [25], [26] is shifted to lower
frequencies (1710 cm–1). The shift is accompanied
by 30% increased band intensity for Mg-DNA and
a 20% increase for Ca-DNA. The observed spectral
changes are associated with direct interactions of Mg
ions with N7 of guanine (Mg–N7) and indirect inter-
actions of Ca–H2O–N7-guanine in Ca-DNA com-
plexes. A shift of the band corresponding to guanine
vibrations (1717 cm–1) and the presence of a phosphate
component bands at 1216 cm–1 (νas −

2PO ) suggest that
the Ca2+ cation forms chelate bonds with N7 of guanine
and with the phosphate group of the DNA side chain.
Such chelation was not observed for the Mg-DNA
adducts. In these complexes, O6–H2O–cation–N7
interactions possibly occur due to proximity of the O6
atom and the metal-binding N7 atom, which results in
stabilization of the Mg-DNA complexes.

FTIR spectroscopy was also used in the studies of
Cu2+ and Pb2+ effects on DNA denaturation [27]. The
studies were conducted for DNA solutions of pH = 6.5
with both metal additives. The molar ratios (r) of the
ions to DNA (P) (P = phosphate) were as follows:
1/80, 1/40, 1/20, 1/10, 1/4, 1/2. The experiments
showed that with a low ratio of 1/80 and 1/40, both

metal ions mainly bound to the DNA phosphate groups,
increasing the strength of stacking interactions between
the bases and enhancing the duplex stability. With
r > 1/40, Cu2+ ions are bound to the DNA molecules
with GC pairs, whereas Pb2+ cations, at r > 1/20, bind to
AT pairs. DNA denaturation in the presence of Cu2+ ions
begins when r = 1/10 and it lasts until r = 1/2, whereas
for a high level of the Pb2+ ions (r = 1/2), only a partial
destabilization of the DNA double helix was observed.
In the IR spectra of DNA solutions with Cu2+ and Pb2+

additives, DNA condensation due to the presence of both
metal ions was observed. It was also noted that neither of
the ions caused conformational changes of the DNA
molecules. During the experiments, the B-DNA structure
was maintained.

However, there are some literature reports concern-
ing the effects of Fe(II) and Fe(III) ions on DNA denatu-
ration detected during investigations with the use of
infrared spectroscopy [28]. The experiments were con-
ducted for DNA solutions with iron ion additives. The
range of molar ratios (r) of metal ion/DNA (P) was
1/160:1/2. They showed that at low cation ratio (r = 1/80
and r = 1/40), the Fe(II) iron ions bound to N-7 of gua-
nine and to phosphate groups of the macromolecule.
Specific binding constants of cations for these groups
are: KG = 5.40 × 104 M–1 and KP = 2.40 × 104 M–1. For
higher cation levels, Fe(II) ions bind to adenine N-7 and
thymine O-2. The Fe(III) ions show a higher binding
affinity to bases and phosphate groups of DNA than the
Fe(II) ions. At low cation ratio (r = 1/80), Fe(III) ions
primarily bind to phosphate groups, whereas at high
cation levels, they bind to the phosphate groups and
guanine N-7 with specific binding constants of KG = 1.36
× 105 M–1 and KP = 5.50 × 104 M–1. When the molar
ratio reaches r = 1/10, Fe(II) ions cause structural desta-
bilization of DNA, while Fe(III) ions induce DNA con-
densation. The FTIR spectral analysis showed no con-
formational changes of DNA due to its interactions with
the Fe(II) and Fe(III) ions.

2.1.4. The effects of pH

Many studies conducted with infrared spectros-
copy related to the effects of pH on DNA have shown
that protonation of DNA bases leads to helix destabili-
zation and denaturation, resulting in structural
changes within the macromolecule [27]. Protonation
of cytosine (N-3) and adenine (N-1) occurs at pH of
5.3, whereas for guanine and thymine, it takes place at
the pH of 9–10. The studies have shown that for low
proton levels (pH 7–5), the DNA spectrum modified
by H+ ion does not signficantly differ from the DNA
spectrum recorded for pH 7. The only differences are
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observed within the C=O vibrations of guanine and
thymine. A band shift to lower frequencies (1712 cm–

