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Abstract The Raman spectroscopy technique has been
extensively used for biological sample characterization. In
particular, the fingerprint spectral region (800—1,800 cm™")
has been shown to be very promising for optical biopsy pur-
poses. However, limitations for the widespread use of Raman-
based optical biopsy technique still persist. For example,
fluorescence when one uses visible light (400-700 nm)
spectral sources is often present and appears to affect the mid-
IR/Raman region more than the high-wavenumber region
(2,800-3,600 cmfl). But, both the higher wavenumber
spectral region and the mid-IR/Raman region can be fluo-
rescence-free when one uses lasers sources, which do not
cause fluorescence, for example, 1,064, 830 or 785 nm
sources. In addition, the Raman spectral signal of inflamma-
tory infiltrates can influence the biopsy diagnoses and is one
important source of misdiagnosis of normal versus patho-
logical tissues. The present work seeks to evaluate whether
the Raman spectra in the high-wavenumber spectral region
can be used to distinguish between oral inflammatory fibrous
hyperplasia (IFH) lesions and normal (NM) tissues and hence
be used as a new diagnostic tool. Thirty spectra of oral IFH
lesions and NM tissues from biopsies of 12 patients were
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analyzed using both principal components analysis (PCA)
and a binary logistic regression (BLR) model. It was found
that the high-wavenumber region Raman spectra can be used
to discriminate between NM tissue and oral IFH tissues by
analyzing the 2,800-3,050 cm ™' (CH, and CHj, vibrations of
lipids and proteins) and 3,050-3,600 cm™! (CH, OH, and NH
vibrations of proteins and water) spectral intensities. A simple
classification model based on the relative areas of the above
cited regions resulted in concordant pairs of 95.3%. Consid-
ering the standard errors in the model parameters, it was found
that the sensitivity (Se) and specificity (Sp) fall in the interval
87% < Se < 100% and 73% < Sp < 93%, respectively. In
addition, it has been found that the Raman scattering cross-
sections in the NH, OH, and CH stretching region are more
intense than in the mid-IR/Raman (fingerprint) region.
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Inflammatory lesions

Abbreviations

BLR Binary linear regression

FT Fourier transform

IFH Inflammatory fibrous hyperplasia
NIR Near infrared

NM  Normal
PCA  Principal component analysis
Se Sensitivity

Sp Specificity
UV Ultraviolet

1 Introduction

Among common diseases, cancer is one of the most dev-
astating. When detected in its early stages, it is well known
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that its treatment can be very successful. The number of
worldwide cancer deaths is projected to increase to
22 million in 2030 influenced in part by an increasing and
aging global population. In 1975, it was estimated that the
global cancer burden was 5.0 million (see page 14 of Ref.
[1]). In most developed countries, cancer is the second
highest cause of death after heart disease, and epidemio-
logical studies point to this trend emerging in the less
developed world. Already more than half of all cancer
cases occur in developing countries. Cancer prevention and
early detection are essential components of all cancer
control plans because many deaths can be avoided by
changing one’s lifestyle (no smoking, limiting one’s alco-
hol in take, exercising regularly, and getting enough sleep
every night) and having regular physical checkups and
cancer screening. Hence, there is a need for more research
in the development of new more cost effective and earlier
diagnosis methods and techniques. New approaches to
obtain early diagnosis of various types of cancer, and breast
cancer in particular, are essential for the long-term survival
of patients with a high risk for certain types of cancers.
Genetic tests are being developed, but they are not cheap,
and it is not obvious that they should be used for the
general population. Hence, one needs to develop relatively
cheap prescreens which can determine which patients
should be subsequently genetically tested.

New developments in medical imaging technologies,
such as ultrasonography, computer tomography, and mag-
netic resonance imaging, have improved the quality,
selectivity, sensitivity, and quickness of the cancer diag-
nosis. However, the gold standard method for discriminat-
ing normal and altered tissues still is the histopathological
analysis performed on a biopsy. Considerable time and cost
are required to obtain the biopsy sample, and the special-
ized knowledge of a pathologist is needed for diagnosis. In
order to overcome these problems and costs, various
attempts to achieve a minimally invasive clinical diagnosis
of cancers have been made, such as those using biomarkers
(see Chap. 4 of Ref. [1]).

