
ATR-FTIR Spectroscopy Tools for Medical
Diagnosis and Disease Investigation 4
Maria Paraskevaidi, Pierre L. Martin-Hirsch, and Francis L. Martin

Contents
1 Definition of the Topic . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
2 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
3 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
4 Experimental and Instrumental Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168

4.1 Experimental Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
4.2 Instrumental Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 175

5 Key Research Findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
5.1 Tissue . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 198
5.2 Cytology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200
5.3 Biofluids . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203

6 Conclusions and Future Perspective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206

1 Definition of the Topic

Vibrational spectroscopic techniques are increasingly utilized in biomedical
research. Attenuated total reflection Fourier-transform infrared (ATR-FTIR) spec-
troscopy has been applied extensively to investigate various diseases by determining
the chemical and molecular differences coming with the disease. Being label-free,
nondestructive, and inexpensive, biospectroscopy could potentially make a perfect
diagnostic tool in the years to come.
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2 Overview

Biospectroscopy’s ability to investigate and facilitate in different diseases in numer-
ous ways has been pushing the technique toward clinical implementation over the
last years. Vibrational spectroscopy could be applicable to many disease states,
likely to detect most changes during transition from a normal to a pathological
state or during treatment, as well as to provide novel biomarkers related to a disease.
Uncertainty in clinical decision-making could thus be significantly reduced.
ATR-FTIR sampling mode is preferred in many cases due to the many advantages
coming with it, such as ease of sample preparation or reduced light scattering. In this
chapter, we will focus on recent advances of ATR-FTIR spectroscopy in the inves-
tigation of various pathological conditions. Several review articles and book chap-
ters have been previously written with regard to vibrational spectroscopy and its
applications in disease diagnosis. Nevertheless, what is still lacking is a comprehen-
sive report covering the field of disease-related studies that have employed
ATR-FTIR spectroscopy as their main analytical approach. The focus of this chapter
is, therefore, placed specifically on ATR-FTIR spectroscopy; herein, key research
findings are presented after reviewing the recent literature (from 2010 onward). In
addition, in an effort to illustrate the breadth and wide-ranging applications of this
spectroscopic method, different types of biological materials (tissues, cells, and
biofluids) have been investigated instead of focusing on one sample type only.

3 Introduction

Fourier-transform infrared (FTIR) spectroscopy is a well-established technique used
to study and give information on the molecular composition of samples. It has been
largely used in biomedical studies and has numerous applications including screening
of high-risk populations, disease diagnosis, subtype classification, surgical margin
determination as well as monitoring of drugs and disease progression/regression. By
using a number of different sample types such as cells, tissues, or biofluids, vibra-
tional spectroscopy yields information on their structural components including pro-
teins, lipids, and carbohydrates. The way this analytical method works could be
characterized as disadvantageous and advantageous at the same time, depending on
the nature of research to be conducted. In particular, vibrational spectroscopy may not
be capable of identifying specific molecules when compared to molecular tests, but it
allows the investigation of a range of different molecules simultaneously; thus, it
provides an overall status of the examined sample and is ideal for complicated
diseases such as cancer, diabetes, or neurodegeneration, which are multifactorial,
and studying isolated molecules alone might not give a complete answer [1].

Spectrochemical methods generate a signature fingerprint of biological material
in the form of spectra. The most commonly used region for biological samples is the
mid-IR region (4000–400 cm�1), which includes stretching vibrations such as S–H,
O–H, N–H, and C–H (3500–2500 cm�1), and the so-called fingerprint region
(1800–900 cm�1), mainly representative of amide I/II (1600–1500 cm�1), lipids
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(1750 cm�1), carbohydrates (1155 cm�1), asymmetric phosphate stretching vibra-
tions (1225 cm�1), and symmetric phosphate stretching vibrations (1080 cm�1)
(Fig. 4.1) [2, 3].

The use of FTIR in attenuated total reflection (ATR) sampling mode is a very
promising approach with numerous advantages over transmission or transflection
mode, namely, larger sampling area, easier sample preparation, spectral reproduc-
ibility, higher signal-to-noise (S/N) ratio, applicability to aqueous samples, and
reduced light scattering. ATR-FTIR uses an internal reflection element (IRE) with
a high refractive index to direct the beam to the sample; an evanescent wave is
created, penetrating the sample a few microns to derive its chemical information.
Therefore, the sample has to be in direct contact with the IRE (i.e., ATR crystal)
(Fig. 4.2). The angle of the incident IR beam should exceed the critical angle to
achieve total internal reflection; otherwise, the resulting spectrum will be a combi-
nation of ATR and external refraction (Fig. 4.3).

A number of different diseases have been thoroughly investigated by ATR-FTIR
(Fig. 4.4). It would seem that the fastest growing area in vibrational spectroscopy is
the diagnosis of various cancers, such as ovarian, endometrial, breast, skin, prostate,
brain, colorectal, and others. The advent of IR fiber-optic probes equipped with ATR
elements has also allowed for in vivo and in situ diagnostic studies of easily reached
organs such as the skin, oral cavity, or colon and gastrointestinal tract through

Fig. 4.1 Typical infrared spectrum of a biological sample. ν, stretching vibration; δ, bending
vibration; as, asymmetric; s, symmetric. The spectrum was generated in transmission mode from a
human breast carcinoma mounted on a CaF2 slide [4]
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colonoscopes and endoscopes [5, 6]. However, other pathological conditions have
been studied as well, such as rheumatoid arthritis [7], HIV/AIDS [8], alkaptonuria
[9], malaria [10], diabetes [11, 12], cystic fibrosis [13], thalassemia [14], kidney
diseases [15, 16], prenatal disorders like preterm birth and premature rupture of
membranes [17], and neurological diseases like Alzheimer’s [18], which are also
some examples of the wide-reaching applications of ATR-FTIR spectroscopy.

Suitable sample types for ATR-FTIR spectroscopy include tissues, cells, and
biological fluids. Different groups have used endometrial [19], cervical [20], brain
[21, 22], ovarian [23], intestine [22], lung [24], skin [25, 26], prostate [27, 28], breast
[29, 30], liver [31, 32], colorectal [33], gastric [34], and esophagus [35] tissues – a
method known as spectral histopathology (SHP) [36]. Various cell types and
populations have also been examined, either fixed or live, derived from epithelial,
nervous, muscle, or connective tissue, being either stem cells, transit-amplifying, or
differentiated [4, 37–39] – this method is known as spectral cytopathology (SCP)
[40]. Some of the biofluids that have been employed for ATR-FTIR analysis are whole
blood [41, 42], blood plasma and serum [43–45], urine [9, 42], sputum [46], saliva [47,
48], tears [49], cerebrospinal fluid (CSF) [50], and amniotic fluid [17]. From the above
sample types, readily accessible biofluids such as blood, urine, sputum, or saliva are
considered ideal for clinical implementation due to the noninvasive, routine methods
of collection as well as their minimal sample preparation.

Fig. 4.3 (A) θ1 < θc, refraction occurs; (B) θc, refraction along the boundary; (C) θ1 > θc, total
internal reflection occurs, (θc, critical angle)

ATR crystal, n1
(e.g. Ge/diamond)

Sample, n2

IR beam from source IR beam to detector

θ

Evanescent wave
penetrating the sample

Fig. 4.2 Schematic of the ATR-FTIR sampling mode (n, refractive index; θ, angle of incidence)
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Early disease detection is of crucial importance as, once the patient appears with
clinical symptoms, the condition may already be irreversible. If at-risk individuals
are identified early, it may be possible to delay/prevent further progression or
provide suitable treatment/medication. As aforementioned, multifactorial diseases
may require a panel of biomarkers – defined as disease-associated molecular changes
in body tissues and fluids [51] – in order to better comprehend their etiology and
facilitate screening and diagnosis, so that appropriate clinical intervention can begin
as soon as possible. The necessity of discovering new biomarkers and techniques
arises from the lack of highly sensitive and specific biomarkers for a number of
diseases, as well as the limited availability of cost-effective and noninvasive tests.
For instance, prostate-specific antigen (PSA) levels, used to diagnose prostate cancer
in serum, provide sensitivity of ~20% for any stage of the disease and ~50% for high
grade [52]; cancer antigen 125 (CA-125) levels, used as a biomarker for ovarian
cancer detection in serum, provide sensitivity and specificity of ~80% and 75%,
respectively, but are only elevated in half of the individuals at an early stage [53];

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

-Ovarian Ca 

-Endometrial 
Ca 

 

Colorectal Ca 

Skin Ca 

Brain Ca 

Breast Ca 

Rheumatoid arthritis 

HIV/AIDS 

Alkaptonuria 

Malaria 

Diabetes 

Cystic fibrosis 

Thalassemia 

Kidney diseases 

Prenatal disorders 
(e.g., PTB, PROM) 

Neurodegenerative 
diseases (e.g., AD, PD) 

Fig. 4.4 Diseases that have been studied by ATR-FTIR include a number of different pathologies/
disorders (HIV, human immunodeficiency virus; AIDS, acquired immune deficiency syndrome;
PTB, preterm birth; PROM, premature rupture of membrane; AD, Alzheimer’s disease; PD,
Parkinson’s disease; Ca, cancer)
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estrogen receptor (ECα), used in breast cancer, has varying specificity from 72% to
77% [54]; Alzheimer’s disease has been shown to be diagnosed with ~95% sensi-
tivity and ~85% specificity but only after the combination of three different bio-
markers in CSF, namely, amyloid-β 42 (Αβ42), total tau, and phospho-tau-181 [55];
serum creatinine, used for screening kidney failure, provides sensitivity of ~13% for
any stage and ~45% for severe kidney failure [56].