1) is observed. Moreover, slightly decreased band in-
tensities corresponding to the C6=O6 of guanine and
C2=O2 of thymine (1717 cm–1) stretching vibrations,
the C4=O4 stretching vibrations of thymine (1662 cm–1),
(1609 cm–1) and the vibrations within adenine and
guanine rings (1492 cm–1) as well as a slightly in-
creased intensity of the band corresponding to the

−
2PO  antisymmetric stretching vibrations at 1222 cm–1

are observed. Additionally, the decrease in band inten-
sities associated with in-plane vibrations occurs due
to increased stacking interactions between bases and
enhanced helix stability in the presence of H+ ions.
A stronger structural stability is evidenced by an in-
creased band intensity at 1222 cm–1, which confirms
the presence of interactions between the phosphate
groups and H+ ions. Whereas at pH < 5 protonation of
bases it is manifested by increased band intensities at
1717, 1662, 1609, 1492 and 1222 cm–1. At this stage,
protonation of adenine and cytosine bases occurs,
resulting in increased band intensities at 1609 and
1492 cm–1. Protonation of cytosine and adenine is
indirectly induced by interactions of H+ ions (through
water molecules) with the −

2PO  phosphate groups and
other bases. Moreover, in the experiment increased
band intensities at 1222, 1662 and 1717 cm–1 were
observed. However, the guanine band (1717 cm–1)
demonstrates a greater intensity increase than the
thymine band (1662 cm–1). This means that at the first
stage, cytosine protonation occurs followed by un-
pairing of GC pairs. The evidence of direct interac-
tions of H+ ions with adenine and cytosine is a shift of
bands to lower frequencies: from 1609 to 1607 cm–1

for adenine and from 1492 to 1490 cm–1 for cytosine.
Summing up, adenine and cytosine protonation affects
interactions between the GC and AT pairs, which
leads to the loss of helix stability. Further decrease of
pH results in strong H+ ion binding to bases and, as
a consequence, DNA aggregation. The IR spectrum
reveals decreased intensities of bands at 1717, 1662,
1609, 1492 and 1222 cm–1. Whereas pH reduction to
2.2 causes the B-DNA→C-DNA conformational tran-
sition. In the IR spectrum, a rapid decrease in band
intensities as well as splitting of the 1222 cm–1 band
into 1220 and 1228 cm–1 components are observed.

2.2. Amino acids

FTIR spectroscopy can be used as an effective tool
for exploring structural changes and functional mecha-

nisms of bands that can be assigned to the vibrations of
amino acids. Amino acids are very important compo-
nents of tissues, playing the role of the building blocks
of proteins. They are involved in metabolic processes
(i.e., enzyme synthesis) at the molecular level. There-
fore, conformational changes of amino acids may
modificate the proper functioning of vital organs and
cellular structure, i.e., the human nervous system, hor-
mone production, and muscular structure.

2.2.1. ATR spectra of amino acids

ATR-FTIR spectra of amino acids, i.e., L-glycine
(Gly), L-alanine (Ala) and L-phenylalanine (Phe) in
aqueous solution contain many overlapped bands. In
the case of strongly overlapped spectra first to fourth
order derivatives can be used. In order to find de-
tailed positions of vibrational bands, second order
derivative of the basic absorption spectrum was cal-
culated. Minima in this derivative spectrum indicate

Table 2. Major positions (in cm–1) and tentative assignment
of IR bands of aqueous L-glycine (Gly),

L-alanine (Ala) and L-phenylalanine (Phe)

Gly Ala Phe Assignments*
1614 sh 1620 sh 1628 sh βas )NH( 3

+

1601 sh 8a, ν (C–C)ring

1601 1597 1583 νas )CO( 2
−  + 8a, ν (C–C)ring

1509 1516 1528 βs )NH( 3
+

1496 sh 19a, ν (C–C)ring

1448 19b, ν (C–C)ring + βs(CH2)
1412 1412 1408 νs )CO( 2

−

1373 1364 βs(CH2)
1353 βs(CH2)

1331 1340 βs(CH2)
1324 βs(CH2)

1315 sh 14, ν (C–C)ring

1209 13, ν (C–C)ring

1197 9a, δ (C–H)ring

1148 9b, δ (C–H)ring + ρ )NH( 3
+

1131 1138 1131 sh ρ )NH( 3
+

1115 sh,
1107 ν (ring–C)

1078 18b, δ (C–H)ring

1047 1, δ (C–C)ring

1017 18a, δ (C–H)ring

994 12, Δ(C–C)ring

965 5, γ (C–H)ring

940 17a, γ (C–H)ring

918 17b, γ (C–H)ring

929 919 913 γ (CH2)

*Abbreviations: ν, stretching; β, in-plane bending; γ, out-of-
plane bending; ρ, rocking; s, symmetrical; as, asymmetrical; sh,
shoulder.
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positions of band maxima of the basic absorption
spectrum. Table 2 provides the assignments of
vibrational modes of the L-gly, L-ala and L-phe
aqueous solution arising in the 1800–700 cm–1 spec-
tral region.

