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ABSTRACT

Alterations in the amide (1500-1700 cm 1) spectral region probed by Fourier-transform infrared spectroscopy
(FTIR) have been reported comparing tumor and normal tissues. Usually, bands in this range are assigned to the
so-called Amide I, II, and III vibrations which provide pieces of information concerning peptide bonds and
secondary structure (a-helix, 3-sheet) of proteins. Proteins folding changes due to tumoral process are usually
considered to qualitatively explain the observed differences between tumor and normal tissues. In this paper, the
observed changes in the FTIR spectra of squamous cell carcinoma compared to normal tissues were analyzed by
First-Principles Density Functional Theory vibrational calculations. Computational models for skin and proto-
type B-sheet model were employed. Our findings shown that predominates conjugated Amide I + Amide II,
Amide V, methylene torsions, and ring side chains torsions and swings vibrations in this region. We also notice
the lack of evidence concerning changes in the secondary structure of the S-sheet peptidic model to explain the
spectral differences. In fact, we concluded that the proline amino acid has the main rule to explain the data in

this region being it responsible for the strong coupling between vibrations instead of water.

1. Introduction

More than 20 million new cases of cancer are estimated for 2025 in
developing countries in part influenced by a growing global population
and by aging [1]. This demands special attention from the public
healthy authorities.

Tumors that develop from the epithelial cells such as epithelial cells
lining the skin that form the protective cellular layers are known as
squamous cell carcinomas [2]. Skin cancer is the most frequent in all
populations, presenting in two forms: melanoma and nonmelanoma.
The former is the most aggressive form of skin cancer. It consists of a
malignant proliferation of melanocytes, which are the pigmented cells
of the skin, and occur less frequently. Nonmelanoma skin cancers
(NMSC) are neoplasms with a good prognosis and high cure rates. The
incidence of both skin cancers, melanoma and nonmelanoma, has in-
creased over the decades. Between 2 and 3 million NMSC and 132,000
melanomas occur globally each year. One in three diagnosed cancers is
a skin cancer according to Skin Cancer Foundation Statistics [3]. SCC is
one of the main forms of NMSC. It is responsible for 25% of diagnoses,
aggressive, invasive, destructive and metastatic growth pattern [4-6].

When detected early, the treatment of cancer can be successful. The
actual gold standard method for discrimination of normal and altered
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tissues is the histopathological analysis performed on a biopsied tissue.
Considerable time and costs are required to obtain the biopsy, and the
specialized knowledge of a pathologist is necessary for the diagnosis.
However, the available screening and diagnostic methods have their
failures. New diagnostic tools based on photonic technology have been
developed to achieve treatment with favorable results. One of these
tools is the optical biopsy. Optical biopsy refers to techniques where the
light-tissue interaction is analyzed and the tissue state information is
obtained both “in vivo” and “ex vivo”. Biological materials had been
successfully characterized using these kinds of techniques. Vibrational
spectroscopy, consisting of Raman scattering and Fourier-transform
infrared (FTIR) techniques, are of particular interest due of their high
sensitivity in the detection of biochemical and molecular changes in
biological tissues [7-11]. They have been considered as promising
techniques for the detection of cancer due to its advantages over con-
ventional diagnostic methods: absence of tissue removal, minimally
invasive character, and reproducibility [12]. The characteristics of
molecular interactions in cells and tissues, which cannot be directly
accessed by conventional histopathology, can be accessed by FTIR. In
particular, the vibrational modes associated with important biochem-
ical components of cells can be used as markers in the identification of
metabolic alterations suffered by the cell during the carcinogenesis
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process. For this, more studies are demanded to better understand how
biochemical changes translate into structural changes that lead to these
pathological conditions.

Significant alterations in the so-called Amide I, II and III bands
(1500-1700 cm ™ ') have been reported when comparing tumor and
normal tissues, providing information on vibrational modes from pep-
tide bonds and secondary structure of proteins [13-15]. The band at
~1517 cm ™! (Amide II) results from the out of phase combination of
N—H flexion in the plane and C—N stretching with small contributions
of C=O0 flexion in the plane and C—C and N—C stretches of peptide
bonds [16,13]. The bands at ~1638 cm ™! [17], ~1655¢cm ™! [16,17]
and ~1694cm™! [16,17] (Amide I) are characterized by C=0
stretching with small contributions of out of phase C—N stretch,
C—C—N deformation and N—H flexion in the plane [13]. The
~1638cm ™! and ~1694 cm ™! bands are usually associated with the
parallel and anti-parallel configuration of the secondary f-sheet struc-
ture of proteins, respectively. These bands have been frequently re-
cognized as markers of the peptide and protein secondary structure
[13]. Since Amide II vibrational band is hardly affected by the side-
chain vibrations, the correlation between secondary structure and its
frequency is less straightforward than that for Amide I bands [18].

