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Abstract 
 
Infrared spectroscopy it is a more and more useful technique in the field 
of biomedical research, providing a simple way to obtain diagnostic and 
observational information from easy to acquire samples, being used to 
characterize a biological matrix, in order to monitor its composition and 
so to detect earlier some alterations that can generate diseases. The goal 
of this chapter is to present the current state of infrared spectroscopy in 
biomedical research analysis, and some of the most important 
applications of this vibrational spectroscopic technique published in the 
period 2017- 2021. 
 

Keywords: infrared spectroscopy, theoretical aspects, biomedical research, 
recent applications, trends 
 
 

Introduction 
 

The biomedical research process takes place in several steps, starting with the 
initial discovery, followed by its reproduction by others and ending with the 
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extension of the original discovery, and where appropriate, correction. Only 
some of them, could be revised and thus improved, and then applied as new 
analytical methods that lead to changes in the initial interpretations. 

It is very important that the methods proposed in this special field of 
interest, biomedical research, must be reproducible, meaning that the data 
obtained are similar to one another and reflect “the extent to which consistent 
results are obtained when produced repeatedly” (Casadevall and Fang, 2010). 
Fang further noticed that these results need to be “robust enough to survive 
various sorts of analysis” (Baker, 2016). 

All the achievements of science and technology in the last decades have 
led to the development of a series of new non-invasive biomedical analyses, 
of which we mention some: computer tomography by X-ray (CT), magnetic 
resonance imaging (MRI), positron emission tomography (PET) and 
infrared/Raman imaging. 

Classical Fourier transform infrared (FTIR) spectroscopy is an usual 
method used to obtain, at a single analysis, a general characterization of the 
sample to be analyzed, while the spectrum obtained is a fingerprint of the 
sample. The method has been used for more than 50 years to study chemical 
and biochemical problems, and nowadays, more and more laboratories use it 
in an analytical procedure. 

FTIR spectroscopy is an analytical technique increasingly used to obtain 
fast results by non-invasive methods, and the results are reproducible in 
various fields of activity, such as pharmaceuticals, biomedical and food 
sciences (Bunaciu et al., 2020). Using this technique, any type of substances 
can be analyzed (i.e., liquids, solids, gases, films, semi-solids, etc.), and the 
spectra obtained are different presenting specific characteristics for each 
substance in the sample to be studied. 

FTIR microscopes require reflective optics in order to avoid wide region 
achromatism. They are widely used to obtain information (spectra) about very 
small samples or small parts of larger samples. Infrared spectroscopic imaging 
can be performed in transmission, reflection, transflection, and attenuated total 
reflection (ATR) mode. 

The great advantage of the infrared spectroscopy is that any chemical 
change must precede or accompany any symptomatic morphological changes 
in the disease (Mantsch and Jackson, 1995). 

The aim of this chapter is to present the new developments in applications 
of infrared spectroscopy in biomedical research field, covering the period 
between 2017 and 2021. Before the review on this topic, it is useful to make a 
brief introduction to the theoretical aspects related to IR spectroscopy, 
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followed by discussions on quantitative and qualitative biomedical research 
applications of the technique. 

 
 

Theoretical Aspects of Infrared Spectroscopy 
 

It is well known that almost any compound, whether organic or inorganic, has 
covalent bonds in its structure, so that it absorbs specifically at different 
frequencies in the IR region of the electromagnetic spectrum. Considering the 
unique structure of each substance, unique FTIR spectra will be obtained, so 
that vibrational spectroscopy is considered a very simple and useful method in 
the characterization of molecular structure. Each spectrum is a sum of 
peaks/bands with unique characteristic properties such as band position, band 
width, and band intensity/area. These properties can be used for obtaining 
functional group information or monitoring molecules in different conditions 
such as disease states. 

As it is known, FTIR spectroscopy is based on the absorption of infrared 
light by vibrational transitions in covalent bonds. Taking into account the great 
complexity of biological samples, it is understandable that the spectra obtained 
will contain all the contributions of different vibrating molecules such as 
proteins, lipids, and nucleic acids, depending on the natural composition of 
probed samples (Petibois and Deleris, 2006). 