2.2.2. Studies of processes
occurring in amino acids

2.2.2.1. Determination of pKa on the example
of L-phenylalanine

Classical applications of molecular spectroscopy
include determination of acid-base equilibrium con-
stants pKa, using the ratio of the intensity bands corre-
sponding to vibrations of specific functional groups
[29]. The method is based on calculations of the ratio
of band intensities typical of groups susceptible to
amino acid ionization. A calculated intensity ratio
corresponding to equal amounts of protonated and
deprotonated forms is described by the pKa value
– a negative algorithm of dissociation constants of
carboxyl and amine groups in an amino acid mole-
cule. For L-phenylalanine, four bands were chosen in
order to determine the two pKa values, pK1 and pK2.
These bands correspond to each ionized form of
L-phenylalanine and their intensities modificate with
changes of the pH value (table 3). The first band
located at 1730 cm−1 was described as specific
to the cationic form. Next, two peaks clearly arise
near 1600 cm−1 and 1519 cm−1 as specific of the zwit-
terion. Finally, the band with absorption maximum at
1560 cm−1 was characterized as the typical anionic
form [30]. As the next step, the intensities of the above-
mentioned bands were measured and ratios of intensi-
ties of the proper bands were calculated. Two plots of
the ratio of the intensity of the 1600 cm−1 to 1730 cm–1

component and the intensity of the 1560 cm−1 to
1519 cm−1 band versus the pH value were approxi-
mated. The band intensities of characteristic pure
ionized forms were chosen based on the ATR-FTIR
spectra of 0.25 mol/L L-phenylalanine at pH = 0.2, 8.0
and 13.0, respectively. From the mathematical point
of view, the pK1 corresponds to the value of pH, at
which I1600/I1730 ratio is equal to 6.25, which physi-
cally means equal concentrations of the zwitterionic
and cationic forms. In the same way, the pK2 value
was found when the concentration of the anionic form
was identical to the concentration of the zwitterionic
form. From the fitting curves, the protonation equilib-
rium constants pK1 and pK2 were determined at 2.31
± 0.13 and 9.28 ± 0.31, respectively, at 21 °C [33].
The fact that the obtained pKa values are comparable

to the literature data (near 2.16 and 9.18 [31], 2.16 and
9.24 [32], 2.20 and 9.31 [33]) is the evidence of the
effectiveness of the method.

Table 3. Major positions (in cm–1) and tentative assignment
of IR bands of the typical cationic, zwitterionic, and anionic forms

of L-phenylalanine selected to determine the pKa values [30]

Cationic
form

Zwitterionic
form

Anionic
form Assignments*

(pH = 0.2) (pH = 7.9) (pH = 13.0)
1730 νas(C=O)

1600 1560 νas(CO2
–)

1519 βs(NH3
+)

* Abbreviations: ν, stretching; β, in-plane bending; s, sym-
metrical; as, asymmetrical.

2.2.2.2. Aggregation of amino acids
on the example of L-phenylalanine

The aggregation process refers to both amino
acids and proteins. When seeking the most stable
conformational state, molecules undergo a limited
subset of potential transitions. The aggregation
process is characterized by intermediate states. Sta-
ble, aggregated forms are formed due to intermo-
lecular interactions that stabilize specific protein
molecules. These interactions occur between par-
tially folded protein conformations and account for
about 50% interactions in the native structure of
a protein.

The interactions that stabilize amino acid and
protein conformations are mainly hydrogen bond-
ing, polarization, electrostatic interactions, disulfide
bridges, formation of complexes with metal ions
and hydrophobic effects [34], [35]. Any structural
change of water layers (i.e., dehydration) may lead
to structural modifications of amino acid and pro-
tein molecules, resulting in vibration changes of
their polar and nonpolar groups and, as a conse-
quence, changes of intensity and position of IR
spectral bands.