This chapter will focus on the advancements of ATR-FTIR spectroscopy as a
diagnostic tool for the investigation of a variety of diseases; particular focus will be
given on experimental and instrumental methodology, as well as potential pitfalls
and what to avoid. An in-depth review of all the literature on ATR-FTIR since 2010,
along with the key research findings, will also be included. Conclusions, limitations,
and an overview of where the field of spectroscopy is heading will be presented.

4 Experimental and Instrumental Methodology

4.1 Experimental Methodology

A variety of different clinical sample types, substrates, preparation, data pre-
processing, and multivariate techniques have been employed in the past toward
medical diagnosis with ATR-FTIR spectroscopy. It is worth mentioning that even
though there is a growing literature proving the diagnostic capability of spectros-
copy, there are still many hurdles to overcome for clinical implementation; the most
important is the lack of standardization and validation in large clinical trials. A very
interesting paper on discovering new biomarkers of disease states that flaws could be
introduced in a study even from the very first step of sample collection which could
inevitably affect the results of subsequent experiments [51]. For instance, it was
recently shown that use of different anticoagulants in blood plasma collection could
affect spectroscopic analysis by introducing confounding peaks [57]. Continuous
efforts of different groups within the spectroscopy field are made to standardize
processes from the pre-analytical phase, such as sample collection/preparation, to the
analytical and post-analytical phase, such as optimal spectrometer settings and data
handing (Fig. 4.5). In this section, we will discuss some of the most common steps
adapted as experimental procedures. The methodology presented here is not exhaus-
tive but rather an overview of the critical steps for ATR-FTIR spectroscopy.

Fig. 4.5 Schematic overview of the steps followed for ATR-FTIR spectroscopy
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4.1.1 Sample Collection and Preparation
Tissue: Tissue samples can be either formalin-fixed paraffin-embedded (FFPE) or
snap-frozen. For FFPE tissue, the removed biopsy of interest is immersed in an
aqueous formaldehyde solution (formalin), which is used as a preservative for
biological material. The aim is to remove the water present in tissue and replace it
with a medium that solidifies the tissue (i.e., paraffin wax) and allows fine sectioning.
Paraffin is immiscible with water; thus, the tissue is first dehydrated with sequential
immersions in increasing concentration of ethanol up to 100%, followed by washes
in xylene, which is used to remove ethanol. Final step includes embedding of the
tissue in molten paraffin wax and cooling down, which hardens the wax. FFPE
blocks can be stored at room temperature.

In order for the FFPE tissue to be analyzed with spectroscopy, it needs to be
sectioned from the whole tissue block with a microtome, while kept cool onto an ice
block to ensure that the wax remains hard, therefore allowing easier sectioning. The
tissue ribbons (8–10 μm thick) are put in a warm H2O bath (40–44 �C) and then
floated onto the substrate of choice. The slide with the tissue is then placed in a 60 �C
oven for 10 min and de-waxed by immersion in fresh xylene for 5 min, thrice.
Finally, immersion in acetone or 100% ethanol follows for 5 min in order to remove
the xylene before air-drying in room temperature.

Snap-frozen tissue is preferred for molecular studies as it avoids the use of
preservatives and paraffin that cause degradation. For snap-freezing, the tissue is
first embedded in optimal cutting temperature (OCT) compound, while isopentane,
cooled with liquid N2, is then used to finally freeze the sample; 60–90 s will be
enough for the OCT compound to freeze. Direct immersion of the tissue into liquid
N2 is avoided, as it would destroy cellular morphology and tissue architecture. Each
sample can then be wrapped individually in labeled aluminum foil and stored at
�80 �C until analysis.

To use snap-frozen tissue for spectroscopic analysis, the frozen block is mounted
into a cryostat for 30 min to reach the cryostat’s temperature (~�20 �C). Then, serial
sections of tissues (8–10 μm thick) are cut from the block, mounted onto the
substrate of choice, and left to dry in desiccant for at least 3 h before analysis.
Sections should be carefully collected in order to avoid contamination of the tissue
with the OCT. Exposure to light should be minimized until the analysis to prevent
tissue degradation due to oxidation.

Cytology: Cells can be either fixed in a preservative solution or live. A well-
studied example of fixed cells is cervical cytology; however, the following experi-
mental procedure could be adapted for other cell types kept in fixative buffers.
Firstly, the fixative solution (e.g., ThinPrep or SurePath for cervical cells) needs to
be removed as it would give unwanted peaks in the fingerprint region; to achieve
this, the sample undergoes centrifugation (2000 rpm for 5 min) and the supernatant is
discarded. Each sample is resuspended in distilled water and centrifuged again. This
washing procedure should be repeated three times. The remaining cell pellet should
be finally resuspended in 100 μl of distilled water, deposited onto a substrate of
choice with a micropipette, and left to air-dry at room temperature. Another way to
apply the cells onto a substrate is by cytospinning; the initial washing steps are

4 ATR-FTIR Spectroscopy Tools for Medical Diagnosis and Disease Investigation 169



followed as before, and a maximum volume of 200 μl is spun in a cytospin
cytocentrifuge so that the cells get squashed onto the slide. Then, they are again
left to air-dry and stored in desiccant until their analysis.

Studying live cells rather than fixed ones may be a more challenging technique,
but it would allow for in situ measurements and data collection of the same cell at
different time points. Cells in suspension should be firstly detached from the growth
substrate (e.g., flask) using trypsin and subsequently washed from medium and
trypsin with phosphate-buffered saline (PBS). Live cells could then be directly
seeded and grown on the ATR crystal with the use of a cell chamber, so that they
form a good contact [39]. Another option would be the deposition of a drop of the
cell suspension onto a substrate of choice and air-drying at room temperature. An
alternative would also be to grow the cells directly onto slides that have been
sterilized in 70% ethanol for an hour and rinsed with sterilized water [28]; this
would, however, make the cells thin as they grow and stretch over a 2-D surface.
Three-dimensional culture matrices (a tissue culture environment or device where
live cells can grow in three dimensions) could provide a realistic environment to
study cells; after being grown in 3-D cultures, cells should be fixed or snap-frozen as
described aforementioned for the tissue samples [4]. Of course, live cells could
always be directly fixed in a preservative solution – just as with cervical cytology –
and prepared as aforementioned.

Biofluids: The use of biofluids in vibrational spectroscopy has increased rapidly
in the last decade, providing a promising and alternative technique to tissue biopsies
and cytology. Biofluids already analyzed by ATR-FTIR spectroscopy include some
easily accessible, noninvasive samples such as whole blood, plasma, serum, urine,
sputum, saliva, and tears as well as some more invasive, organ-specific samples such
as cerebrospinal fluid (CSF) and amniotic fluid.

Blood samples are easily collected by venepuncture: whole blood requires no
further treatment apart from addition of an anticoagulant [e.g., ethylenediaminete-
traacetic acid (EDTA), lithium heparin, or citrate] to prevent clotting; for blood plasma
samples, whole blood is collected into anticoagulant-treated tubes and then centrifuged
(~1000–2000 rpm for 5–10 min) to remove cells (the resulting supernatant is the
plasma); for blood serum samples, whole blood is collected into a tube without
anticoagulant, left undisturbed to clot at room temperature for 15–30 min, and then
centrifuged (~1000–2000 rpm for 5–10 min) to remove the clot (the resulting super-
natant is the serum). Urine samples are collected and typically stored without any
sample preparation. Fresh sputum sample can be obtained either by having the patient/
individual expectorate into a sterile specimen cup or by following the standard
protocol for sputum induction – for those who have difficulty producing sputum
spontaneously. If sputum cells were to be studied in isolation, the mucus should be
removed before the whole sputum specimen undergoes centrifugation (~3000 rpm for
10 min). Saliva is obtained by expectoration or by use of a cotton swab followed by
centrifugation to isolate the saliva; a detailed review specifically dedicated to saliva
specimen collection toward disease diagnosis was published a decade ago [58]. Tears
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should be carefully collected without additional stimulation; touching the eyelid and
corneal should be avoided in order to avoid reflex tear fluid caused by stimulation.
Disposable glass microcapillary tubes and polyester fiber rods have been used for tear
collection. The most common collection method for CSF is by lumbar puncture
followed by storage with no further sample treatment. Amniotic fluid samples are
centrifuged right after collection and their supernatants are subsequently stored.

All of above biofluids are frozen at�80 �C right after their collection, unless they
are immediately used. Before spectroscopic interrogation, it is crucial that samples
are fully thawed. Generally, the most common method for biofluid deposition before
further analysis is by drop deposition and drying either directly onto the ATR crystal
or onto an appropriate IR substrate. A schematic summarizing the preparation pro-
cedures for all the sample types is shown in Fig. 4.6.

Important considerations: The pre-analytical stages for sample collection and
handling can have tremendous effect on the derived spectra and subsequently the
interpretation of the result; therefore, standard procedures should be followed
carefully. The research community should adapt common standards and
interlaboratory data integration for their findings to become clinically useful.

The quality of the samples that are stored at �80 �C could be compromised after a
number of freeze-thaw cycles. Freeze-thawing should be avoided when unnecessary or
at least be controlled; for instance, biofluids could be divided in aliquots of smaller
volume from the initial sample. A recent study has shown the ability of FTIR to

Fig. 4.6 Schematic with the basic preparation steps for different samples toward ATR-FTIR
spectroscopy
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differentiate fresh blood samples from samples that have been freeze-thawed up to five
times, but could not distinguish between the five freeze-thaw cycles [57]. However,
another study using mass spectrometry has found that freeze-thawing is to blame for
changes in the integrity of the samples, especially after two thaws [59].