FTIR spectral information could be obtained by using simple sampling 
techniques such as transmission, attenuated total reflection (ATR), and diffuse 
reflectance infrared Fourier transform spectroscopy (DRIFTS) as can be seen 
schematically in Figure 1, while in Figure 2 are presented comparatively an 
AFM (atomic force microscope) scan vs s-SNOM (scattering-type Scanning 
Near-field Optical Microscope), 3rd harmonic image of the physical structure 
of a single red blood cell in a squamous epithelial oesophageal biopsy. 

The s-SNOM image was taken at a wavelength where stable QCL 
operation (Quantum Cascade Laser) was possible. It's recorded at a 67 nm 
pixel resolution, and clearly records the cell structure at a ~λ/140 resolution. 
The information from this figure shows the morphological information of a 
blood cell, taken from a deparaffinised FFPE (formalin fixed paraffin 
embedded) biopsy slice. 

In the last years the traditional single point spectroscopy (mainly focused 
on mid and near infrared, Fourier Transform Infrared Spectroscopy) has been 
successfully combined with mapping devices that allow obtaining a spectral 
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pattern in each area unit of one surface (commonly denoted as pixel) (Cairós 
et al., 2009). 

 

 

Figure 1. Simplified schematics of common FTIR analysis modes, including: (A) 
transmission FTIR; (B) attenuated total reflectance (ATR)-FTIR. Note that the 
penetration depth is dependent on the physical characteristics of internal reflection 
element (IRE) material and the angle of incidence; (C) diffuse reflectance infrared 
Fourier transform (DRIFT) spectroscopy; (D) reflectance micro-FTIR. The 
penetration depth for reflectance micro-FTIR is usually less than 10 μm.  
(Reproduced with permission from Y. Chen, C. Zou, M. Mastalerz, S. Hu, C. Gasaway 
and X. Tao, Applications of Micro-Fourier Transform Infrared Spectroscopy (FTIR) 
in the geological sciences—a review, Int. J. Mol. Sci. 16(12) (2015) 30223–30250). 

The sample should be prepared in order to meet the absorption criteria of 
the Lambert-Beer law. As a rule of thumb, the sample thickness should be 
sufficiently thin in order to keep absorbance values in the range between 0.4 
to 0.8 absorbance units. 

A number of recent reviews have highlighted various aspects of infrared 
spectroscopic used in biomedical research, performed with classical devices 
(KBr disks, CaF2 or KBr cells, DRIFTS and ATR) as well as with modern 
ones (FTIR microscopes) (Bunaciu et al., 2017a, Bunaciu et al., 2017b, 
Cameron et al., 2018, Leal et al., 2018, Bel′skaya, 2019, De Bruyne et al., 
2018, Rohman et al., 2019, Beć et al., 2020, Cameron et al., 2020a, Cameron 
et al., 2020b, Khulla et al., 2021, Shakya et al., 2021). 
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Figure 2. AFM scan vs s-SNOM 3rd harmonic image of the physical structure of a 
single red blood cell in a squamous epithelial oesophageal biopsy.  
(Reproduced with permission from Amrania, H., Drummond, L., Coombes, R.C., 
Shousha, S., Woodley-Baker, L., Weir, K., Carter, I.and Philips, C.C. New IR imaging 
modalities for cancer detection and for intra-cell chemical mapping with a sub-diffraction mid-
IR s-SNOM. Faraday Discussions, 187 (2016) 539-553). 

 
Biomedical Analysis  

 
FTIR spectroscopy, in transmission mode, is the principal tool for research in 
biomedical field. Biological samples (body fluids and tissues) are usually 
studied in the mid-IR region (approximately 4000–400 cm-1), where the bands 
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for most molecules occur, and the molecular absorbance is proportional to the 
concentration (Beer-Lambert’s law) in the absence of light scattering. 

Most research in biomedical infrared spectroscopy was based initially on 
the analysis of human tissue, and it was concluded that it is possible to 
differentiate between healthy and disease tissue, as well as benign and 
malignant tumors (Movasaghi et al., 2008), but nowadays there has been an 
additional interest in bodily fluids, especially due to the easiness in collecting 
the sample as well as the minimum sample preparation required before the 
analysis (Baker et al., 2016; Shaw et al., 2008). 

Blood components, such as serum and plasma, are the most frequently 
analyzed in clinical trials because as it is known that they perfuse all the organs 
and consequently take all the information from the surrounding tissues and 
cells about the intra- and extra-cellular events (Tirumalai et al., 2003). 