In particular, Lima et al. [14] reported that sub-bands of Amide I
related to a-helix (1655cm™!) and parallel B-sheet (1638 em™Y)
structures of proteins showed a higher intensity increase and shifted in
SCC tissue compared to normal skin. Parallel S-sheet shifted 4cm ™' to a
lower wavenumbers, whereas a shift of 2cm ™ to higher wavenumber
was found for the a-helix structure. The authors suggested that changes
in hydrogen bonding between peptide groups and consequently in
molecular geometry of proteins may induce damages in protein folding
resulting in loss of protein biological function or mutation.

Since the tissue vibrational bands assignment is usually made based
on isolated macromolecules assignment, anharmonic interactions
which gives rise to a coupling among harmonic modes and mutual in-
teractions among specific moieties as well are considered on a quali-
tative basis.

Computational simulations are widely used to study and make
predictions about a large variety of systems ranging from pharmacology
to engineering fields [19-21]. Atomistic models based on quantum
mechanics calculations have better predictability in the material
properties. However, due to its inherent complexity, atomistic models
for biological tissues are absent in the literature. These models would be
useful for understanding the physical and biochemical properties of
tissues. Computational simulations could be used as a tool to better
understand how biochemical changes translate into structural changes
that generate pathological states. By computational calculations, it is
possible to obtain the vibrational spectrum of molecules and macro-
molecules. It is possible to verify which atoms or molecules contribute
to the existence of each characteristic vibrational mode, identify and
interpret the interactions between these modes, and associate these
pieces of information to the pathological processes.

In a previous work [22] of our research group we presented a
computational model for skin (STmod). The model consisted of a col-
lagen peptide cutout including confined water submitted to periodic
boundary conditions. Using that model we successfully explained im-
portant experimental structural and general biochemical trends of
normal and inflammatory tissues.

In the present work we present a sophisticated version of our STmod
model built to consider SCC characteristics. We calculated the detailed
FTIR vibrational modes by First-Principles Density Functional Theory
(DFT) in the Amide (1500-1700cm™ %) region. Comparisons with
normal and SCC tissues experimental data and -sheet model were also
performed.
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Fig. 1. Light microscopy (10 x) of representative histological sections hema-
toxylin—eosin (H&E) stained of SCC lesion. FTIR spectra where acquired in the
sites indicated by squares.

2. Methodology
2.1. Experimental

Cutaneous neoplastic lesions (SCC) were chemically induced on
Swiss mice using a well-established multi-stage chemical carcinogenesis
protocol [14,24]. Healthy (NM) and diseased tissues were obtained by
excisional necropsies, formalin-fixed for 24 h and paraffin-embedded.
Longitudinal sections with 5-um thickness were placed on MirrIR low-
E-coated slides (Kevley Technologies) and submitted to dewaxing pro-
tocol prior the spectroscopic measurements. Spectra where collected on
8-10 different sites in each histological slice (see Fig. 1). Predominates
the sampling on dermis region. Infrared absorption spectra in the fin-
gerprint region (900-1800 cm ™) for these tissues were obtained with
the Thermo Nicolet 6700 FTIR spectrometer (Thermo Scientific) cou-
pled to a Smart Orbit attenuated reflection accessory (Thermo Scien-
tific). See Ref. [14] for more details.

2.2. Computational model

We used the STmod for normal skin [22] as starting point. In the
real soft connective tissue, larger fibrillar bundles are formed by dif-
ferent types of collagen. These fibers are formed by semi-crystalline
aggregates of collagen molecules formed by twisted peptides, with more
than 1000 amino acids in each and the presence of water between the
structures. Under periodic contour conditions, the model simulates the
dermis tissue representing the fibrils and the presence of water between
them. In the dimensional scale of the model, the collagen fibrils were
associated to a reticulated set of unit cells whose internal constitution
was chosen by the water molecules present there. In this approach the
tissue complexity was replaced by this periodic set, using periodic
boundary conditions. The vibrational calculations were performed on
C, (n — 8), Ci;5, Do, D7 unit cells of STmod, and a f-sheet structure
prototype (2n6h structure from Protein Data Bank [23]). The numeric
subscript in STmod indicates the number of water molecules inside the
unit cell. The “s” subscript related to the presence of external water
solvating the C; model. Starting from a hydrated collagen peptide each
unit cell was obtained and calculations performed on periodic boundary
conditions. More details concerning the obtainment of these structures
and previous characterizations as well could be found in Ref. [22].