The currently available screening and diagnostic meth-
ods have their shortcomings that make fast, effective, and
efficient detection of cancer in the general population
impossible, most importantly in developing countries.
These limitations are due to the fact that all methods are
based on subjective interpretations of morphological
abnormalities. For example, the cytological analysis of the
cervix, which is the elementary principle of the Pap smear
and colposcopy for cervical cancer diagnosis, has a high
false negative rate of ~50% [2]. This fact is inherent to the
subjective histological grading of pathologies. It is com-
mon that those atypical cells may be associated with
inflammatory infiltrates and that the slice may be misin-
terpreted by the pathologist as simple inflammation instead
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of a malignancy or neoplasticity or vice versa. Data from
the World Cancer Report 2008 (see Chap. 4 of Ref. [1])
revealed that tests with the best overall serum biomarker
(prostate-specific antigen) presented 90% sensitivity and
25% specificity. The same resource indicated that sensi-
tivity (Se) and specificity (Sp) for the Pap smear test that
detects cervical intraepithelial cancer fall in the 47-62%
and 60-95% ranges, respectively. Oral cytology is one of
the most accurate conventional methods with a sensitivity
of 92% and a specificity of 94%.

Recently, there has been developed new diagnosis tools
based on photonic technology. One of these tools is the
optical biopsy. Optical biopsy refers to techniques where
the light-tissue interaction is analyzed and information
concerning the state of the tissue is obtained both “in vivo”
or “ex vivo”. Optical spectroscopy techniques such as
infrared absorption, fluorescence, and Raman scattering are
also employed. Holmstrup et al. [3] described many
molecular interaction features in cells and tissues that
cannot be accessed by conventional histopathology that can
be probed by optical techniques. For the purposes of the
present work, it is important to introduce a general com-
parison of the Se and Sp for several optical biopsy methods
and conventional histopathological methods as well. Lieber
et al. [4] demonstrated the application of Raman spec-
troscopy and its auto-fluorescence-free background for
pediatric Wilms’ tumor diagnosis. The fluorescence-free
background spectra were able to discriminate normal kid-
ney from Wilms’ tumor with Se = 81% and Sp = 100%.
The Raman spectra obtained Se = 93% and Sp = 100%
specificity. Mo et al. [5] studied the high-wavenumber
Raman spectroscopy spectral region and concluded that the
diagnostic algorithms based on principal components and
linear discriminant analysis together with the leave-one-
patient-out cross-validation method furnished Se = 93.5%
and Sp =97.8% for dysplasia tissue identification.
Backhaus et al. [6] developed a simple and rapid method
for the detection of breast cancer with IR-spectroscopy.
With cluster analysis (a method of unsupervised learning),
they were able to achieve a Se = 98% and a Sp = 95%.
Griebe et al. [7] analyzed biological markers which play an
evolving role in the diagnosis of Alzheimer disease (AD).
The FT-IR spectroscopy data showed Se = 88.5% and
Sp = 80%. Another example of a new tool for use in
optical diagnosis is elastic scattering spectroscopy, which
is a point-contact technique where one collects broadband
optical spectra sensitive to absorption and scattering within
the tissue. Using this technique, Austiwik et al. [8] obtained
Se = 69% for detection of clinically relevant metastases
and Sp = 96%.

Raman spectroscopy techniques are of special interest
due to their high sensitivity in the detection of biochemical
and molecular variations in tissues [9]. Usually, the
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spectral region between 500 and 1,800 cm™' (fingerprint
region) has the most relevant biochemical information
concerning biological tissues [9, 10]. Many of vibrational
band frequencies of amino acids, nucleic acids, proteins,
lipids, glucose, and other carbohydrates fall in this region
[11]. This spectral window was extensively studied by
Fourier transform-Raman (FT-Raman) (1,064 nm laser
excitation) and near infrared (NIR) Raman (785 and
830 nm laser excitation) techniques [10-12]. The FT-
Raman spectra of biological samples are almost auto-
fluorescence-free, minimizing the need for preprocessing
the data [12]. The auto-fluorescence emitted by tissues
severely interferes with the discrete spectra when the
excitation falls in the visible region [13]. This problem can
be minimized by using excitation sources close to the
infrared. However, several technological obstacles restrict
the wide clinical application of Raman spectroscopy as an
optical biopsy technique [8].