Even though FTIR spectroscopy presents the great advantage of 
molecular specificity, it should be noticed that there are also several 
disadvantages related to some limits in its application in biomedical research, 
such as: sensitivity and especially problems due to the study of aqueous 
solutions, due to the OH-bending absorption is much stronger, as can be seen 
in Figure 3. 

Biological samples are mainly composed of proteins, lipids, sugars and 
nucleic acids, compounds active in the IR field, as shown in Figure 4, and any 
change in composition or structure can be evaluated by such measurements 
(Baker et al., 2014). 

It is well known that for biomedical research, the matrix is very complex 
so that vibrational spectra usually consist of overlapping absorption bands of 
the main biomolecules and interfering substances. For this reason, the 
application of multivariate analysis is indispensable in order to process very 
high-dimensional data. 

It has been proven by numerous papers that FTIR spectroscopy can 
characterize and quantify most specific biomolecules in bodily fluids, through 
a specific biochemical fingerprint in the resulting spectrum (Baker et al., 
2016). This technique is able to differentiate minor changes in blood 
composition, especially when combined with computational analysis and 
machine learning algorithms (Smith et al., 20126). 
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Figure 3. MIR (A) and near-infrared (B) absorption spectra of serum and water, 
collected with an optical path length of 6 mm and the residual spectra with the 
spectrum of water subtracted from each (solid lines).  
(Reproduced with permission from R.A. Shaw, and H.H. Mantsch, Infrared 
spectroscopy in clinical and diagnostic analysis, in: R.A. Meyers (Ed.), Encyclopedia 
of Analytical Chemistry, John Wiley & Sons Ltd., Chichester, 2011, ISBN 0-471-
97670-9). 

 
FTIR Applications in Biomedical Research 

 
A wide range of biomedical investigations have been covered by FTIR 
spectroscopy analysis. These investigations include: viruses, bones and 
articular cartilage, glucose measurement, cancer detection, prostatic calculi 
screening, skin diffusion, urinary crystals and other. 
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Figure 4. FTIR analysis of different cellular components. 
(Reproduced with permission from M.J. Baker, J. Trevisan, P. Bassan, R. Bhargava, 
H.J. Butler, K.M. Dorling, P.R. Fielden, S.W. Fogarty, N.J. Fullwood, K.A. Heys, C. 
Hughes, P. Lasch, P.L. Martin-Hirsch, B. Obinaju, G.D. Sockalingum, J. Sulé-Suso, 
R.J. Strong, M.J. Walsh, B.R. Wood, P. Gardner, F.L. Martin, Using Fourier transform 
IR spectroscopy to analyze biological materials, Nature Protocols. 9(8) (2014) 1771–
1791). 

The accuracy of screening tests represents the principal factor in the 
evaluation of clinical utility. Sensitivity and specificity are the statistical 
parameters taken into consideration during such evaluation; the former is 
related to the ability of the test to identify true positives over false negatives 
and the latter to identify true negatives over false positives (Schiffman et al., 
2015). 

Principal field of interest in biomedical research is developing new 
infrared spectrophotometric methods for blood analysis. The blood-based tests 
are usually performed in clinically laboratories, and include sample pre-
treatment procedures, according to the analysis that will be performed. In 
Figure 5 are presented the first steps for plasma or serum preparation before 
analysis (Cameron et al., 2020b). 

Several anticoagulants are frequently used to collect blood plasma – 
including heparin and EDTA, which appears in the resulting infrared spectrum 
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and in this way, may hide some of the underlying biological information 
(Martin et al., 2017). 

 

 

Figure 5. Serum (a) or plasma (b) preparation from blood sample.  
(Reproduced with permission from Cameron, J.M., Bruno, C., Parachalil, D.R., Baker, 
M.J., Bonnier, F., Butler, H.J. and Byrne, H.J. (2020b). Chapter 10 - Vibrational 
spectroscopic analysis and quantification of proteins in human blood plasma and 
serum, in Vibrational Spectroscopy in Protein Research, Elsevier Inc.). 

It is well known the fact that the conventional test kits used in a hospital 
laboratory for plasma/serum analysis presents the disadvantage of being time-
consuming, which will delay the therapy (Lin et al., 2015). 