Dehydration of amino acid and protein surfaces
(e.g., due to an external factor, including NIR radia-
tion) weakens polar group interactions [36]. As a con-
sequence, deprotonation of +− 3NH  to –NH2 and pro-
tonation of –COO– to –COOH groups are observed in
ATR-FTIR spectra. Therefore, secondary processes of
amino acid conformational changes can occur [37].
After exposure to NIR, the concentration of cationic
forms increases, which favours formation of strong
hydrogen bonds between carboxyl –COOH and car-
boxylate –CO2

– groups. Under these conditions, di-
merization occurs, which is confirmed by quantum-
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mechanical calculations [38]. Simultaneously, the
concentration of anionic form increases, which leads
to formation between –NH2 and –NH3

+ groups in the
presence of water molecules. It should be noted, how-
ever, that in the presence of only zwitterionic ions,
dimers would not be formed. Dimerization in amino
acids can also occur under exposure to other kinds of
radiation, i.e., UVA [39].

The fact that dehydration leads to aggregation is
confirmed by the desiccation effect of L-phenylalanine
solutions depending on the molecule charge of the
amino acid associated with pH value of the solution.
During water evaporation, amino acid surface be-
comes dehydrated through removal of the weakest-
bound water. With reduction of the water/amino acid
ratio, levels of neutral ions increase, resulting in
dimer formation in the presence of water molecules
[40].

The appearance of hydrogen bonds between the
aminium and carboxylic groups may also lead to the
formation of oligomers containing two identical amino
acid molecules [41]. Similar dimers are analogically
observed in aliphatic carboxylic acids at the 1700 cm–1

wavenumber in the IR spectrum [42], in derivatives of
benzoic and toluic acids at 1715–1680 cm–1 [43], in
benzoic and deuterobenzoic acids at 1699 cm–1 and
1697 cm–1 [44] or 3-furylpropenoic acid derivatives at
1684 cm–1 [45]. The presence of these H-bonded di-
mer forms can be enhanced by additional bands, such
as: a broad medium intensity band in the 960–875 cm–1

region due to the OH–O deformation [42], [43] and
the 1320–1220 cm–1 region, where multiple peaks of
medium strength assigned to the C–O stretch appear
in carboxylic acids [42]. This is confirmed by
STEPHANIAN et al. [44], who observed during aggre-
gation three additional bands for benzoic acid in the
IR spectrum.

The band of amino acid dimer is observed in the
1680–1700 cm–1 region in the ATR spectrum [36],
[40], [46]. The simultaneous presence of cationic and
zwitterionic forms can lead to phenylalanine aggrega-
tion, which was demonstrated in the ATR spectrum as
a new band at the 1673 cm–1 [36].

2.2.3. Amino acids in proteins

Amino acid side chains play important role in
stabilizing protein structures. These properties and
processes can be investigated by infrared spectros-
copy at the molecular level. The presence of bands
arising from amino acid side chains must be recog-
nized before determining structural information
from the shapes of Amide I and Amide II bands.

Vibrations of the side chain in the region between
1400 and 1800 cm–1 have been investigated (table 4)
[47].

Table 4. Major positions (in cm–1) and tentative assignment
of IR bands of amino acids [47]

Theoretical regionAmino
acid ν [cm–1]

Assignments*

Cys 2551 ν (SH)
Asp 1716–1788 ν (C=O)

1402 νs(COO–)
1375 or 1368, 1385 δs(CH3)

1264–1450 δ(COH)
1120–1253 ν (C–O)

Glu 1712–1788 ν (C=O)
1404 νs(COO–)

1264–1450 δ (COH)
1120–1253 ν (C–O)

Asn 1677–1678 ν (C=O)
Arg 1672–1673 νas(CN3H5

+ )
1633–1636 νs(CN3H5

+ )
Gln 1668–1687 ν (C=O)

1586–1610 δ (NH2)
1410 ν (C–N)

Lys 1626–1629 δas(NH3
+ )

1526–1527 δs(NH3
+ )

Asn 1612–1622 δ(NH2)
Asp 1574–1579 νas(COO–)
Glu 1556–1560 νas(COO–)
Trp 1622 ν (C=C), ν (C–C)