In the actual technological stage, the available spec-
troscopy instrumentation (detectors, gratings, lasers, etc.)
with best performance operates in the visible spectral
region (400-750 nm). Near-IR (750-1,000 nm) operation
is also possible with some loss of quantum efficiency in
detection systems. However, exciting biological samples in
the visible range, it is not always suitable for usual Raman
measurements due to the strong auto-fluorescence that
arises in biological samples. The strong fluorescence signal
masks the majority of Raman bands and decreases the
signal-to-noise (S/N) and/or signal-to-background (S/B)
ratio of the measurements and is hence a major obstacle to
the widespread use of Raman spectroscopy as an optical
biopsy. To overcome these problems, one possibility is to
use an infrared radiation source, specially a Nd:YAG laser
at 1,064 nm. For reasonable spectra with this excitation to
be obtained with the FT-Raman technique, a longer
acquisition time is required (typically 1,000 times longer
than required for dispersive techniques). Another option is
to apply ultraviolet (UV) radiation, where usually it is
possible to obtain Raman spectra with very good quality
due to the elimination of fluorescence and a Raman
intensity magnification. Nevertheless, the instrumentation
for UV is limited, expensive and can cause much damage
to tissues, especially for “in vivo” applications [14]. One
interesting possibility is to use the 2,800-3,600 cm™'
spectral region, since this region is almost fluorescence-
free and the bands in this region have a larger Raman
scattering cross-section than those in either the mid-IR/
Raman or terahertz regions. In this spectral region, one
could employ a 785 nm-based optical fiber system, which
has several advantages, such as lower acquisition times,
good signal-to-noise (and S/B) ratio, no (or less) tissue
damage, less fluorescence contributing as compared to the

visible light, and one is able to manufacture a more com-
pact and portable system.

Another restriction to the wide application of the
Raman-based optical biopsy is due to the prealtered, pre-
malignant, and/or inflammatory tissues role as a mis-
classification source [16—19]. In fact, the development of a
malignancy is related to an inflammatory process that
occurs simultaneously and generally surrounding the neo-
plastic process [16-19].

The Raman spectra of inflammatory infiltrates in the
fingerprint region (500-1,800 cm™') can cause errors in
the discrimination of the normal and pathological tissue
spectra [17—19]. One alternative is to analyze the bands in
the high frequency region (2,800-3,600 cm™') that are
related to OH, CH, CH,, CH;, and NH stretch vibrations
due to lipids, proteins, carbohydrates, among other species
present. Nazemi and Brennan III [15] evaluated lipid
concentrations in the human coronary artery by high-
wavenumber Raman spectroscopy. The reported results
showed accurate compositional information of the human
coronary artery and raised the possibility of determining
this information in vivo via small-profile cardiovascular
catheters. This region also has an important advantage
related to being almost fluorescence-free when using fiber
optic probes, which have fluorescence problems in the
mid-IR/Raman region. Hence, the Raman spectra in the
high frequency region can be very suitably accessed via
fiber optic probes in this region. Nijsen et al. [16]
employed the high wave-number shift region in a Raman
spectroscopic study on basal cell carcinoma. By incorpo-
rating a threshold for the probability of prediction in the
classification model, tumor tissue could be distinguished
with a 100% prediction accuracy and noninvolved tissue
with a 99% prediction accuracy.

In the present study, we have investigated the vibra-
tional spectra of normal (NM) and oral inflammatory
fibrous hyperplasia (IFH) tissues of buccal mucosa in the
high-wavenumber (2,800-3,600 cm™') region using a
1,064 nm laser source. The characterization of these two
processes by Raman spectroscopy is expected to be useful
to reduce the false negative rates and also to shed light on
the nature of the inflammatory process. IFH is a good
inflammatory tissue prototype. The epithelium of the oral
mucosa shows changes induced by the inflammatory pro-
cess located in the lamina propria [3]. The alterations of
IFH are observed in the epithelium and connective tissue.
Usually, the IFH in the oral mucosa is caused by some
previous trauma, for example due to the habitual biting of
the mucosa. Thus, an inflammatory response is started at
this site, which leads to increased tissue damage caused by
this inflammation that ceases when the inflammatory factor
is also interrupted [17].
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2 Materials and methods

This research was first approved by the local ethical
research committee 067/2006/PH-CEP and then carried out
according to the ethical principles established by the
Brazilian Health Ministry. Patients were informed con-
cerning the subject of the research and they gave their
permission/consent for the collection and use of their tissue
samples for research purposes.