Fixative solutions, such as formalin for tissue and ThinPrep for cervical cytology,
or paraffin wax used for tissue embedding, give characteristic IR spectral signatures
and can easily mask biological information of a sample. Paraffin, for example, gives
significant peaks at ~2954 cm�1, 2920 cm�1, 2846 cm�1, 1462 cm�1, and
1373 cm�1 [4]. Therefore, removal of these sample contaminants and further
cleaning of the samples must be thorough. The deparaffinization and cleaning
process are not always easy, and subsequent spectral analysis could be employed
to exclude the spectral regions that are contaminated. When using biofluids such as
blood plasma or serum, careful removal of cells should precede storage if cells are
not directly investigated.

Most of the biofluid studies have used dried samples in order to remove the
spectral signature of water which dominates the mid-IR region: amide I region
(~1650 cm�1) due to water-bending vibration and the higher region (~3000 cm�1)
due to –OH stretching vibrations [60]. Drying time of 1 μl of biofluid has been found
to be 8 min [61], and typical volumes can range from 1 to 50 μl. However, dried
samples can suffer from chemical and physical inhomogeneity which would reduce
reproducibility and sensitivity [62]. When a liquid drop is dried on a surface, there is
the subsequent appearance of differential crystallization known as the “coffee ring
effect” where the majority of the constituents of the sample migrate to the periphery
of the drop [63]. This phenomenon leads to inconsistency in the concentration across
the sample and should be taken into account before spectral acquisition. Averaging
multiple point spectra across the width of the outer ring has been shown to eliminate
this issue [64]. Another approach is the analysis of biofluids in their liquid state
without or after semidrying, which may “sacrifice” some spectral regions, but it still
identifies important bands [65]. Moreover, dried samples often result in higher peaks
compared to wet samples, but they have the shortcoming of the uneven distribution
[4]; further research of this approach is needed.

Anticoagulants such as citrate, EDTA and lithium heparin are used for the
collection of blood plasma to prevent clotting. Citrate and EDTA function by
chelating calcium and preventing thiamine-dependent clotting factors from func-
tioning, while lithium heparin binds to antithrombin III clotting factors to prevent
their function [66]. Comparing the spectral signature from EDTA and citrate with
lithium heparin, the latter was found to give fewer additional peaks and therefore be
more appropriate for spectroscopic analysis; after dialysis of the plasma samples
with a 10 kDa membrane, the peaks from EDTA seemed to be removed [57]. How-
ever, samples collected in the biobanks are used for multicenter studies, and
depending on the study, different anticoagulants are preferred. For example, a
different group suggested that all of the three anticoagulants are acceptable but
EDTA particularly is preferred for delayed blood processing [67]. As long as the
use of one anticoagulant remains consistent throughout the dataset, then this issue
will be unlikely to have a great effect during spectroscopic comparison.
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One of the factors that should be well-considered is the thickness of the sample
under interrogation. In the ATR-FTIR sampling mode, the generated evanescent
wave, which penetrates beyond the crystal to reach the sample, is ~1–2 μmwithin the
fingerprint region, but 5% intensity still reaches at 3 μm depth. Penetration depth is
dependent on the wavelength of the incident light, the refractive indices of the
crystal, and the sample, as well as the incidence angle of the IR beam, and is
given by the following equation:

dp ¼ λ

2 π nIRE

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

sin2θ� nsamp=nIREð Þ2
q

where dp is the penetration depth; λ is the wavelength; nIRE and nsamp are the
refractive indices of the IRE and sample, respectively; and θ is the angle of
incidence. As seen from the above equation, the pathlength is directly proportional
to the wavelength so that for longer λ, we get greater penetration; therefore, ATR
intensity is decreased for higher wavenumbers. Typical values of dp for a biological
sample are ~0.4–0.54 μm for the C–H stretching bands (lipids), 0.75–0.95 μm for
amides I and II, and 1.1–1.47 μm for P–O/C–O stretching (nucleic acids and
carbohydrates). A commonly used substrate in ATR-FTIR is the IR reflective
low-E microscope slide (MirrIR, Kevley Technologies) mainly because of its low
cost. This highly reflective slide is essentially a glass slide coated with a multilayer
of tin oxide (SnO2) and silver (Ag). Numerous studies have suggested that, in case of
very thin samples, these slides could generate an electric field standing wave
(EFSW) effect coming from the metallic surface (Ag), urging careful consideration
of the thickness of the samples (>2–3 μm) to avoid potential spectra distortion;
therefore, ATR or transmission modes were thought preferable over transflection
mode [68]. However, it was also pointed out that by using suitable preprocessing
methods (e.g., second derivative), distortions from this phenomenon can be effi-
ciently reduced [40, 69]. Too-thin or too-sparse samples could also lead to low
signal-to-noise (S/N) ratio [37]; thus, the samples should ideally be three- or fourfold
thicker than the penetration depth, with no maximum thickness limitations. Overall,
higher S/N ratio can be achieved when the sample is flat, of adequate thickness, and
covers completely the ATR crystal.

4.1.2 Substrates
Substrate choice is an important consideration in IR studies of biological samples due
to potential background interference. Substrates used in ATR mode include calcium
fluoride (CaF2) or barium fluoride (BaF2) slides, MirrIR low-E slides, and zinc
selenide (ZnSe) slides; aluminum-coated slides have also shown promise as a substrate
in a recent, pilot study – further work with more samples would be needed to validate
these results [28]. As aforementioned, caution should be exercised when using low-E
slides in micro-ATR experiments to eliminate substrate artifacts generated from very
thin samples; instead samples should be >2–3 μm thick. An alternative method,
especially for biofluids, could be the direct deposition of a drop on the IRE as it
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would avoid any substrate signal contribution. For live cells, a cell chamber can be
used to facilitate cells to grow in close contact with the IRE [39].

4.1.3 Spectral Acquisition and Experimental Procedure
Different instrumentation, light sources, and detectors can be used for ATR-FTIR
spectroscopy, and each one, along with other variables, could affect the S/N ratio and
therefore the quality of the resulting spectra or images. Other parameters affecting
the S/N ratio are the sampling aperture, number of co-additions, mirror velocity, and
spectral resolution [38]. Once the samples are prepared, as abovementioned, they are
deposited either directly on the ATR crystal or on the substrate of choice, and then
the spectra can be collected. Generally, intimate contact of the sample with the IRE
element is necessary to eliminate background artifacts. Point spectra are typically
acquired from multiple locations (ten different locations is common) of each sample
to minimize bias. Maps can also be generated by collection of point spectra from an
area of interest. The advent of array detectors has also allowed spectral acquisition in
imaging mode, which allows for simultaneous collection of spectra. The IRE should
be cleaned with a disinfectant solution (e.g., Virkon solution) and distilled water or
ethanol and dried every time before moving to the next sample. A background
spectrum should be acquired to account for ambient and instrumental conditions.
It is recommended to record a background after every sample and at regular intervals
to account for atmospheric changes.

4.1.4 Spectral Preprocessing and Multivariate Analysis
Preprocessing of the acquired spectra is an essential step of all spectroscopic
experiments and is used to correct problems associated with spectral acquisition,
instrumentation, or even sample handling before further multivariate analysis.
Depending on the study’s goal (i.e., diagnostic, biomarker identification, imaging,
or pattern finding), the user has to follow different pathways for the data analysis. A
diagnostic approach may be more complex as it requires initial training of the
classification system before further validation occurs (e.g., cross-validation).

The main preprocessing methods are de-noising, spectral correction, and normal-
ization. Techniques for de-noising spectra are Savitzky-Golay (SG) smoothing,
wavelet de-noising (WDN), and principal component analysis (PCA); the latter is
more common and reduces the spectral data space to principal components (PCs)
responsible for the majority of variance removing, therefore, the noise. Spectral
correction can be applied to spectra with sloped or oscillatory baselines due to
scattering, with resonant Mie scattering being the most pronounced effect. Preferred
techniques for spectral correction include extended multiplicative scattering correc-
tion (EMSC), resonant Mie scattering correction (RMieSC), and rubberband base-
line correction. Another way to correct sloped baselines is the use of first or second
derivative in combination with SG smoothing; this may alter the shape of the spectra,
but it resolves overlapping peaks. Normalization should follow last to account for
differences such as varying thickness and concentration that are unrelated to the

174 M. Paraskevaidi et al.



biological information; amide I, amide II, and vector normalizations are common.
Usually, two or three of the above methods are applied before multivariate analysis;
for instance, first or second differentiation is combined with SG smoothing and
followed by vector normalization [70].

Subsequently, multivariate approaches are employed to facilitate the handling of
the large number of spectral data that is generated. Firstly, feature extraction (FE) is
used as a data reduction technique to create new variables based on the original ones;
PCA or partial least squares (PSA) are popular as FE methods. Feature selection
(FS) can also be used for FE, without altering the original representation of the
variables, and can be used to identify the most important wavenumbers that can be
used as spectral biomarkers. Further steps include either clustering, which is an
unsupervised classification method, with the class of sample being unknown, or
supervised classification where the different classes are taken into account. Cluster
analysis is an exploratory method and is used for pattern finding and imaging
studies; some of the common approaches use k-means, fuzzy c-means, and hierar-
chical cluster analysis (HCA). Supervised methods estimate the class of an
unknown/new dataset after training an initial dataset. Therefore, a training and a
validation dataset are required; briefly, some of the supervised approaches are
support machines (SVMs), artificial neural networks (ANNs), and k-nearest neigh-
bors (k-NN). If the classifiers lack stability, models can be improved by classifier
ensembles as it is accepted that no single model can solve a complex classification
problem. We would advise the reader to refer to previous studies that have described
the preprocessing and multivariate approaches in more detail as these were beyond
the scope of this chapter [4, 38, 70–72].