1496 ν (C–C), δ(C–H)
1462 δ(C–H), ν (C–C), ν (C–N)

1412–1435 δ(N–H), ν (C–C), δ(C–H)
1315–1350 δ(C–H)

1276 δ(N–H), ν (C–N), δ(C–H)
1245 δ(C–H), ν (C–C)
1203 ν (C–C)
1092 δ(C–H), ν (C–N)
1064 δ(C–H), ν (C–N), ν (C–C)

1012–1016 δ(C–H), ν (C–C)
Phe 1494 ν (C–C)ring

1445–1480 δas(CH3)
His 1439 δ(CH3), ν (C–N)

1217 δ(C–H), ν (C–N), δ(N–H)
1104 δ(C–H), ν (C–N)

Pro 1400–1465 ν (C–N)
1425–1475 δ(CH2)

Ser 1181–1420 δ(COH), ν (C–O)
1030 ν (C–O)
983 ν (C–C)

Thr 1075–1150 ν (C–O)

* Abbreviations: ν, stretching; β, in-plane bending; s, sym-
metrical; as, asymmetrical.
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2.3. Proteins

The structure of protein solution and interactions
between water and protein molecules are investigated
with the use of many physical methods, including in-
creasing application of FTIR spectroscopy. FTIR spec-
troscopy provides information about the secondary
structure content of proteins; unlike X-ray crystallogra-
phy and NMR spectroscopy it concerns the tertiary
structure. IR spectra of proteins can also learn about
structure and environment of the protein backbone and
of the amino acid side chains [47]. Therefore, protein
secondary structure and reactions such as protein fold-
ing, unfolding and misfolding can be investigated from
IR spectra [48]–[52]. Among IR techniques, attenuated
total reflectance (ATR) FT-IR [53], [54] or single-pass
ATR-FT-IR spectroscopy has also been demonstrated
for the rapid determination of protein secondary struc-
ture [55]. ATR-FTIR spectroscopy has also been used
to investigate the orientation and the accessibility to the
water phase of the fusogenic domain of viral proteins
[56]. Authors have suggested that the ATR method
could also be used to detect changes located in the
membrane domains and to identify intermediate struc-
tural states involved in the fusion process.

The peptide group, the structural repeat unit of
proteins, gives up to 9 characteristic bands named
amide A, B, and I–VII. The amide I band is the most
intense and the most useful for conformational analy-
sis of proteins. The amide I band is due primarily to
the C=O stretching vibrations of the peptide linkages
that constitute the backbone structure of proteins,
combined with small contributions from in-plane N–H
bending, out of phase C–N stretching and C–C–N
bending vibrations. Broad bandwidth of the amide I
arises from the presence of the various overlapping
component bands that represents different secondary
structures. It occurs in the region between 1600 and
1700 cm–1. The amide II band is an out-of-phase com-
bination of largely N–H in plane bending and C-N
stretching and smaller contributions from C=O in-
plane bending and N-C stretching. It is located be-
tween 1450 and 1600 cm–1. The amide III band is the
in-phase combination of N-H in-plane bending and C–
N stretching. Less intensive is the contribution from
C–C stretching and C–O bending. The amide III band
can be found between 1250 and 1300 cm–1 [57]. Be-
cause the C=O and the N–H bonds are involved in the
hydrogen bonding that takes place between the differ-
ent components of secondary structure, the positions
of the amides (I, II and III) bands can be sensitive to
the secondary structure content of a protein.

2.3.1. Studies of processes occurring
in proteins

2.3.1.1. Protein denaturation

Protein denaturation occurs when the equilibrium
of protein/protein and protein/water interactions has
been disturbed. Lesser extents of water/water mole-
cule interactions in the bound water layer lead to in-
creased water/protein interactions, which in turn may
favour protein unfolding. Based on many studies,
a protein denaturation model has been proposed.
Thermal aggregation of proteins is usually character-
ized as an irreversible two-state model [58], [59].

Protein conformational structure and functions de-
pend on the amount of bound water, which was inves-
tigated on the example of collagen [60]. In order to
determine conformational changes, protein films on
inorganic crystals were investigated depending on their
hydration level, and a shift of the amide I band was
observed. JAKOBSEN et al. studied the effects of pres-
sure, pH value and nonaqueous solvents on an albumin
film or salt solution to demonstrate that more ordered
helical structures emerged when protein-surrounding
water was bound [61]. Algorithms of free water sub-
traction from IR spectra of protein aqueous solutions
were published by POWELL’s and DOSUSSEAU’s re-
search teams [62], [63].