2.1 Sample preparation

Samples of IFH and NM were obtained from biopsies
performed at the Department of Bioscience and Oral
Diagnosis—UNESP/BRAZIL. Biopsies from twelve
patients, six samples of each kind of tissue, were analyzed.
After the surgical procedure, the tissue samples were
immediately snap frozen and stored in liquid nitrogen
(77 K) in cryogenic vials prior to FT-Raman spectra
recording.

2.2 FT-Raman spectroscopy

The Raman spectra were measured at five different sites of
location totalizing 30 spectra for each kind of tissue. Soon
after the procedure, all samples were fixed in 10% form-
aldehyde solution for further histopathological analysis.
A Bruker RFS 100/S FT-Raman spectrometer was used
with a 1,064 nm Nd:YAG laser operating as the excitation
light source. The laser power at the sample was kept at 230
mW on a laser spot of 0.3 mm diameter furnishing a power
density of 330 W/cm?, which is typical in optical biopsy
studies for tissues. For example, in another study published
by us [18], a similar power density level was employed
using an optical fiber system (110 mW over 200 u laser
spot). Due to the relevance of the power level irradiation on
the tissue samples, the initial Raman-based optical biopsy
studies raised and discussed this important issue. For
example, in the work of Gniadecka et al. [19], the authors
used a 1,064 nm excitation laser source over a 100 u
diameter area and observed no spectral differences for laser

Fig. 1 Photomicrograph of
histopathology sections
showing: a normal mucosa
(NM), b inflammatory fibrous
hyperplasia (IFH) (H&E stain,
100x)
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powers between 30 and 300 mW. In fact, powers as high as
700 mW have been employed in this kind of studies (see
e.g., Carter et al. [21]). This was not the case when dealing
with cells in micro-Raman experimental setups [11, 13].
Beyond the intrinsic fragility of the cell, the highly focused
beam strongly increased the power density. For example,
Dasgupta et al. [20] have shown that the long exposition
times of erythrocytes to Raman tweezers light (1.6 MW/
cm?, almost 5,000 times greater than our case) is able to
degrade the hemoglobin. I would add a bit about the power,
power density, and the exposure time. Also in X-ray
analysis, the question of degradation of the sample is
mentioned and discussed. Hence, the need to control the
accumulated exposure time, which can also lead to effects,
which one does not see or shorter exposure times, or pulsed
laser systems. The system/tissues have time to transfer
some of the energy and momentum to the environment,
water for example. Vibrational energy transfer to other
modes and to the environment is good in this regard. The
spectrometer resolution was set to 4 cm™'. Each spectrum
was recorded with 300 scans which took approximately
6 min. For FT-Raman data collection, all samples that were
stored at liquid nitrogen temperatures (80 K) were brought
to room temperature and kept moistened with a 0.9%
physiological solution to preserve their structural charac-
teristics, before being placed in a windowless aluminum
holder for the Raman spectra collection. The spectra were
collected in this way; for both the epithelial and connective
tissues.

2.3 Histopathological analysis

The stain used was hematoxylin and eosin (H&E), and the
following staining protocol was adhered to for all samples:
first, the sections were deparaffinized with xylene for
10 min, followed by re-hydration with absolute alcohol for
5 min, and washed with 95% alcohol for 2 min and then
70% alcohol for 2 min. After a quick wash in distilled
water, the slides were taken into solution with hematoxylin
and then counterstained with eosin. The histopathology of
the NM samples showed normal epithelium, lamina propria
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with an appearance of normality, and collagen fibers
arranged in wavy bundles with typical cellular components
(Fig. 1a). IFH tissues (Fig. 1b) showed epithelial changes,
such as hydropic degeneration, exocytosis, spongiosis,
acanthosis, and epithelial hyperplasia of cones [17]. The
collagen fibers presented thick and irregular shapes. The
diffuse inflammatory infiltrate is predominantly mononu-
clear and sometimes showed the presence of congestive
blood vessels. Depending on the relative amount of
inflammatory cells, the infiltrate can be classified as mild,
moderate, or intense infiltrate.