4.2 Instrumental Methodology

Instrumentation varies for ATR-FTIR studies from benchtop, portable, and handheld
instruments to ATR probes. Detectors and internal reflective elements (IRE) can also
differ depending on the model of the instrument and the aim of the study. The
majority of benchtop spectrometers make use of an inexpensive Globar infrared
source. A conventional FTIR spectrometer can provide an enhanced S/N ratio using
a synchrotron radiation source as it is 1000 times brighter than the Globar source;
however, the combination of micro-ATR with a synchrotron source has not been
demonstrated yet [39]. Enhancement of the infrared signal in ATR mode can be
achieved with surface-enhanced IR absorption (SEIRA) spectroscopic approaches,
according to which molecules on metal surfaces show 10–100 times stronger signal
than without the metal [73–76]. This technique is complimentary to surface-
enhanced Raman spectroscopy (SERS) and utilizes the surface plasmon effect
from the interaction of light with metallic nanoparticles. The principle of this
enhanced technique is based on the polarization of the metallic surface (e.g., gold/
silver nanoparticles), which generates a local electromagnetic field stronger than the
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incident IR photon field; the dipole moment of molecules is, therefore, enlarged, and
IR absorption is enhanced.

Spectra can be acquired either as point spectra, which generate maps, or in
imaging mode. In mapping mode, chemical information is collected from single/
point spectra taken from different locations of a sample, while in imaging, the area
of interest is selected and spectra are acquired simultaneously at a specific wave-
length to generate pseudo-color images. In conventional ATR-FTIR, a single-
element detector is used, meaning that spectra are collected point-by-point having
a high S/N ratio; the resulting, high-quality spectrum is indicative of the average
signal from the area that the IR light passed. In imaging mode, a large number of
spectra are collected simultaneously with the use of array detectors such as linear
array and focal plane array (FPA) detectors. Linear array detectors obtain an image
by raster scanning of rows of a sample, whereas FPA detectors collect the IR signal
from all locations. The use of these detectors in ATR decreases acquisition time by
two to three times and achieves high spatial resolutions, down to diffracted-limited
resolution values [77]. A fourfold increase of spatial resolution can be achieved in
ATR mode, compared to transmission and transflection mode, due to the crystal’s
(e.g., Ge or Di) high refractive index in the mid-IR [29]. The detector of choice can
be either thermal, such as the deuterated L-alanine-doped triglycine sulfate
(DLaTGS), or quantum detector such as mercury cadmium telluride (MCT).
Despite the latter being better than the standard DLaTGS detector, providing a
higher S/N ratio with higher scanning speed and sensitivity, it also needs liquid
nitrogen for cooling in contrast to the thermal detector, which operates at room
temperatures.

Preliminary experiments should be conducted to find the instrument’s optimal
conditions before spectral acquisition. These would differ depending on the aim of
the study (diagnostic or exploratory) and the preferred spectral and spatial resolution.
For instance, the optimal parameters for an ATR-FTIR spectrometer with a diamond
crystal of dimensions 250 μm� 250 μm and a single-element detector were found to
be 8 cm�1 spectral resolution with mirror velocity of 2.2 kHz (1.4 mm/s) and
32 co-additions. It should be noted that resolution should not be higher than
necessary, as this would increase total acquisition time significantly. Doubling the
resolution, for instance, would require four times higher acquisition time to achieve
the same S/N ratio, as S/N ratio of a spectrum is proportional to the square root of the
number of co-additions (i.e., acquisition time).

Different accessories and configurations can be used for ATR spectroscopy with
the IRE being single or multiple reflection. Single-bounce crystals have smaller
sampling areas (~1.5 mm) and are used for strong absorbers and solid samples,
whereas multiple-bounce materials have a broad sampling area (~6 mm) providing
greater contact with the sample and are used for weaker absorbers or dilutions.
Multiple reflection can provide enhanced depth of penetration and sensitivity. ATR
crystals include diamond, germanium, zinc selenide, or silicon. The preferred choice
for many studies is the diamond crystal due to its robustness and chemical inertness,
while other crystals should be handled with caution as they could get scratched or
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broken; however, diamond comes at a higher cost. Germanium has the highest
refractive index of all ATR materials (~4), which decreases penetration depth
(<1 μm) in comparison to the other materials and is useful when highly absorbing
molecules are studied. Other spectrometers with ATR attachments (such as the
Helios ATR attachment we use for our studies – Fig. 4.7) use a magnification-
limited camera to locate the area of interest; however, this configuration cannot
provide microscopic features of the sample. ATR probes with IR fiber optics have
been also used with various advantages over conventional ATR configurations such
as flexibility, low cost, and remote acquirement of spectra (e.g., used for
colonoscopes or endoscopes) [78].

A list of various types of instruments used for ATR-FTIR spectroscopy, along
with some of their technical characteristics, is shown below:

4.2.1 Manufacturer: ABB Analytical

Fig. 4.7 Bruker Tensor
27 FTIR spectrometer
equipped with Helios ATR
attachment
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MB3000 FT-IR analyzer (left): spectral range, 485 to 8500 cm�1; maximum signal-
to-noise ratio, 50,000:1; resolution better than 0.7 cm�1; a universal ATR sampling
accessory can be used to analyze solids, liquids, pastes, and gels (right); horizontal
ATR accessory is also available; solid-state laser; DTGS detector. Photo credit ABB
Measurement & Analytics

4.2.2 Manufacturer: Agilent

Cary 630 FTIR Spectrometer: interchangeable sampling accessories for transmis-
sion, ATR, specular reflectance, and diffuse reflectance; ATR crystal can be dia-
mond, germanium, or multibounce ZnSe; weights ~4 kg. # Agilent Technologies,
Inc. 2011. Reproduced with permission, Courtesy of Agilent Technologies, Inc.

Cary 660 FTIR spectrometer (left): it is only available in conjunction with the
Cary 610/620 FTIR microscope systems (right); the Cary 610 is a single-point FTIR
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microscope (mapping), while Cary 620 is a focal plane array (FPA) (chemical
imaging); the Cary 610 can be upgraded to a Cary 620 providing flexibility
depending on the application; ATR accessories are also available. # Agilent
Technologies, Inc. 2008. Reproduced with permission, Courtesy of Agilent Tech-
nologies, Inc.

4300 Handheld FTIR: a portable system with a variety of sampling interfaces
(diffuse reflectance, external reflectance, grazing angle, diamond ATR and
Germanium ATR); MCT or DTGS detector; weighs ~2kg. # Agilent Technol-
ogies, Inc. 2014. Reproduced with permission, Courtesy of Agilent Technolo-
gies, Inc.
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4500 Series Portable FTIR: Compact and reliable for non-lab environments;
suitable for liquids and solids; the 4500a type uses a spherical Diamond ATR crystal
of one, three or five reflections depending on the application; it is ideal for the
analysis of solids, liquids, pastes and gels. # Agilent Technologies, Inc. 2011.
Reproduced with permission, Courtesy of Agilent Technologies, Inc.

4100 ExoScan Series FTIR (handheld):mid-IR range; suitable for diffuse, grazing
angle, specular reflection or spherical ATR sampling interfaces; weighs ~3kg. #
Agilent Technologies, Inc. 2011. Reproduced with permission, Courtesy of Agilent
Technologies, Inc.

4200 FlexScan Series FTIR (handheld): dual module system, the optical module
weighs ~1.5kg and is attached to the ~2kg electronics module by a power cable;
it uses the same interferometer and optics as the 4100 ExoScan and thus has identical
performance. The ATR interface is ideal for solids, liquids, pastes and gels.
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# Agilent Technologies, Inc. 2011. Reproduced with permission, Courtesy of
Agilent Technologies, Inc.

5500 Series Compact FTIR: a portable system used for liquid and solid samples; the
5500a type has one, three or five reflection diamond ATRs depending on the applica-
tion; single reflection diamond ATR available for solids and liquids identification;
multi-reflection ZnSe ATR available for liquid analysis.# Agilent Technologies, Inc.
2011. Reproduced with permission, Courtesy of Agilent Technologies, Inc.

4.2.3 Manufacturer: Arcoptix

Arcoptix FTIR-FC (Fiber-Coupling): this system uses ATR fibered probes; it
operates in the mid-IR; spectral range, ~5000 to 625 cm�1; there are two options
for detectors – MCT, 4-TE cooled, and MCT, liquid N2 cooled; ATR crystal can be
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diamond or silicon; probe length, 1.5–1.7 m; ZnSe beamsplitter; solid-state laser at
850 nm; weighs 2.2 kg

4.2.4 Manufacturer: Beijing Beifen-Ruili Analytical Instrument

WQF-510A/520A FTIR Spectrometer: different accessories such as defused/spec-
ular reflection, ATR, liquid cell, gas cell, and IR microscope can be attached to the
sample compartment; different types of single-reflection ATR crystals can be
selected depending on the application (Zn, Se, diamond, germanium, AMTIR,
silicon); multiple reflection horizontal ATR (HATR) can also be installed; spectral
range, 7800 to 350 cm�1; signal-to-noise ratio, ~15,000:1; DTGS detector;
germanium-coated KBr; weighs 28 kg.