Serum and plasma profiles of patients suffering from various diseases, 
starting from non-malignant disease (bones, cholesterol, glucose monitor, 
Alzheimer, etc) and ending with cancer (breast, ovarian, bladder, cerebral, 
esophageal, etc) have been examined using infrared spectroscopy (Gajjar et 
al., 2013; Ollesch et al., 2014; Maitra et al., 2016; Paraskevaidi et al., 2017; 
Butler et al., 2019). 

Cholesterol is one of the most important biological molecules that play a 
significant role in cell signaling mechanism. High levels are indications of 
heart disease and atherosclerosis while poor levels cause mal-absorption 
anemia and hyperthyroidism (Batra et al., 2014). 

The most common gastro-intestinal disease is characterized by forming 
gallstones (Sun et al., 2009), formed due to various causes, such as incorrect 
metabolism of cholesterol, bilirubin and bile acids obtained by the formation 
of stones (Gills and Gupta, 2017; Méndez‐Sánchez et al., 2008). 
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In a recent study, the component variety type of gallstone samples was 
evaluated utilizing FTIR and the spectroscopic results were compared to 
quantitative chemical analyses for total cholesterol, total bilirubin, calcium 
and total protein (Antesar, 2020). In Figures 6 and 7, the FTIR spectra of 
different types of gallstone are presented (black, brown, Greenish black, 
yellow and Whitish brown). 

Brown or black or greenish black stones were mainly composed of 
cholesterol and additional bilirubin or calcium. Comparing the FTIR spectra 
of the black stones, it was concluded that there were significant changes in the 
bilirubin and cholesterol composition of the samples under the study. Result 
of black stones suggests that the composition of bilirubin and cholesterol 
differs noticeably. 

 

 

Figure 6. FTIR spectra of yellow (A) and Whitish brown (B) gallstone.  
(Reproduced with permission from Antesar, R.O. Using Fourier Transform Infrared 
and chemical Analysis for differential between Gallbladder stone diseases. European 
Journal of Molecular & Clinical Medicine, 7(1) (2020) 4342-4349). 
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COVID-19 is the most important infectious disease of the moment, given 
that there is a global pandemic declared by WHO. It manifests as an extremely 
infectious and severe acute respiratory disorder caused by a pathogenic virus 
called SARS-CoV-2. 

 

 

Figure 7. FTIR spectra of black (A), brown (B) and Greenish black (C) gallstone. 
(Reproduced with permission from Antesar, R.O. Using Fourier Transform Infrared 
and chemical Analysis for differential between Gallbladder stone diseases. European 
Journal of Molecular & Clinical Medicine, 7(1) (2020) 4342-4349). 
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The principal method for diagnosis is RT-qPCR, which has the great 
disadvantages of cost and with a shortage of testing facilities that can take 
more than 2 days to get the result, (Steel et al., 2020). 

Saliva is the ideal body fluid for the detection of this type of disease, 
knowing that oral health is recognized as an indicator of the health of the 
whole organism (Paraskevaidi et al., 2020; Barauna et al., 2021). In Figure 8 
are presented comparatively, the FTIR spectra for saliva, obtained from a 
pharyngeal swab, and saliva infected with SARS-CoV-2 virus. The goal of 
this infrared research study was to differentiate individuals with active 
infection based on a series of spectral biomarkers, taking into consideration 
symptoms and other demographic features. The new method proposed for 
ultra-rapid detection of Covid-19 based on pharyngeal swabs using IR 
spectroscopy has a great potential for application in clinical laboratories, in 
the context of necessity of a faster control of the population in a shorter time 
and with better results. 

 

 

Figure 8. FTIR spectra for saliva and saliva contaminated with virus.  
(Reproduced with permission fromBarauna, V.G., Singh, M.N., Barbosa, L.L., 
Marcarini, W.D., Vassallo, P.F., Mill, J.G., Ribeiro-Rodrigues, R., Campos, L.C.G., 
Warnke, P.H. and Martin, F.L. Ultrarapid On-Site Detection of SARS-CoV-2 
Infection Using Simple ATR-FTIR Spectroscopy and an Analysis Algorithm: High 
Sensitivity and Specificity. Analytical Chemistry, 93(5) (2021) 2950-2958). 
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Next are presented new infrared spectrophotometric methods for 
discrimination between healthy persons and people with health problems in 
the area of bones and their articular cartilage. 