Fig. 2 shows the unit cell for Cy, C;, Co, D1, and B-sheet structures.
Density Functional Theory (DFT)[25,26] was used in order to obtain
the equilibrium geometries and harmonic frequencies. The simulations
were implemented in the CPMD program [27] using the BLYP func-
tional [28] augmented with dispersion corrections for the proper de-
scription of van der Waals interactions [29,30]. The cutoff energy was
100 Ry. The wave functions were optimized and then the vibrational
modes were obtained using the Hessian matrix. Finally the linear re-
sponse for the values of polarization and polar tensors of each atom in
the system was calculated to evaluate the eigenvectors of each
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B-sheet (2n6h)

Fig. 2. Unit cells for Cy, Cy, C4, Dy, and B-sheet (2n6h) [23].

vibrational mode. Experimental data were compared to the vibrational
calculations performed on all models. For experimental data compar-
ison, the calculated spectra were simulated as a convolution of Gaussian
lineshape peaks centered on the calculated frequencies using the Fityk
[31] program. The linewidth was chosen to be 20 cm ™. The analysis of
the vibrations was done using the archives constructed with the atomic
polar tensor for visualization of the vibrational modes, so that it is
possible to make a complete and detailed analysis of the assignments of
each band.

3. Results and discussion

The normalized and baseline corrected experimental average FTIR
data for NM and SCC tissues are shown in Fig. 3.

The experimental spectra of the NM and SCC tissues; the simulated
spectra of C,, (n — 8), Cq5, Do, D; models; and the simulated spectra of -
sheet prototype are represented in Fig. 4a in the Amide region
(1500-1700 cm ™ ). Computing the first-derivative of the difference
spectra among NM and SCC it was possible to discern those regions of
relevant spectral differences among the data (Fig. 4b). Considering
points of zero, maximum or minimum of derivative it was found five
frequencies with important differences between groups: 1515cm ™%,
1558cm™!, 1582cm™%, 1605cm~! and 1655cm”™! (arrows in
Fig. 4b). The derivative around 1640 cm™* presented an oscillatory
behavior. Since this band was used to normalize the data it was not
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Fig. 3. Experimental data of normal (NM, black line) and neoplastic (SCC, red
line) tissues. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of the article.)
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Fig. 4. (a)FT-IR experimental data for normal (NM) and neoplastic (SCC) tis-
sues and simulations using the vibrational calculations of models of skin C,
(n — 8), Cy, D, D; and B-sheet as well. (b) First-derivative of the difference plot
between NM and SCC experimental data. Arrows indicate points of significant
differences. (c) Difference between experimental data and simulated f-sheet
model (black line: NM, red line: SCC). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of the
article.)

considered in our analysis.

The above-mentioned five frequencies were compared with the
calculated vibrations searching for similarities. It was found that the
1515 cm ™! frequency is present in the C,, Cg and D; models. The only
model presenting vibration around 1558 cm ™! was the Cg one. The
frequency 1605cm ™' was present in the C;; model. The 1655cm ™!
mode was present on C;—Cg models. The frequency 1582 cm ™! was not
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Fig. 5. Unit cell of the C4PV model. This model corresponds to the C4 one in-
cluding proline and valine amino acids in specific loci.
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Fig. 6. (a)FT-IR experimental data for normal (NM) and neoplastic (SCC) tis-
sues and simulations using the vibrational calculations of C4,PV model. NM data
were vertically translated by 0.2 for better visualization. (b) Difference between
experimental data and simulated C4PV model (black line: NM, red line: SCC).
(For interpretation of the references to color in this figure legend, the reader is
referred to the web version of the article.)

explained by any of the computational models. The C4 model was able
to describe almost all bands, except the 1515cm ™' one. The f-sheet
model displayed all bands in this region. Fig. 4c shows the difference
between experimental data and -sheet model simulated spectra (black
line: NM, red line: SCC). The f-sheet model presented a better agree-
ment for NM case.

Raman spectroscopy studies performed by Gniadecka et al. [32]
found an increased amount of the non-macromolecule bound, tetra-
hedral water in photo-aged and malignant tumors of the skin compared
to normal tissues. Computational simulations performed by Sato et al.
[22] also recognized the important role of tetrahedral water cluster on

Table 1
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inflammatory infiltrates. Bearing it in mind, it was tested the viability of
expand the C4 model incorporating specific moieties in order to explain
SCC experimental data.