The original spectra have shown that the absorb-
ance of the amide I band of proteins kept almost un-
changed when the temperature was below 40–45 °C. At
higher temperatures (below 60 °C) the amide I region
was dominated by the α-helix band. Above 60 °C two
new bands around 1620 cm–1 (strong) and 1680/90 cm–1

(weak) have been observed, i.e., in albumin [64], [65]
and hemoglobin [65].

Processes of aggregation (especially uncontrolled
aggregation) of proteins play an important role in
metabolism of tissues and proper functioning of the
whole organism. They have been associated with
a series of diseases, including Alzheimer’s, Parkin-
son’s, Huntington’s and anemia disease [65].

2.4. Tissues

IR absorption spectra provide information about
the key biological components, such as proteins, lip-
ids, nucleic acids and carbohydrates. Human cells,
tissues and body fluids are generally composed of
water, lipids, proteins, hydrocarbons and nucleic ac-
ids. Therefore, in IR absorption spectra of tissues,
three major modes can be distinguished, i.e., lipid
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(2800–3000 cm–1), protein (1600–1700 cm–1, 1500–
1560 cm–1) and nucleic acid (1000–1250 cm–1) bands
as well as additional bands typical of a specific tissue
group.

2.4.1. Plasma

IR spectroscopy is a very good tool to study
plasma and its content [66]. For example, FTIR spec-
tra for the biomolecules appearing in plasma, such as:
amino acids, fatty acids, albumin, glucose, fibrinogen,
lactate, triglycerides, glycerol, urea, α1-antitrypsin,
α2-macroglobulin, transferin, Apo-A1, Apo-B, Apo-
C3, IgA, IgD, IgG1, IgG2, IgG3, IgG4, IgM, hapto-
globin, α1-acid glycoprotein, cholesterol, and choles-
terol esters, were recorded. Serum components, such
as glucose, total protein, cholesterol have also been
obtained using mid-IR spectroscopy [67]. The mid-IR
region has been shown to be useful in the identifica-
tion of disease patterns (e.g., leukemia) using the
FTIR spectrum of human plasma [68]. In the NIR
region the concentrations of urea, glucose, protein and
ketone in human urine can be measured [69].

In the FTIR spectrum of plasma solution we can
expect bands associated mainly to Amide I and Amide
II, that can be markers of conformational modifica-
tions in plasma [70]. Table 5 shows main components
of those bands.

Table 5. Major positions (in cm–1) and tentative assignment
of IR Amide I and Amide II bands of plasma

Theoretical region
ν [cm–1] ν [cm–1]

Assignments

1694 1651–1694 β-sheet
1681 1672–1694 disordered, β-turn
1651 1642–1660 α-helix
1635,
1629 1615–1638 β-sheet, (IgG3)

β-sheet, (IgG2)

Amide I

1623 1630–1612 β-sheet – aggregation
1542 1539–1554 disordered, β-sheetAmide II
1534 1540–1523 β-sheet

2.4.2. Erythrocytes

Figure 2 shows the typical FTIR-ATR spectrum of
erythrocytes with main absorption bands.

The two most intensive bands are centered at 1650
and 1545 cm–1 in the ATR-FTIR spectrum of erythro-
cyte aqueous solution. They correspond to the Amide
I and Amide II. Both bands are representative of sec-
ondary structures of proteins. Amide I peak arises
from C=O hydrogen bonded stretching vibrations, and

Amide II is attributed to CN stretching and CNH
bending modes. Amide I and Amide II absorption
bands are associated also with specific secondary sub-
structures, such as α-helix, β-sheet, β-turn and ran-
dom coil.
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Fig. 2. FTIR-ATR spectrum of erythrocytes

The shoulder of the Amide I band, located be-
tween 1740 and 1725 cm–1 can originate from the
carbonyl ester group in non-hydrogen bonded and
hydrogen-bonded states, respectively.