Osteoarthritis (OA) is one of the main chronic joint diseases. It can affect 
all the moving joints, and is the principal reason of declining quality of life in 
the elderly, along with the aging process. Even though it has long been thought 
that OA is caused by degeneration of articular cartilage, several recent studies 
proved that subchondral bone is associated with the progression of OA disease 
(Castañeda et al., 2012). Figure 9 shows the infrared spectra of the subchondral 
bone at different depths, reflecting the main molecular species (Matthäus et 
al., 2008). It was noticed that increasing the bone dept, the maximum intensity 
of lipids also increased. But, even though the spectral intensity of the 
subchondral bone at different depths was different, the shape of peaks was 
almost similar (Zhai et al., 2019). Further study of the mechanism of action of 
the subchondral bone in OA, should provide new methods for OA research 
and treatment. 

 

 
 

Figure 9. Infrared spectra of the subchondral bone of OA-3M at different depths, 200 
μm (superficial layer bone), 400–600 μm (middle layer bone) and 800–1000 μm (deep 
bone). 
(Reproduced with permission from Zhai, M., Lu, Y., Fu, J., Zhu, Y., Zhao, Y., Shang, 
L. and Yin, J. Fourier transform infrared spectroscopy research on subchondral bone 
in osteoarthritis. Spectrochimica Acta Part A: Molecular and Biomolecular 
Spectroscopy, 218 (2019) 243-247.). 
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Near-infrared spectroscopy (NIRS) combined with convolutional neural 
networks (CNNs) have been used for the determination of cartilage properties 
in vivo, thereby providing longitudinal evaluation of post-intervention injury 
development (Sarin et al., 2021). The method proposed has a great potential 
for the evaluation in vivo of cartilage integrity, as well as for in vivo follow up 
of new regenerative therapies. In future studies it could be applied directly in 
situ during similar interventions. 

In the last years, the use of fiber optics has brought important 
technological discoveries in FTIR spectroscopy. Nancy’s group (Li et al., 
2005), introduced them, for the first time, in order to study the degradation of 
the articular cartilage, from an early stage, and also to identify the type of 
collagen in the connective tissues, etc. In figure 10, the 7 times ATR-HOF-
FTIR spectra (attenuated total reflection-hollow optical fiber-infrared) are 
presented (Zhao et al., 2019). It’s very important to note that in this way, it is 
possible to increase the accuracy of positioning the wavenumbers and thus to 
determine the presence of heterogeneous regions of the sample. The proposed 
method has the great advantage that the procedure does not need any sample 
pre-treatment and is sensitive to identify the degenerated tissue by the changes 
in principal components in submillimetric area. 

 

 

Figure 10. The ATR-HOF-FTIR spectra of in vitro osteoarthritic articular cartilage 
(OC) detected 7 times at same location with interval of 1 min.(Reproduced with 
permission from Zhao, Y., Lu, Y., Zhu, Y., Wu, Y., Zhai, M., Wang, X., and Yin, J. 
Submillimetric FTIR detection of articular cartilage by home-made ATR-MIR-Hollow 
optical fiber probe. Infrared Physics & Technology, 98 (2019) 236–239.). 
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In the next paragraphs, infrared spectrophotometric methods for 
discrimination between healthy persons and people with health problems in 
the area of diabetes mellitus monitoring are presented and discussed. 

Diabetes mellitus is considered to be one of the most serious metabolic 
diseases worldwide. According to the main criteria established by the most 
important institutions for the study of diabetes all over the world, European 
Association for Diabetes Study, American Diabetes Association and the 
International Diabetes Federation, the diagnosis of diabetes mellitus is based 
on the determination of plasma glucose concentration or hemoglobin (Hb)A1c 
(The International Expert Committee, 2009). 

 

 

Figure 11. Infrared spectrum of nail powders after incubation with respectively 1 mL 
of 0.9% sodium chloride solution, 5% glucose solution and 10% glucose solution. 
(Reproduced with permission from Coopman, R., van de Vyver, T., Kishabongo, A.S., 
Katchunga, P., van Aken, E.H., Cikomola, J., Monteyne, T., Speeckaert, M.M. and 
Delanghe, J.R. Glycation in human fingernail clippings using ATR-FTIR 
spectrometry, a new marker for the diagnosis and monitoring of diabetes mellitus. 
Clinical Biochemistry, 50(1-2) (2017) 62-67). 