WQF-530 FTIR spectrometer: transmission sample holder is standard; optional
accessories such as defused/specular reflection, single/multi-reflection ATR, liquid
cell, gas cell, and IR microscope can be attached to the sample compartment; spectral
range, 7800 to 350 cm�1; signal-to-noise ratio, better than ~20,000:1; resolution,
0.85 cm�1; room temperature DLaTGS detector is used as standard; a temperature
stabilized, high sensitivity DLaTGS detector can optionally be used; multilayer
Ge-coated KBr; weighs 24 kg.
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4.2.5 Manufacturer: Bruker

LUMOS FTIR microscope: 8x objective – magnification can reach 32x by digital
zooming; fully automated measurement in transmission, reflection, and ATR mode;
in transmission and reflection, the ATR crystal is inserted into the objective; motor-
ized germanium ATR crystal with internal pressure control (three different pressure
steps can be software-selected to achieve optimal performance depending on the
sample type); large working distance allows samples of ~40 mm thickness; high
sensitive photoconductive MCT detector; DTGS detector as option.
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HYPERION FTIR microscope: 20� objective; spectral range from visible (up to
25,000 cm�1) to far-IR (down to 80 cm�1); dedicated ATR objective; internal
pressure sensor ensures optimal contact between the sample and the crystal; option
to connect external accessories.

TENSOR II FTIR spectrometer: large sample compartment to accommodate any
FTIR external accessory; fully automated PQ (performance qualification) and OQ
(operational qualification) routines for instrument validation; it can be equipped
with broadband beamsplitters to expand the spectral range either to the near-
or far-IR; room temperature DTGS detector – easily exchangeable; long-life
diode laser.

TENSOR 27/37 spectrometers: Tensor 27 is equipped with a Globar source that
emits mid-IR light; Tensor 37 has both mid-IR (Globar) and near-IR (tungsten
halogen lamp) sources; HeNe laser (emits red light of 633 nm) controls the
position of the moving interferometer mirror and is used to determine the
sampling positions; DLaTGS detectors are used in both systems with optional,
liquid-N2 cooled MCT detectors; different accessories (middle, right) can be
attached to the sample compartment area and allow for measurements in the
ATR mode.
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ALPHA FTIR spectrometers: transmission, ATR, external, and diffuse reflection
sampling accessories are available; ALPHA’s Platinum ATR (left) uses a single-
reflection diamond ATR crystal – it is easy to clean as the pressure applicator can be
rotated 360� to provide easier access to the sampling area; Eco-ATR (middle) can be
used for powder, solid, paste, and liquid samples – uses a single-reflection, ZnSe
ATR crystal; multireflection-ATR module (right) is designed for six internal reflec-
tions, is equipped with a horizontal ZnSe ATR crystal, and is suitable for the analysis
of pastes, gels, and liquids

4.2.6 Manufacturer: Interspectrum

Interspec 200-X: wavelength range in mid-IR: 7000 to 400 cm�1; wavelength
range in near-IR: 14,000–5800 or 9000–3850 cm�1; DLaTGS detector (standard)
with MCT detector as optional; weighs 24 kg; signal-to-noise, 15,000:1; different
accessories are also available for ATR, specular reflection, diffuse reflection,
and more.
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Interspec 300-X series FTIR spectrometer: portable system; wavelength range,
7000 to 400 cm�1; KBr beamsplitter (standard) –ZnSe beamsplitter (optional); integrated
accessories for ATR (horizontal, one bounce with a ZnSe ATR crystal), reflection and
transmission measurements; DLaTGS detector; weighs 18 kg; signal-to-noise, 12,000:1.

Interspec 311 Compact FTIR spectrometer: wavelength range, 7000 to 400 cm�1

(KBr optics) and 5000–600 cm�1 (ZnSe optics); KBr beamsplitter (standard) – ZnSe
beamsplitter (optional); weighs 10 kg.
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Interspec 650-X Compact FTIR spectrometer: wavelength range, 7000 to
400 cm�1 (KBr optics) and 5000–600 cm�1 (ZnSe optics); KBr beamsplitter
(standard) – ZnSe beamsplitter (optional); weighs 14 kg; different accessories are
available or this system, e.g., horizontal one bounce ZnSe ATR accessory (left), three
bounce ZnSe ATR accessory (middle), and one bounce ZnSe or diamond ATR
accessory.

4.2.7 Manufacturer: JASCO

FT/IR-4000 series FTIR (left): temperature stabilized DLaTGS detector; MCT
detector optional; spectral range 5000–220 cm�1; manual or automatic instrument
validation; accepts different accessories for the ATR sampling mode such as the ATR
PRO ONE (middle) and ATR PRO ONE VIEW (right).

FT/IR-6000 series FTIR: measurements from the near-IR (15,000 cm�1) to
the far-IR (50 cm�1); DLaTGS detector with Peltier temperature control
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(standard); choice detectors, DLaTGS, MCT, indium antimonide (InSb); manual
or automatic instrument validation; accepts different accessories for the ATR
sampling mode.

IRT-7000 Series Microscope (left): these systems can be interfaced with the FT/IR-
4000 and FT/IR-6000 Series spectrometers (right), offering advanced imaging
systems; two detectors as standard, a 16-channel linear array detector for IR imaging
and a single-point MCT detector; standard automatic sample stage allows analysis of
a large sample area, multi-area ATR mapping, and imaging of a specific area; up to
four objectives and automated switching.

IRT-5000 Series Microscope (left): it can be interfaced with the FT/IR-4000
and FT/IR-6000 Series spectrometers (right); used in the mid-IR for materials
identification and forensic analysis or in the near-IR and far-IR for more funda-
mental research; up to two detectors can be installed: mid-band MCT detector
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(optional: Peltier cooled DLaTGS); ability for transmission/reflectance or ATR
mapping; automatic XYZ sample stage; multiple objectives with automatic
switching.

IRT-1000 Series Microscope (left): used with either FT/IR-4000 or FT/IR-6000
Series spectrometers (right); transmittance, reflectance, and ATR modes are avail-
able; DLaTGS detector in FTIR main instrument (standard) (MCT or near-IR
optimized detector are optional)

4.2.8 Manufacturer: Lumex Instruments

FT-IR Spectrometer InfraLUM FT-08 (left): spectral range, 8000–350 cm�1;
signal-to-noise ratio > 4000; DLaTGS detector; weighs 32 kg; different accessories
are available such as single (middle) and multiple (right) ATR accessories, diffuse
reflectance accessory, and sample compartment microscope; the PIKEMIRacle ATR
accessory (middle) is available with five different crystal types [ZnSe, diamond,
germanium, silicon, and amorphous material transmitting IR radiation (AMTIR)]
and can be used with liquids, solids, pastes, gels, and intractable materials; the
horizontal attenuated total reflectance (HATR) accessory (right) is available with
the above crystal types and can be used for liquids, semiliquids, solids.
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4.2.9 Manufacturer: PerkinElmer

PerkinElmer Frontier: range of near-, mid-, and far-IR Fourier-transform spec-
trometers; external input and output beam options for custom experiments (left);
option for multiple detectors (e.g., DTGS and MCT); different sampling accessories
are available; the accessories that can be used for the ATR mode include both
multiple reflection HATR and single reflection (right). #2013–2017 PerkinElmer,
Inc. All rights reserved. Reproduced with permission.

Spotlight 150i/200i FT-IR Microscopy System: operates in transmission, reflec-
tance, and automated micro-ATR for maximum sampling flexibility; it can be
upgraded to the Spotlight 400 Imaging system (shown below) to allow faster
imaging and the opportunity to add ATR imaging. #2013–2017 PerkinElmer, Inc.
All rights reserved. Reproduced with permission.
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Spotlight 400 FT-IR Imaging System: automated focus, stage movement, and
illumination; contains a single-element MCT detector and a linear array MCT
imaging detector; operates in mid-IR, near-IR, or dual range; available sampling
modes are standard transmission, reflection, ATR imaging, and more; optional ATR
imaging improves spatial resolution. #2013–2017 PerkinElmer, Inc. All rights
reserved. Reproduced with permission.

Spectrum Two IR Spectrometer: portable system; wavelength range,
8300–350 cm�1; weighs 13 kg; DTGS detector is available. #2013–2017
PerkinElmer, Inc. All rights reserved. Reproduced with permission
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4.2.10 Manufacturer: Shimadzu

IRTracer-100 FTIR Spectrophotometer (left): wavelength range, 7800 to
350 cm�1 (standard) or 12,500 to 249 cm�1 (optional); different accessories
(right) can be used for sampling in the ATR mode; single beam; signal-to-noise
ratio, 60,000:1.

IRAffinity-1S FTIR Spectrophotometer: wavelength range, 7800 to 350 cm�1;
allows measurements in transmission, diffuse reflection, and ATR mode; signal-to-
noise ratio, 30,000:1; wide range of accessories are available as above.
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4.2.11 Manufacturer: Thermo Fisher Scientific

Nicolet iS50 FT-IR Spectrometer: spectral range from far-IR to visible
(15–27,000 cm�1); dual source capable; ATR, Raman, and NIR modules can be
used without manually changing system components; three detectors for the main
sample compartment; mid-IR and far-IR diamond ATR crystal. Reproduced with
permission, Courtesy of Thermo Fisher Scientific.
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Nicolet iN5 FTIR microscope: detector options are medium-band MCT-A or room
temperature DTGS; 10x objective, N.A. 0.71; transmission, reflection, and optional
ATR modes are available; ATR options include pre-aligned, slide-on germanium or
diamond crystals; integrated pressure sensor; weighs 29 kg. Reproduced with
permission, Courtesy of Thermo Fisher Scientific.