Table 6. Major positions (in cm–1) and tentative assignment
of IR bands of erythrocytes

ν [cm–1] Assignments* Secondary structures

3300 ν(NH), ν(OH) water molecules, proteins,
polysaccharides and carbohydrates

3017 v(CH) cholesterol esters,
unsaturated fatty acids

2959 νas(CH3)
phospholipids, cholesterol esters,

fatty acids

2934 νas(CH2)
phospholipids, long chain

of fatty acids
1686 β-turn
1654 random coil
1648 α-helix
1644 random coil
1632 β-sheet
1613

ν(C=O)

β-strand
1545 α-helix
1535 random coil
1518

β (N-H)
β-sheet

1230 νas(PO2–) phosphodiester groups of DNA
1085 νs(PO2–) phosphodiester groups of DNA

* Abbreviations: ν, stretching; β, in-plane bending; s, sym-
metrical; as, asymmetrical.

fatty acids,
phospholipids

fatty acids,
phospholipids
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Phosphate groups also characterise erythrocytes.
The bands centered at 1230 cm–1 and 1085 cm–1 origi-
nate mainly from asymmetric and symmetric phosphate
stretching modes, νas )PO( 2

−  and νs )PO( 2
−

, respectively
(table 6). They are attributed to the phosphodiester
groups of nucleic acids from DNA. The composition of
these bands also includes the COP stretching modes
present in phosphorylated proteins and lipids.

In the range of higher wavenumbers we can expect
the wide band at 3300 cm–1 that arises from the –NH
and –OH vibrations of water molecules, proteins, poly-
saccharides and carbohydrates. Close to them stretch-
ing modes of the –CH2 and –CH3 groups, both sym-
metric and asymmetric, appear in the 2995–2800 cm–1

region [71].
When used for investigating erythrocytes and their

oxidation process, infrared spectroscopy provides use-
ful information about their conformational changes,
membrane destruction and oxidative stress. For exam-
ple, the method has helped explain the conformational
order of phospholipids in cell membrane of erythro-
cytes as well as study the secondary structure of
hemoglobin and the effects of various factors on its
oxygen-binding capacity.

In the early 1990s, FIORINI [72] studied various
lipid structures and membrane fluidities of five sub-
groups of human erythrocytes at different viability
levels. While analyzing the 2922 cm–1 and 3011 cm–1

bands corresponding to asymmetric stretching modes
of –CH2 and =CH gropus, respectively, and compar-
ing their optical densities, he found different lipid
unsaturation and membrane fluidity levels among
various groups of erythrocytes.

With the use of infrared spectroscopy, changes in
phospholipid membrane domains and conformational
changes resulting from oxidation processes in the
course of sickle-cell anemia were also studied. Sickle-
cell anemia belongs to the group of hereditary red
blood cell diseases and results from abnormal hemo-
globin structure caused by a gene mutation regarding
the –CH2 and =CH groups of the β-hemoglobin chain,
which leads to an individual amino acid being re-
placed by another. These apparently slight changes in
the hemoglobin structure are responsible for many
abnormalities within erythrocyte membranes, includ-
ing reduced deformability, water and ion transport
changes, loss of lipid membranes and phospholipid
asymmetry alterations. One of the reasons may be
peroxidation of lipids induced by free radicals.

The ATR-FTIR technique is also a quick tool for
analyzing hemoglobin of human blood [73] and
measuring its concentration in whole blood [74]. In-
frared difference spectroscopy was also used to cor-

relate spectroscopic changes with biochemical and
physical properties in diabetic platelets [75]. Several
modifications in the IR spectra of the diabetic platelets
associated with molecular vibrations of proteins, lipid
or the glycosylation of platelets have been observed.
Additionally, phase transitions in these isolated plate-
lets membranes have been measured with both FTIR
and differential scanning calorimetry (DSC) [76].
Platelets membranes give similar phase transitions.
They are nearly indistinguishable from the intact cells.
The study obtained by using FTIR spectroscopy fully
confirms the results obtained by DSC. Changes of
the band assigned to –CH2 symmetric stretch in the
hydrocarbon-stretching region in human platelets
were observed. That band clearly shifted to higher
wavenumbers, its intensity and bandwidth increased
with increasing temperature. Spectral changes of the
–CH2 bands, which were observable by FTIR directly
related to the membrane. Both fractions (the plasma
membrane in internal membranes) gave very similar
transitions.