In Figure 11, the FTIR spectra of nail powders after incubation with 
respectively 1 mL of 0.9% sodium chloride solution, 5% glucose solution and 
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10% glucose solution are presented comparatively (Coopman et al., 2017). A 
clear difference in the area under the IR peak was observed at wavenumber 
1047 cm−1. This band was used for measuring the degree of keratin glycation. 
In addition to the recombination band (1047 cm−1), overtone bands were 
observed at 2095 and 3140 cm−1. It was assigned that the region of interest, 
between 970 and 1140 cm-1, is characterized by carbohydrate absorption 
(Scott et al., 2010). Treatment of the fingernail powders with fructosamine 3-
kinase resulted in a significant reduction of the area under the curve of interest, 
using samples as small as 10mg. 

 

 
Figure 12. ATR-FTIR spectra of the human ECM typical samples (the third day) in 
the range of 1000-3000 cm-1 in IVF (a) based on positive pregnancy and morphology 
(A), (b) positive pregnancy and morphology (AB) and (c) negative pregnancy and 
morphology (B) results. (Reproduced with permission from Zandbaaf, S., Khorrami, 
M.R.K., Garmarudi, A.B. and Rashidi, B.H. Diagnosis of pregnancy based 
classification of embryo culture medium samples by infrared spectrometry and 
chemometrics. Infrared Physics & Technology 104 (2019) 103069). 

 
Fourier Transform Infrared Spectroscopy (FTIR-ATR) coupled with 

chemometric approaches was used to examine in vitro fertilization (IVF) 
samples of the embryonic culture medium (ECM), for discrimination between 
positive and negative results of pregnancy (Zandbaaf et al., 2019). 

Typical ATR-FTIR spectra of ECM typical samples in the range of 1000-
3000 cm-1, based on their morphology and clinical pregnancy results, are 
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presented in Figure 12. The proposed method was shown to be reliable, fast, 
simple, and accurate for the classification and discrimination of ECM samples 
based on their serum beta - subunit human chorionic gonadotropin (β-hCG) 
levels approximately at 15 days after embryo transfer (ET). 

In the following paragraphs new infrared spectrophotometric methods for 
discrimination between healthy persons and people with health problems in 
the area of different types of cancer are presented. Figure 13 presents the most 
important types of cancer expected to be diagnosed in men and women in 2020 
(Siegel et al., 2020). 

Cancer is one of the leading causes of death all over the world (Siegel ett 
al. 2020). The low survival rate is due the fact that the diagnosis is performed 
at a stage that does not respond to the current treatments. Early detection of 
this disease and identification of people at risk can delay or prevent further 
progression with appropriate treatments and would greatly increase survival 
patient rate. 

Diagnosis from the earliest stages of cancer is an important process for 
reducing mortality, because the treatment is more effective the earlier it is 
started. Screening is based on the identification of cancer – specific 
biomarkers found in bodily fluids or tissues. The same biomarkers can be used 
also for other different purposes, including diagnosing, staging or monitoring 
the disease (Schiffman et al., 2015). 

There are several steps in the diagnosis of cancer which take time, first of 
all, and cost a lot, but a definitive diagnosis needs a biopsy, when the 
pathologists, based on their personal experience, will make decisions taking 
into account the modifications in the cell structures and/or in the distribution 
of the cells across samples. For most cases this decision making process is 
considered as the gold standard for cancer diagnosis (Rorke, 1997). But 
however, the final decision is subjective, so to improve it, some other methods 
that can offer a second opinion are necessary. 

In a recent study for cancer breast detection, H&E (haematoxylin and 
eosin) stained tissue on glass slides and infrared hyperspectral imaging was 
used (Tang et al., 2021). In Figure 14, some examples of images of H&E 
stained breast biopsy cores and infrared based chemical images of 
corresponding cores with red representing cancerous epithelium, purple 
cancerous stroma, green non-cancerous epithelium, orange noncancerous 
stroma, are presented comparatively; while in Figure 15 the average spectra, 
for each class in the training set, are presented. To simplify the cancer 
prediction problem, in this research only cores from grade II breast cancer 
patients were used. 
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Figure 13.Types of cancer expected to be diagnosed in 2020 in United States of 
America. (Reproduced with permission from Siegel, R.L., Miller, K.D. and Jemal, A. 
Cancer statistics, 2020, CA: A Cancer Journal for Clinicians, 70(1) (2020) 7-30). 