2.4 Data analysis

All the spectra were baseline corrected (manual back-
ground fitting). For the statistical analysis, the spectra were
also autoscaled (vector normalized). The spectral differ-
ences were analyzed using multivariate principal compo-
nents analysis (PCA). PCA was performed over the range
2,800-3,600 cm™' by computing the covariance matrix.
The underlying data structure was summarized by clus-
tering PC1, PC2, PC3, and PC4 scores at a 95% level of
similarity using correlation distance measurements. The set
of PCs that provided the best classification after visual
inspection of scatter plots was fed into the binary logistic
regression (BLR) algorithm [22] to determine the param-
eter equation that best differentiated the pathologic states.
BLR provides a method for modeling a binary response
variable, considering only two values of O or 1, and is
based on the linear dependence between the logistic func-
tion of the probability of response 1 and the diagnosis
variable. The BLR model equation is

p
ln<1 —p) :a—FZ:biCi,

where p is the probability of obtaining response 1, a and b;
are the model parameters, and C; the diagnosis variables. All
these steps were performed using the statistical software
Minitab, version 14.20 Minitab Inc.®. State College, Penn-
sylvania, USA. The model’s predictive ability was estimated
by measuring the association between the response variable
and predictive probabilities, p values, Somers’ D parameter,
Goodman—Kruskal gamma test (GKG), and Kendall rank
correlation coefficient (KCC) [22].

3 Results and discussion

Figure 2 shows the Box Plot for the NM (Fig. 2a) and IFH
(Fig. 2b) baseline corrected spectral data. The black lines
correspond to the average spectrum, while the vertical gray
ones are the regions between the first and third quartiles. The
assignment of the main Raman bands is presented in
Table 1, following Refs. [10] and [11]. It is important to note
that the 2,800-3,050 cm ™’ region (CH, and CHj stretch
vibrations) showed greater intra-group variation for normal
mucosa. However, the IFH spectra showed the highest intra-
group variation in the 3,050-3,600 cm ™! region (CH, OH,
and NH stretch vibrations). The relative area A,gog_3050/
Az0s50-3600 Was ~ 3 for NM, while it decreases to ~ 1.5 for
IFH. The two above cited regions present subtle spectral
structures consisting of a set of superposed nearly overlap-
ping bands that are related to CH, and CHj stretch and CH,
OH, and NH stretch vibrations on different molecules,

Fig. 2 a Box plot of IFH and ’
0.04} A NM
b Box plot of NM, The black :
line is related to the average of
the spectrum obtained and the 0.031
region shaded in gray refers to
the variation found in groups 0.02F
—_ 001+
Z
g
= 0.00
£ | ; . :
‘-:-qr B T T T
? 0.04F IFH
w
5
= 0.03F
0.02f
0.01F
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Table 1 Assignment of the bands, which furnished variations in their loading plots based on Ref. [11].

Band (cm™!) Assignment % Concordant Somers’ D
1. 2,851 CH, symmetric stretch of lipids 91.7 0.83
2. 2,870 CHj; assymetric stretch of lipids and proteins 87.2 0.75
3. 2,890 Overtone of the CH, deformation vibration near 1,450 cm™! 94.2 0.88
4.2,936 CH; antisymmetric stretch 98.1 0.96
5. 2,965 CHj; antisymmetric stretch of lipids, fatty acids cholesterol and cholesterol ester 83.1 0.67
6. 2,988 CH, symmetric stretch 93.8 0.88
7.3,011 Unsatured = CH stretch 93.3 0.87
8. 3,063 CH stretch of aromatic rings 75.2 0.51
9. 3,179 NH, symmetric stretch 63.4 0.28
10. 3,285 NH, antisymmetric stretch which overlaps with OH 75.8 0.52

The outcomes of the binary logistic regression tests are also displayed. The two best discriminating bands are shadowed

respectively. In order to evaluate whether some of these
bands could contribute to the discrimination, we first eval-
uated which of these are the most relevant ones. The criterion
was based on the analysis of the loading plots for the first 4
PCs. We consider as relevant those bands that presented
positive or negative intensity variations compared with PC1.
The most relevant bands identified are shown in Fig. 3 as
vertical dash lines. Table 1 displays the 10 most relevant
bands identified and the corresponding assignments.