3.1. C4PV model

Gniadecka et al. [32] presented one of the first reports concerning
BCC diagnosis by Raman spectroscopy using the 800-1000 cm ™! re-
gion. They find important differences between normal skin and BCC
tumor tissues. They attributed the observed difference to stretching
vibrations of simple bonds for the amino acids proline and valine and
polysaccharides as well. In fact, it has been recognized that proline
develops important functions in tumorigenesis, linking the reprogram-
ming of glucose, glutamine and pyridine nucleotides [33], apoptosis,
autophagy and in response to nutrient and oxygen deprivation [33].
Proline-derived reactive oxygen species served as a driving signal for
reprogramming [33]. Thus, we tested an improved version of the C4
model which includes proline and valine amino acids (labeled as C,PV
model) which would best describes the tumor experimental data. Fig. 5
shows the orthorhombic unit cell of the C4PV model with dimension
a =22, 1584, b =12, 6174, and ¢ = 14, 018A. The harmonic fre-
quencies generated in the computational simulation of the C4PV model
were compared with experimental data of FTIR spectroscopy for SCC, as
shown in Fig. 6a. The simulation procedure followed the above-men-
tioned steps. The accordance between experimental and simulated data
was remarkable. Fig. 6b shows the difference among experimental data
and C4PV model simulated spectra (black line: NM, red line: SCC). The
maximum observed difference was of ~0.01 for NM and SCC being its
two orders of magnitude smaller than the -sheet model (Fig. 4c).

The assignment of vibrational modes based on C4PV model can be
found in Table 1. Predominates conjugated Amide I + Amide II, Amide
V, methylene torsions, and ring side chains torsions and swings vibra-
tions. It is noticed that confined water plays no role in this spectral
region. The protonated proline is the responsible for the strong coupling
between vibrations instead of water.

4. Conclusions

It is important to mention that the computational model considered
is a general representation of the dermis. It excludes dermis con-
stituents as mechanoreceptors, thermoreceptors, glands, follicles, ves-
sels, and fibrillar matrix as well [34]. In spite of this the results show
that the C,PV model presents an excellent description of the FTIR ex-
perimental data. This fact indicates that absorption of infrared radiation
by amino acids of the skin is the main light-tissue interaction process in
the fingerprint region (800-1800 cm ™ 1).

The B-sheet model, usually evoked to explain spectral changes in
tumor tissues in the Amide region, did not reproduce the vibrational
spectrum of SCC at similar level of agreement as C4PV one. No evidence
for changes in the secondary structure of the 3-sheet peptidic model was

Assignment altered vibrational modes on neoplastic tissue (SCC) compared to the normal one (see Fig. 4b) based on C4PV model. The usual assignment based on

literature (Movasaghi et al. [16]) is also given.

Exp. (em™")  Simul. (cm~Y)  Usual assign Our assign

1515 1520 Amide II Amide II, conjugated Amide I — Amide II vibration; Amide V; intense CH, torsion; asymmetric torsion of
CH,; CH, asymmetric torsion (ring); CH, swing (ring); NH, torsion (ring); CH, rotation (ring).

1558 1557 Ring base (vibrations of functional groups closer to proline) Amide II; Amide V; asymmetric scissors of C-O-H; CH,
swing (ring); C—N stretching (ring);CH, asymmetric torsion (ring).

1582 1584 Ring C—C stretch of phenyl (vibrations of functional groups closer to proline) Amide II; conjugated Amide I — Amide II vibration; Amide
V; asymmetric torsion of CH, (proline); asymmetric torsion C—H—O;CH, swing (ring); C—H asymmetric
torsion (ring).

1605 1602 v (COO ™) (polysaccharides, pectin)  CH, torsion and rotation in proline; conjugated Amide I - Amide II vibration; Amide II; Amide V; CH,
rotation and torsion (ring); torsion NH, (ring).

1655 1661 Amide I (vibrations of functional groups closer to proline) Amide I; conjugated Amide I — Amide II vibration; Amide

V; CH, torsion; CH, swing and torsion with angular folding (ring).
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found to explain the SCC and NM spectral differences. However, for NM
tissue, there is relative agreement between the two models, being the
difference between experimental and simulated data <0.05 (Figs. 4c
and 6b). Notwithstanding the confined water relevance in the tumor
pathology in the Amides region the proline amino has the main role
with corroborates independent experimental findings concerning its
relevance in tumorogenesis.
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