Even if there are differences that cannot be observed by naked eye, they 
can beaccessed using multivariate analysis. This study supports the work of 
Pilling et al. (Pilling and Gardner, 2016) who performed a similar study on 
prostate cancer tissue and demonstrated the wider applicability of this 
methodology. 

Similar results were obtained using serum samples for cancer breast 
diagnosis (Sitnikova et al., 2020). In Figure 16, the FTIR spectra of serum 
analysis are presented comparatively. Significant differences were especially 
observed at the frequencies of 1543 cm-1 and 1653 cm-1, corresponding to the 
absorption bands of amide II and I, respectively. In the case of a rare type of 
tumor of the mucous (mucinous) carcinoma, newly emerging bands at 3400 
and 1300 cm-1 have been observed due to the formation of a complex of muco-
glycoprotein. 
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Figure 14. Examples of H&E images (A) and their corresponding FTIR images.  
(Reproduced with permission from Tang, J., Kurfürstová, D. and Gardner, P. Breast 
cancer detection using infrared spectral pathology from H&E stained tissue on glass 
slides. Clinical Spectroscopy, 3 (2021) 100008). 

 

 

Figure 15. Average spectra of H&E images (A) and their corresponding FTIR images. 
(Reproduced with permission from Tang, J., Kurfürstová, D. and Gardner, P. Breast 
cancer detection using infrared spectral pathology from H&E stained tissue on glass 
slides. Clinical Spectroscopy, 3 (2021) 100008). 
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Figure 16. FTIR samples of blood serum spectra of the group of healthy donors and 
the group of patients with breast cancer. (Reproduced with permission from Sitnikova, 
V.E., Kotkova, M.A., Nosenko, T.N., Kotkova, T.N., Martynova, D.M., Uspenskaya, 
M.V. Breast cancer detection by ATR-FTIR spectroscopy of blood serum and 
multivariate data-analysis. Talanta, 214 (2020) 120857). 

 
Oral cancer represents a worldwide health problem with a high global 

annual incidence of new cases. Early determination of the disease has a 
recovery rate of over 80% (Siegel et al., 2014). 

Comprehensive metabolic information of patients with oral submucous 
fibrosis (OSF) and healthy controls to better understand the pathogenesis of 
the disease using bodily fluids (serum) was studied (Rai et al., 2018). In Figure 
17 the FTIR spectra of patients suffering of OSF and healthy persons are 
presented comparatively. The region 950–1800 cm−1 was selected to identify 
potential metabolic differences between the two groups. This region 
corresponds to alterations in the carbohydrates, proteins (amides) and lipids 
present in serum. 

Esophageal cancer is the cancer with the fastest rise in incidence in the 
western world, being known in two main forms. One, squamous cell 
carcinoma, is common in Asia and associated with smoking and poor diet. The 
other one is adenocarcinoma, more common in West Europe, being associated 
with the gastro-esophageal reflux of acid and bile salts and the preneoplastic 
condition of Barrett’s metaplasia of the esophagus (Reid et al., 2010; Desai et 
al., 2012). 

Ingham et al. (2019) showed that, that coupled with multivariate analysis 
techniques, it is possible to differentiate between Fourier transform infrared 
(FTIR) images of esophageal cancer OE19 and OE21 cell lines, and between 
esophageal cancer associated myofibroblast (CAM) and adjacent tissue 
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myofibroblast (ATM) cells, as can be seen in Figure 18 (Ingham et al., 2019). 
Accuracies were in the range of 81 to 97%. 

 

 

Figure 17. Representative mean FTIR spectra in the region of 600–4000 cm−1. 
(Reproduced with permission from Rai, V., Mukherjee, R., Routray, A., Ghosh, A.K., 
Roy, S., Ghosh, B.P., Mandal, P.B., Bose, S. and Chakraborty, C. Serum-based 
diagnostic prediction of oral submucous fibrosis using FTIR spectrometry. 
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 189 (2018) 
322-329). 

 
The method presents potential for clinical application in early diagnosis 

for identification of putative cancer cell microenvironments and by allowing 
the demarcation between tumor and adjacent. 