Nicolet iN10 Infrared Microscope: room temperature, deuterated L-alanine-doped
triglycine sulfate (DLaTGS) detector (can be replaced by a MCT detector);
computer-controlled automation; configurable options: direct contact sampling
with MicroTip ATR; manual or motorized stage. Reproduced with permission,
Courtesy of Thermo Fisher Scientific.

Nicolet iN10 MX Infrared Imaging Microscope: provides chemical images to
enhance understanding of the chemical distribution of heterogeneous samples;
DTGS detector (standard); liquid-N2 cooled MCT-A and MCT-A linear array
(optional); configurable options, direct contact sampling with MicroTip ATR; best
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viewing comfort with dual monitor operation. Reproduced with permission, Cour-
tesy of Thermo Fisher Scientific.

Nicolet iS 10 FT-IR Spectrometer: spectral range 7800–350 cm�1 optimized,
mid-IR KBr/Ge beamsplitter; 11,000–375 cm�1 XT-KBr/Ge extended range mid-
infrared (optional); HeNe laser; deuterated triglycine sulfate (DTGS) (standard) detec-
tor; liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector (optional);
weighs 33 kg. Reproduced with permission, Courtesy of Thermo Fisher Scientific.

Nicolet iS 5 FT-IR Spectrometer: KBr/Ge mid-IR beamsplitter; thermally con-
trolled diode laser; user-replaceable, source, desiccant, power supply, sample com-
partment windows; deuterated triglycine sulfate (DTGS) (standard) detector; weighs
10 kg. Reproduced with permission, Courtesy of Thermo Fisher Scientific.
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Nicolet iS 5N FT-IR Spectrometer: near-IR diode laser; spectral range
11,000–3800 cm�1; CaF2 near-IR beamsplitter; different accessories are included
for transmission and ATR modes; iD5 and iD7 ATR accessories offer diamond
crystal options; iD5 ATR offers a laminate-diamond crystal, plus heated and multi-
bounce crystal plates for special applications; iD7 ATR has a monolithic diamond
crystal for the widest spectral range and best durability; interchangeable crystal
plates offer good sampling versatility; weighs 10 kg. Reproduced with permission,
Courtesy of Thermo Fisher Scientific.

Nicolet Continuum Infrared Microscope: narrow-, mid-, and wide-band MCT-A
detector; sampling flexibility with transmission, reflectance, and micro-ATR; chem-
ical image analysis is possible. Reproduced with permission, Courtesy of Thermo
Fisher Scientific.

196 M. Paraskevaidi et al.



5 Key Research Findings

ATR-FTIR spectroscopy is a powerful technique for the study of various biological
specimens and diseases. For spectroscopy to be of diagnostic importance, it is
necessary that robust biomarkers exist. For instance, a potential biomarker for
cervical cancer diagnosis could be the ratio of glycogen-to-phosphate regions in
cells, where increased phosphate levels and decreased glycogen levels would sug-
gest rapid cell proliferation, in turn suggesting malignancy [79]. Apart from its use in
disease diagnostics, it also extends to other fields such as screening of high-risk
population to identify cells committed to develop disease, classification of different
disease subtypes and severity (i.e., low-grade versus high-grade disease), determi-
nation of surgical margins, investigation of the effects of a treatment or drug,
monitoring of the progression or regression of a disease, and characterization of
nanomaterials. With regard to the latter specifically, ATR-FTIR has been utilized for
surface characterization of nanomaterials used in biomedical applications. For
instance, it has been used to identify chemical features on a surface after its
modification to obtain nanosurface features; a respective study by Abbasi et al.
revealed a characteristic peak at 1715 cm�1, confirming the modification, and further
showed that platelet adhesion was greatly reduced on the modified surface compared
to the control, thus providing better blood compatibility [80]. Nanoparticles can be
used to introduce drugs into specific sites due to their good uptake within cells.
Therefore, Tsai et al. used ATR-FTIR spectroscopy to conduct quantitative analysis
of competitive molecular adsorption on gold nanoparticles [81]. A recent study on
cell sheet engineering used ATR-FTIR to successfully investigate solvent effect
(optimal solvent type and ratio) on nanometric grafting of poly-N-iso-
propylacrylamide on the surface of polystyrene [82]. Another study explored surface
modification of medical polymers which could improve biocompatibility; utilizing
ATR-FTIR, normal and modified polystyrene samples (treated with plasma irradia-
tion – oxygen and argon gases) were compared, revealing a significant difference at
3400–3700 cm�1 which indicated the presence of functional groups [83]. ATR-FTIR
spectroscopy has been used, along with other analytical techniques, to confirm the
composition of particles designed as dry-powder inhalation aerosols for targeted
respiratory nanomedicine [84]. Investigation of nanoparticle surface composition is
crucial in nanotoxicology, but analytical methods to probe nanoparticle surfaces in
aqueous are still limited; Mudunkotuwa et al. used ATR-FTIR to study the liquid-
solid interface in environmentally and biologically relevant media typically used for
toxicity studies [85]. The abovementioned applications have been extremely inter-
esting and advantageous to the scientific community and development of nano-
medicine. Some examples of these are briefly reported here; however, the focus of
this chapter is on studies using biological samples such as tissues, cells, and
biofluids, toward investigation of various diseases.
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Currently, most spectroscopic studies are proof of principle, with a small number
of cases, showing the potential of the technique in the aforementioned areas; there
are only a few large studies using ATR to reach ~500 subjects. In terms of sample
size planning, it has been shown that 75–100 samples are required for a good but still
not perfect classifier. In the case of smaller datasets, cross-validation is most
appropriate as it allows for more robust results after use of different training and
validation datasets for a defined number of times [86]. Herein, all of these matters
and findings are discussed at more length.

5.1 Tissue

Using an ATR probe equipped with a ZnSe material, oral tissues were examined
toward differentiation of malignant from healthy sites. The tumor types examined
included adenoid cystic carcinoma, adenoma carcinoma, mulaepidermoid carci-
noma, squamous cell carcinoma, basal cell adenocarcinoma, myoepithelioma, and
pleomorphic adenoma. It was determined that normal tissue had stronger lipid
(~1745 cm�1) and amide I bands in contrast to malignant tissue which also had
strong O–H stretching bands [5].

Via ATR-FTIR spectroscopy, Taylor et al. [19] examined endometrial tissue, from
tumor and tumor-adjacent tissue, to discriminate benign from malignant areas. The
spectral regions that showed significant differences were the lipid and amide I and II
(indicative of secondary protein structure) regions. An accurate diagnosis based on
spectroscopy would allow for an objective interpretation, eliminating the possibility
of human error during microscopic histological examination.

In a preliminary study of 30 patients with lung tumor, ATR-FTIR was employed
to discriminate malignant from nonmalignant lung tissue [24]. Sixty lung tissue
samples (30 malignant and 30 nonmalignant) were obtained in total from 30 patients.
After histological examination, it was verified that 96.7% of original grouped cases
was correctly classified. The spectral bands that were mostly responsible for segre-
gation between the two classes were related to proteins at amides I, II, and III,
carbohydrates (~1120 cm�1), and nucleic acids (~1085 cm�1).

A recent paper by Theophilou et al. [27] revealed differences in prostate tissue
collected from individuals at different time points during a 30-year period, 1983–2013.
The changes were mostly attributed to DNA/RNA suggesting that phenotype of the
human prostate was altered due to genotoxicity or epigenetic changes; this was also
confirmed by immunohistochemical studies for DNA methylation.

Ovarian tissue has been studied with ATR-FTIR spectroscopy to reveal differ-
ences not only between benign, borderline, and cancerous tissue but also between
the different carcinoma subtypes such as carcinosarcoma and clear cell [23]. Differ-
ential diagnosis of the various subtypes/grades would allow an appropriate treatment
method such as surgery alone or adjuvant chemotherapy and close follow-up.
Classification rates were further optimized when the different subtypes were com-
pared in pairs.
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The potential of ATR-FTIR has also been proven in the diagnosis of brain tumors
using tissue sections. Gajjar et al. [21] achieved differentiation of various tumor
subtypes from healthy tissue. Different ratios of important peaks were also calcu-
lated which could be utilized as potential biomarkers. For instance, decreased lipid-
to-protein ratio (1740 cm�1 to 1400 cm�1) was linked to increased tumor progres-
sion, while RNA-to-DNA ratio (1121 cm�1 to 1020 cm�1) was reduced in menin-
gioma and metastatic tumors when compared to normal brain tissue.

In a different study, rat tissues were analyzed by ATR-FTIR to explore their
biochemical differences and composition [22]. The observed changes were consis-
tent with the expected composition of each tissue: the brain, lung, heart, liver,
intestine, and kidney. This finding could be used in pharmacological/pharmacoki-
netic studies to correlate the biochemical status of the sample with the changes that
have occurred. For instance, this could potentially be used to follow up individuals
or to monitor the effects of a specific drug to a specific tissue/organ.