2.5. Biomedical applications for diag-
nostic and prophylactic purposes

The knowledge provided by “conventional” medi-
cal diagnostic techniques might frequently be insuffi-
cient and require application of new investigation
methods. Development of modern, particularly physi-
cal techniques opens up new ways for medical diag-
nostic methods. It allows us to obtain new informa-
tion, i.e., about chemical composition of tissues and
individual cells as well as molecular structures of
biological systems, which has not been possible with
the use of traditional diagnostic methods.

Vibrational spectroscopy techniques are worth con-
sideration as they may be used for exploring disease
processes. They offer many benefits compared to cur-
rently used diagnostic techniques, including signifi-
cantly lower costs. As a specific analytical method,
spectroscopy provides very quickly consistent infor-
mation about biochemical compositions of tissues and
cells. Its usefulness with regard to distinguishing
between healthy and pathological tissues as well as
disease classification and assessment of the disease pro-
gression has been frequently demonstrated. An addi-
tional combination of spectroscopy and microscopy
techniques allows tissue microregions to be monitored
and thereby, a biochemical analysis at a molecular
level. In medical diagnostics, both near (NIR) and
mid-infrared (MIR) spectroscopy techniques are ap-
plied. One of the more common techniques regarding
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mid-infrared is ATR. This technique was used for
detection of beta amyloid peptide (Aβ), whose aggre-
gation in a human body leads to the Alzheimer disease
[77]. Another example of ATR-FTIR spectroscopy
application was a hemophilia diagnosis based on the
test for blood clotting factor VIII binding capacity
regarding the phosphatidylserine membrane [78]. NIR
spectroscopy monitoring, in turn, allows us to detect
life threatening situations due to harmful changes of
oxygenated hemoglobin levels in tissues in the case of
hypothermia or imperceptible pulse cases [79]. By
means of the FTIR spectroscopy, changes in the
course of the Parkinson [80] and Creutzfeldt–Jakob
[81] diseases can be monitored.

2.5.1. Neoplastic lesions

Another important biological use of spectroscopic
techniques is their potential application for distin-
guishing between neoplastic and non-neoplastic tis-
sues as well as detection of precancerous cells.

In a study with the use of IR spectroscopy, a method
for detecting differences in blood absorbance within IR
(1700–1600 cm–1) in blood smears of healthy people,
women with fibroadenoma and patients with breast
cancer was presented. In the presence of calcium ca-
tions, the IR spectra revealed significant differences,
which might depend on conformational changes of
a blood serum albumin molecule. The IR spectro-
scopic method used in investigations of human serum
albumin molecules may be applied in breast cancer
and fibroadenoma diagnostic tests [82].

Recently, Fourier-transform infrared (FTIR) spec-
troscopy has been employed to detect cancer tissues
from non-cancerous ones in different types of cancer
such as colon cancer, cervical cancer, gastric cancer
and bowel disease [83]–[85]. Spectral parameters of
malignant colonic tissue in comparison with normal
colonic tissue have been measured. The conforma-
tional changes of the secondary structure of protein in
Amide I band in normal and cancerous human colon
tissue were observed: component of α-helixes in-
creased, β-sheets and β-turns decreases and random
coils were almost constant in cancer tissue [83].

Normal and cancerous breast tissue samples have
been detected by FTIR spectroscopy with an attenu-
ated total reflection (ATR) technique [86]. Results
obtained have demonstrated that bands of protein,
lipid, carbohydrate, and nucleic acid from cancerous
samples are significantly different from the normal
ones. ATR-FTIR spectroscopy has been utilized to
estimate the secondary structure of amide I in normal
and cancer tissue of human colon results, in which it

was shown that conformational changes of the secon-
dary structure of protein in normal and cancerous
human colon tissue are: increment in β-turns and
composition of α-helixes and also decrement in
β-sheets due to cancer while the composition of ran-
dom coils would not be significantly different be-
tween normal and cancer tissues [83]. ATR method
has also been useful for analysis of healthy and breast
cancer affected people’s hair. A significant increase of
the ratio of β-sheet/disorder structures (relative to α-
helix structures) and C–H lipid content of hair from
breast cancerous patients has been observed. Thus, it
was supposed that the presence of breast cancer ap-
pears to modificate the hair growth process, resulting
from changes in the composition and conformation of
cell membrane and matrix materials of hair fiber [87].
FTIR spectroscopy has also been used to study glyco-
gen levels in normal and cancerous tissues [88].
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