We analyzed the contribution to the classification of
each isolated band by considering its ability to correctly
furnish the discrimination between NM and IFH in a binary
logistic model. Table 1 summarizes the results considering
as diagnostic variables PC1, PC2, PC3, and PC4. The
p values less than 0.05 indicate that there is sufficient
evidence that the corresponding variable contribution is not

zero using an o-level of 0.05 [22]. The accuracy of the
model could be evaluated by the percent of concordant
pairs, while the Somers’ D parameter provides an estimate
of the rank of the correlation of the observed binary
response variable and the predicted probabilities and is
used as a quality indicator of the model fit. The best dis-
crimination was observed using band 4 with 98.1% of
concordant pairs.

Another way to determine the statistical relevance of
these bands for discrimination is to analyze the relative
variation in corresponding spectral areas. Applying the
binary logistic regression model, we found that the best fit
to this data set was

1n<1 ]ip) = 12(3) — 8(4)A2800-3050 — 4(1)A3050-3600,

(1)

Fig. 3 Loading plot of PC1-
PC4. Observe the lines
indicating the 10 spectral
regions contributed most to the
diagnosis between the groups
NM and IFH

PC1

PC2

PC3

0.4
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0.0}
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where Ajggo_3050 and Azpso_3e00 are the integrated areas of
the 2,800-3,050 cm™! and 3,050-3,600 cm™! spectral
regions, respectively. The numbers in parenthesis indicates
the standard error (SE) in the corresponding parameter. In
this case, the percent concordant pairs were 95.3% and the
Somers’ D parameter was 0.91. The Se and Sp were 97 and
87%, respectively. The GKG test value was 0.91, which
indicates a relatively good positive association. The KCC
was 0.46, which indicates a fairly good but imprecise model.
This outcome is a manifestation of the low-N of the present
study. In a previous work [23] on the same tissues, we found
a similar discriminative power using the 530-580 cm ™' part
of the fingerprint region. It is important to note that the
discrimination power was similar to that obtained using
the specific bands given in Table 1. The best fit model to the
Asg00-3050 single area furnished 81.0% of concordant pairs,
Somers’ D parameter 0.74, GKG equal to 0.74, and KCC of
0.38. For the A3p50_3600 area, it was found 71.7%, 0.44, 0.44,
and 0.22 for the concordant pairs, Somers’ D parameter,
GKG, and KCC, respectively. Thus, it is clear that the best
discrimination could be obtained when considering the two
areas in the model represented by Eq. 1.

Figure 4 shows the scattering plot of the two areas
compared with the logistic model. The straight line corre-
sponds to the random case p = 0.50. It is very clear that the
data separates into two classes. The hatching area indicates
the upper and lower limits of the model considering the SE
in the parameters. Thus, we can state that Se and Sp will
fall in the intervals from 87% < Se <100% to
73% < Sp < 93%, respectively. By increasing the sample
number, one would certainty narrows these intervals.

Figure 3 show that more subtle information could be
extracted from these results. In fact, there are a set of
overlapping bands originating from specific locations,
which are not equally contributing to the diagnosis. One
interesting example is the structured water around proteins.

4.5 T T T T
® NM
O IFH
o o 3
o]
g . *
2 . 1
=3
< .
a ]
[ ]
1.0F o -
(o)
0.5 1 ) !
0.0 0.5 1.0 1.5 2.0 25

2800-3050

Fig. 4 Plot of Azg00_3050 and Az so_3.600 areas scaled to the logistic
model. The straight line corresponds to the random case p = 0.50

Water and other biomolecules inside the cells behave dif-
ferently (have different properties) from (than) the water
outside [26, 27]. The viscosity of the intracellular water,
for example, is higher and its ability to spread is smaller, as
observed by nuclear magnetic resonance (NMR) [24]. As
water molecules occupy specific sites and form localized
clusters with structures that are determined by their
hydrogen-bonding capabilities they are able to influence
the vast majority of physical and chemical properties of the
tissues, thus the water may be self-structured differently in
normal and inflammatory tissues [24].