Another pilot study using ATR-FTIR has shown its potential to evaluate surgical
resection margin in patients with colorectal cancer. Spectra were acquired from tissue
obtained from four parts: tumor sample and intestinal mucosa samples from 1 cm, 2 cm,
and 5 cm away from the tumor. Spectroscopic analysis showed that spectra from the
tumor area and mucosa 1 cm away from tumor were substantially different from those
further away from tumor. The differences included decrease of the lipid region and
increase of the protein and nucleic acid regions at the tumor and its closest site [33].

Relatively recently, ATR-FTIR spectroscopy was also used intraoperatively in
fresh tissue to distinguish benign from malignant breast tissue [30]. Right after
spectroscopy, the removed breast tissues were formalin-fixed and sent for histo-
pathological examination; 50 cases were diagnosed as fibroadenoma and 50 cases
as invasive ductal carcinoma. The spectroscopic results after classification
showed excellent agreement with histological results, with sensitivity and spec-
ificity of 90% and 98%, respectively. These findings highlight spectroscopy as a
useful investigative tool that could facilitate surgical decisions during an opera-
tion and be an alternative to pathological diagnosis of frozen or formalin-fixed
tissue sections.

Biochemical changes were also monitored in normal skin tissue of mice after
inducing squamous cell carcinoma (SCC) by multistage chemical carcinogenesis.
SCC is a nonmelanoma skin cancer and the second most common type of skin
cancer. Absorption intensities and band shifts in the peak position were altered in the
neoplastic tissue, indicating changes in the secondary structural conformation of
proteins. The obtained classification accuracy was 86.4% with sensitivity and
specificity of 97.1% and 75.7%, respectively [26]. The authors conclude on the
potential of ATR spectroscopy to facilitate diagnosis of SCC.

ATR-FTIR spectroscopy has recently been applied to understand therapeutic
responses of cancer patients [87]. There is an increasing need to predict the outcome
of a treatment given to cancer patients, but currently, the conventional methods
include laborious, time-consuming, and subjective methods. Kalmodia et al. utilized
tissue from the mouse xenograft model of retinoblastoma and nanoparticle-mediated
targeted therapy (with gold nanoparticles) and showed unique spectral signatures
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between treated and untreated subjects, indicating different underlying mechanisms.
The results propose that ATR-FTIR could be used to monitor patients’ response to
cancer therapeutics.

Recent focus in spectrochemical methods has been given to the development of a
cost-effective and robust substrate that would allow implementation into a clinical
environment. Cui et al. have therefore employed aluminum foil as an alternative
substrate, showing that it is able to perform equally or even better than the expensive,
conventional substrates. Promising results in an amphibian cell and prostate tissue
indicated that this readily available substrate could be used to prepare cytology and
histology samples for spectroscopic interrogation without any substrate interference
[28]. Undoubtedly, more research is required to achieve final and wider
implementation.

5.2 Cytology

Sputum cells have been used by Lewis et al. in an attempt to develop a diagnostic
tool for lung cancer [46]. Sputa from 25 lung cancer patients and 25 healthy controls
were collected for this observational study; the bronchial origin of the samples was
confirmed by the presence of bronchial epithelial cells in H&E-stained cells. The two
classes were clearly separated after multivariate analysis with discriminating
wavenumbers assigned to protein, nucleic acid, and glycogen changes and seen at
964 cm�1, 1024 cm�1, 1411 cm�1, 1577 cm�1, and 1656 cm�1.

Using cervical cytology, Kelly et al. [88] used two different datasets to train and
validate their classification algorithm (dataset A, samples designated as normal,
low-grade, and high-grade; dataset B, low-grade samples). The authors concluded
that ATR-FTIR spectroscopy could be used to correctly classify the low-grade
samples (i.e., dataset B) and maybe subdivide them according to their biological
progression or regression “signature.” By comparing the ratio of normal/low-grade/
high-grade classification per patient, this would allow earlier prediction of the
progression or regression before distinct cellular changes were observable by a
cytologist. For example, a patient was predicted as 42% normal/47% low-grade/
11% high-grade and was negative for the human papillomavirus (HPV) which is
associated with the development of cervical cancer. In case of high-grade prediction,
further examination would be required as it is linked with more chances for
progression.

ATR-FTIR imaging provides the highest spatial resolution, compared to trans-
mission and transflection mode, due to the high refractive index of the IRE in the
mid-IR. Walsh et al. [29] applied ATR-FTIR imaging to identify and acquire high-
quality chemical information of cell types such as endothelial cells, myoepithelial
cells, and terminal ductal lobular units (TDLUs) as well as structure in human breast
tissues such as normal, hyperplastic, dysplastic, and malignant tissues. Changes in
the structure of DNA during breast cancer were also investigated in extracted intact
chromosomes from MCF-7 breast cancer cells. Results of this study pointed out
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spectroscopy’s ability to resolve and examine a sample at a subcellular level for a
more detailed insight of a disease.

A study by Lane and Seo utilized ATR-FTIR to find the structural differences
between cancerous breast cells (MCF-7 line) and normal breast cells (MCF-12G
line) that contained gold nanoparticles [89]. Different concentrations of nano-
particles were applied in order to study the enhancement of the IR signal (similar
to SEIRAS approach – see Instrumental Methodology). They found the nano-
particles within the cells and concluded that increased concentration resulted in
sharper peaks and thus easier identification of the differences between the two
groups. Findings of this specific study suggest that ATR-FTIR in combination
with gold nanotechnology could be used toward cancer diagnosis.

Beta-thalassemia major (β-TM) is caused by a genetic defect in hemoglobin
synthesis and results in ineffective erythropoiesis; it is also another disease that
has been studied by ATR-FTIR. For the purpose of this study, bone marrow
mesenchymal stem cells (BM-MSCs) were collected to investigate global structural
and compositional changes in β-TM. Increased lipid, protein, glycogen, and nucleic
acid levels were seen in thalassemic patients in contrast to healthy individuals, which
were attributed to enhanced cell proliferation and bone marrow activity during
ineffective erythropoiesis. Moreover, comparison of the BM-MSCs before and
after transplant showed a significant decrease in the content of the aforementioned
molecules showing the effect of the transplantation. The observed changes were
confirmed by further molecular tests, such as ELISA [14].

Laboratory infected red blood cells (RBCs) have been analyzed with ATR for the
detection and quantification of early-stage malaria parasite infections [10]. Early
stages of the malaria parasite’s life cycle were distinguished, namely, the ring and
gametocyte forms, which are the only stages present in peripheral blood, with an
absolute detection limit of 0.00001% parasitemia (<1 parasite / μl of blood) and
quantification limit of 0.001% (10 parasites per μl). After preliminary studies to
select the optimum fixative, methanol was the solution of choice among ethanol and
formaldehyde solutions; the samples were then deposited and dried on the crystal. A
second study from the same group used infected RBCs in their aqueous state and
reported less effect of the anticoagulants compared to the dried state. The authors
suggested that the effect was less pronounced presumably because the water diluted
the amount of anticoagulant [66]. A large cohort clinical trial led by Wood et al. is
ongoing, using portable ATR-FTIR spectrometers toward early diagnosis of asymp-
tomatic carriers of malaria in remote, developing countries.

Another study has employed micro-ATR-FTIR imaging of fixed fibroblast cells to
identify the region of the cells where spectral changes occurred upon cancer activa-
tion [90]. Predominant changes were attributed to nucleic acids and the C–H
stretching of proteins and were mostly seen in the cells’ cytoplasm rather than the
nucleus, showing that the cells were undergoing a phenotypic change denoted by
protein modification.

A more recent, large-scale study using liquid-based cytology (LBC) was
conducted toward segregation of the different grades of cervical dysplasia, i.e.,
normal, low-grade, and high-grade. Even though a degree of crossover between
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the classes was seen, attributed to the imperfect conventional screening (i.e., visual
examination under the microscope), significant spectral differences were still notice-
able [91]. Maximal crossover was found between normal and low-grade specimens,
while the least crossover was between high-grade and normal cases, as expected.

A following study utilizing cervical cytology [37] found that ATR-FTIR spec-
troscopy identified more accurately the underlying disease than conventional screen-
ing. This was subsequently confirmed by histology as a “gold standard” approach;
histological results were available for almost half of the cases (154 out of 322).
When cytology results were used for classification, there was significant overlap
between the different categories, whereas when histology results were used, the
score plot showed substantially higher segregation between classes.

Using MCF-7 cells, Wu et al. [92] applied different concentrations of a
chemotherapy drug (5-fluorouracil) to assess their response. With increasing
drug concentration, the band at 1741 cm�1, representative of membrane phos-
pholipids, was increased and an upward shift from 1153 cm�1 to 1170 cm�1 was
noted. The ratio of lipid/amide I (i.e., 1741 cm�1/1640 cm�1) was correlated with
the percentage of apoptotic cells. The results indicate that 5-fluorouracil alters the
phospholipid composition of the cell membrane, which increases permeability
and fluidity, and could be utilized to drug monitoring and improvement of
treatment strategies.

The impact of local treatment for precancerous lesions of the cervix has also been
investigated with ATR-FTIR in cervical cells [93]. Samples were collected from before
and after the treatment (6 months), and significant increase of amide I/II was shown in
the posttreatment group, which was attributed to increased cellular function during
wound healing from the treatment. Moreover, decreased levels of lipids in the post-
treatment indicated the higher bioavailability in the population before treatment.
Results from Halliwell et al. showed that excisional treatment, rather the removal of
the disease, should be blamed for alterations of the biochemistry of the cervix, which is
associated with the higher risk of preterm birth, evident in this population.