Cibulsky and Sadlej [25] observed that spectra in the OH
stretch vibrational region are related to local structures and
interactions of the hydrogen-bonds networks, so each cluster
has a characteristic Raman spectrum. Since water is one
important constituent, which has vibrational bands falling in
this spectral window, we put forth the hypothesis that the
origin of the discriminating power of the high-wavenumber
region is related to the hydropic degeneration process in [IFH
tissues as seen by the changes in the OH water bands in this
region for IFH versus NM tissues. In this way, Gniadecka
et al. [26] concluded that an increased amount of the non-
macromolecule bound, tetrahedral water was found in
photoaged and malignant tumors of the skin. This phenom-
enon may be caused by alterations in protein structure and
decreased protein—water interactions. They also observed
spectral changes in proteins; collagen together with glycos-
aminoglycan is known to control resistance to transport of
molecules and fluid. Degradation of collagen structure may
result in higher resistance to fluid and macromolecules
transport in tumor tissue. Despite the abundance of free tet-
rahedral water, the tumor tissue may show decreased fluid
transfer. These results confirm the hypothesis that confined
water was altered in pathologic tissues and due to some
molecular arrangements of this water; it can influence the
inflammatory response. The recent work of Bohr and Olsen
[27] has shown that the collagen structure could be a variant
of the well-known supercoiled triple helix. The proposed
closed-packed triple helix structure presents a new feature,
the existence of a central channel with negatively charged
walls. This central channel offers the possibility of ion
transport and may cast new light on various biological and
physical phenomena [27]. As pointed out by the authors, the
width of the channel in this calculated structure is ~2 A, too
small for water to be transported. Leikin et al. [28] have
shown that hydration forces effects resulting from energetic
cost of water rearrangement near collagen surface display
spectral features in the Raman spectra of collagen. We argue
that these hydration forces could increase the width of col-
lagen channel enabling water confinement inside collagen
channel. The lipids and proteins variation observed could be
explained considering the acanthosis process in the IFH
epithelium. In this process, the thickness of the epithelium
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increases due to the growing of the spinous layer. The spi-
nous layer has a more homogeneous composition than the
connective tissue being almost lipid-free [17].

There are few studies in the literature studying protein—
water interactions by high-wavenumber Raman spectros-
copy from a fundamental point of view. In our opinion, the
question is more complex and could be related to the water
confinement regime itself. The structured water could, e.g.,
increase tunneling pathways between electrons among
proteins boosting the transfer process (see Ref. [29]) Also,
the proton mobility is strongly increased in confined water
as compared to bulk (see Refs. [30, 31]). Both processes
play an important role in the redox reactions producing
reactive oxygen species and nitric oxide, which are at the
top of the inflammatory cascade.

4 Conclusions

In conclusion, the results of the present work demonstrated
the capacity of the high-wavenumber region (2,800—
3,600 cm™') to provide relevant pieces of information
concerning the discrimination between normal and inflam-
matory tissues by directly probing the 2,800-3,050 cm ™'
(CH, and CHj stretch vibrations) and 3,050-3,600 cm™!
(CH, OH, and NH stretch vibrations) spectral frequencies
and intensities. The discriminative power is similar to that
obtained when probing specific bands (Table 1) and
applying complex multivariate analysis (PCA procedure).
The relevance of these findings relies on the fact that this
almost fluorescence-free spectral region can furnish reliable
discriminative information about inflammatory process in a
very simple fashion which directly benefits the design of
portable systems, e.g., 785 nm-based setups. In addition,
the misleading or confusing discrimination that arises from
prealtered, premalignant, and/or inflammatory tissues could
be fixed/remedied. It is important to stress that more
experimental effort needs to be devoted to increase the
number of patients and also the pathology variety. More-
over, detailed studies need be performed to discriminate
each contribution to the tissue spectra and molecular com-
plex simulations of the Raman spectra will be most useful to
either confirm or refute the many hypothesis and even
speculation which appear in the literature.
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