Detection of cell activation after treatment with an antibody [anti-CD3 (cluster
of differentiation 3)] was also feasible in ATR-FTIR mode [94]. Specifically, cell
activation of Jurkat T cells was detected within 75 min after the cells encountered
the specific immunoglobulin molecules showing that the technique is sensitive
enough to measure molecular events. Similarly, it demonstrates its use in monitor-
ing cellular events and responses to particular agents or drugs at different time
points after exposure.

A promising application of ATR-FTIR would be the spectroscopic imaging of
live cells, which could facilitate in a range of biomedical purposes. Even though live
cells are more of a challenge to study that fixed cytology, Andrew Chan and
Kazarian [39] recently reported the advantages and developments of ATR imaging
in live cells. That said, improvements in spatial resolution of the acquired images
would allow for investigation of micron-sized samples and their subcellular features.
A novel approach implemented by the same group has introduced optical apertures
directly on the ATR objective of an infrared microscope; this allows the angle of
light incidence to be controlled, modifying thus the penetration depth. As a result,
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someone would be possible to derive spectral information from different thicknesses
of the same sample, as well as to reduce the effects of anomalous dispersions by
modifying the angle of incidence.

5.3 Biofluids

Using blood plasma and serum in a pilot study, Gajjar et al. [44] employed
ATR-FTIR to diagnose endometrial and ovarian cancers. Using a classification
machine, the authors were able to detect ovarian and endometrial with accuracy
~97% and ~82%, respectively. The less promising results in endometrial cancer were
attributed to the fact that it is less aggressive than ovarian cancer and most of the
times diagnosed in early stages when it is still confined to the uterus. Plasma was also
shown to provide higher classification results than serum, which was attributed to the
higher number of molecules present in this type of biofluid.

Detection of drugs was suggested in easily acquired saliva samples. Hans et al.
[48] used cocaine as a commonly used drug and were able to identify it at a
concentration of 0.020 mg/ml. Alcohol’s spectral signature was also taken into
account as it is common for drugs to get consumed alongside with alcohol. The
authors showed a distinct, time-dependent decrease of the alcohol peak (i.e., sugars
at ~1050 cm�1) between the time point right after alcohol consumption and 2 h later.
Therefore, alcohol was not considered to affect the important spectral region for
cocaine detection (1800–1710 cm�1). No preparation or extraction procedures were
used for the saliva samples apart from the drying of the sample to eliminate the
strong water absorption.

Khanmohammadi et al. were able to discriminate blood serum samples between
35 patients with renal failure and 40 healthy individuals with 95.12% accuracy
[15]. The samples were analyzed without any further preparation such as drying or
pre-concentration. To eliminate water interference, a background of water was first
obtained which was then subtracted from the resulting spectra.

Prenatal disorders such as fetal malformations, preterm birth, and premature
rupture of membranes have been investigated toward the development of an early
prenatal diagnostic tool. Graça et al. [17] used amniotic fluid from second trimester
pregnant women and divided them, according to their pregnancy outcomes, into
healthy term pregnancies or the abovementioned disorders. The study demonstrated
the ability of ATR-FTIR to accurately diagnose fetal malformations and preterm
birth, while for cases or premature rupture of membranes, only minor changes were
observed. The authors concluded that using predictive models and a larger cohort, it
might be possible for future studies to simultaneously differentiate healthy pregnan-
cies from potential disorders.

HIV/AIDS has been studied by ATR-FTIR in blood serum. The cohort consisted
of 39 HIV-affected patients who were on antiretroviral treatment, 16 HIV-affected
patients with no retroviral treatment, and 30 uninfected individuals. Both
HIV-infected groups were segregated from the healthy individuals with significant
differences at lipids/fatty acids (3010 cm�1), carbohydrates (1299 cm�1;

4 ATR-FTIR Spectroscopy Tools for Medical Diagnosis and Disease Investigation 203



1498 cm�1), glucose (1035 cm�1), and proteins (1600 cm�1; 1652 cm�1). Apart
from the differential diagnosis of the aforementioned groups with <90% accuracy,
the derived spectral biomarkers could be utilized as indicators of response to
treatment and/or disease progression. The spectral data were also relatable to more
sensitive metabolomic techniques such as nuclear magnetic resonance (NMR)
spectroscopy and mass spectrometry (MS), which had been employed before
ATR-FTIR from the same group [8].

Serum data by Hands et al. [95] showed differentiation between 311 brain tumor
patients and 122 non-tumor individuals with sensitivity and specificity of 91.5% and
83.0%, respectively. The same study discriminated glioma versus meningioma,
low-grade versus high-grade glioma, and groups with different organ origin of
metastatic disease.

Nabers et al. [50] used an immuno-infrared-sensor in the ATR sampling mode to
diagnose Alzheimer’s disease (AD) in blood plasma and cerebrospinal fluid (CSF).
The amide I band was specifically investigated as it reflects the overall secondary
structure of amyloid-β peptides, showing a significant downshift with disease pro-
gression; the latter was attributed to increased β-sheet amyloid-β peptides. Discrim-
ination between AD and disease control patients was achieved with accuracy 90%
for CSF and 84% for plasma samples.

Rheumatoid arthritis (RA) is an autoimmune inflammatory disease with a difficult
and complex diagnosis. Blood serum samples from 29 patients with RA and 40 healthy
donors were collected, and ATR-FTIR spectroscopy was applied toward differentia-
tion of the two groups. Significant differences were found in the fingerprint region as
well as in a higher spectral region (3000 cm�1–2800 cm�1), and the two groups were
classed with sensitivity and specificity of 85% and 100%, respectively [7].

Currently, a large-scale study by a diagnostics company (Glyconics Ltd.) is
conducted toward diagnosis of patients with suspected respiratory disease such as
chronic obstructive pulmonary disorder (COPD) in sputum samples. A preliminary
diagnosis of COPD is given by spirometry, which can be insensitive and unable to
distinguish between the different respiratory diseases such as COPD and asthma.
Handheld ATR-FTIR systems have been used for the analysis of >500 sputum
samples, showing its capacity of monitoring patients, and provide early biomarkers
of acute exacerbation, which could lead to hospitalization (http://www.glyconics.
com/#technology.).

6 Conclusions and Future Perspective

The field of biospectroscopy has seen tremendous progress over the last years with
the focus placed extensively on disease investigation. Some of the fields that
ATR-FTIR, specifically, has contributed are the development of diagnostic tools,
screening of population with suspected disease, subtype classification, prediction of
disease recurrence, response to treatment and personalized treatment, and much
more. Despite the fact that FTIR has not yet been used for diagnosing patients
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with nonspecific symptoms or for the identification of the primary origin of meta-
static cancer, this possibility has been extensively discussed in a recent review [96].

Spectroscopy has been proven suitable for the differential diagnosis of various
diseases with sensitivities and specificities equal (or even higher) than the ones
obtained by current clinical/molecular methods. For a number of diseases, an earlier
diagnosis and detection of the “warning signs” could lead to a better prognosis and
immediate handling/treatment. For this reason, special attention has been given in
screening of at-risk individuals before they even become symptomatic. It has been
shown that this could be feasible and spectroscopy could detect changes prior to
detection with conventional screening (e.g., examination of morphological changes
of tissue/cells under a light microscope). One interesting example is the precancer-
ous stages of some cancers, such as cervical or colon cancer, which may or may not
progress to cancer and which spectroscopy appears to discriminate with high
accuracy [37, 88, 97].

Compared to other analytical techniques which may be more sensitive, such as
mass spectrometry (MS) and nuclear magnetic resonance (NMR), FTIR’s ability has
now been proven to generate comparable results, being able to detect and identify
differential metabolites [8, 98]. The advantages of this alternative analytical method
are many including high sensitivity, low cost, repeatability, and a nondestructive
nature, which could render it a perfect candidate for clinical translation. In fact, it
might sound surprising to someone that after all the successful applications and
effort that has been put into implementation of spectroscopic techniques into the
clinic, it is still not being used in routine clinical practice. The reasons for this are
plenty – as already mentioned in the methodology section – including lack of
standardization of techniques and sample preparation. Also, there is lack of multi-
center studies with large cohort of samples (i.e., thousands), which is necessary to
validate these approaches before they play a role in life-changing decisions within a
clinical environment. Even though ATR is very promising, there are still several
issues to be considered. As with every other analytical technique for biomarker
discovery, many requirements and phases (pre-analytical, analytical, and post-
analytical) need validation in independent datasets and by independent researchers
before a new biomarker is approved for clinical use. In the pre-analytical phase, for
example, it is important to examine whether demographic characteristics, such as
age, gender, diet, or lifestyle, would affect the result. There have indeed been some
examples of initially promising studies in novel biomarker discovery which were
invalidated only some years after their publication [99].

A proposed scenario for clinical translation could be the use of spectroscopic
methods primarily in tertiary care, with the scope that when established they will be
transferred into general practice and primary care as simple and stable handheld
devices, to identify patients for further examinations [53]. A recent review in
vibrational spectroscopy of biological fluids states that a common mistake is to
extrapolate the biomarkers’ performance found in pilot studies (where a definite
diagnosis of the disease has been given by gold standard methods) to the screening
context [100]. Biomarker sensitivity and specificity in the screening population are
expected to be much lower than in patients with confirmed disease, and thus
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participants should be carefully chosen to fall into the appropriate clinical setting
every time they are tested for a biomarker; this way, false-positive results would be
kept at a minimum avoiding unnecessary examinations and overtreatment.
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