Oral cancer is a type of cancer which has increased considerably in 
Southeast Asian countries due to the extensive use of a variety of tobacco and 
betel nut products. FTIR spectroscopy, in conjunction with chemometric data, 
can be effectively used for the early discrimination of plasma samples of oral 
cancer patients, “niswar” (a dipping tobacco product) users and control 
samples of healthy persons (Adaeba et al., 2018). Biopsy is the most used 
medical procedure in oral cancer diagnosis (Oliver et al., 2004), which causes 
severe pain, and the risk of infection or bleeding (Wu and Laronde, 2009). 
Early diagnosis of cancer is indeed a major challenge so there is a need to 
develop a method useful for discriminating the fingerprints of disease samples 
in comparison to the high-risk population and healthy control groups (Figure 
19). 

FTIR spectroscopy was applied with promising results to monitor the 
evolution of cancer cells after drug treatment (Gasparri and Muzio, 2003; 
Zelig et al., 2009) and to differentiate between drug-resistant and drug-
sensitive cancer cells (Bertoli et al., 2001; Gasparri and Muzio, 2003; Baker 
et al., 2014). 
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Figure 18. (a) FTIR image of OE19 cells (~5000) integrated over all wavelengths, (b) 
the average FTIR spectra over all pixels for OE19 (green line), OE21 (red line), CAM 
(purple line) and ATM (blue line). (Reproduced with permission from Ingham, J., 
Pilling, M.J., Martin, D.S., Smith, C.I., Ellis, B.G., Whitley, C.A., Siggel-King, 
M.R.F., Harrison, P., Craig, T., Varro, A., Pritchard, D.M., Varga, A., Gardner, P., 
Weightman, P. and Barrett, S. A novel FTIR analysis method for rapid high-
confidence discrimination of esophageal cancer. Infrared Physics and Technology 102 
(2019) 103007). 

 
Recently, FTIR spectroscopy was used to study the mode of action of anti-

cancer drugs (prostate cancer cells (PC- 3) and T47D cells (estrogen receptor 
positive human breast adenocarcinoma)) at sub-lethal concentrations, by 
comparing spectra recorded from untreated and drug-treated cells (Gieroba et 
al., 2020). The results obtained are in good agreement with biological assays 
validating this method. The average FTIR spectra for PC-3, T47D and normal 
human dermal fibroblasts (NHDF) cells are shown in Figure 20. 

The addition of the drug to the cells caused changes in the region of 
phospholipids (1750–1700 cm−1) in all studied cell lines, presumably affecting 
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their structure and organization. In the NHDF line, there is no difference in 
the intensity of the phospholipid band, and it can be concluded that the drug 
interacts more strongly with the lipids of the pathological membrane, which is 
the principal characteristic of the mechanism of action of some anticancer 
drugs, which in turn may result in the development of more effective therapy 
and reduction of drug toxicity to normal cells. 

 

 

Figure 19. Comparison of the FTIR peaks for the groups under the study. 
(Reproduced with permission from Adeeba, Siddiqui, A.J., Sherazi, S.T.H., Ahmed, 
S., Choudhary, M.I., Atta-ur-Rahman, Musharraf, S.G. A comparative profiling of oral 
cancer patients and high risk niswar users using FTIR and chemometric analysis. 
Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy, 203 (2018) 
177-184). 

 
Trends of Infrared Spectroscopy in Biomedical Research 

 
Fourier Transform Infrared Spectroscopy (FTIR) has been largely employed 
by scientific researchers to improve diagnosis and treatment of biomedical 
research, using various biofluids and tissues. The technology has been proven 
to be easy to use, rapid and cost-effective for analysis on human blood serum 
to discriminate between healthy and diseased patients. The field of biomedical 
spectroscopy, including ATR-FTIR spectroscopy, has developed considerably 
in the last two decades; yet viable clinical products are only just beginning to 
emerge (Butler et al., 2019). 

 
 

Complimentary Contributor Copy



Andrei A. Bunaciu and Hassan Y. Aboul-Enein 112 

 

Figure 20. Representative average ATR-FTIR absorption spectra of the NHDF (A), 
PC-3 (B) and T47D (C) cells. The insets present normalized spectra in the region of 
asymmetric and symmetric C-H stretching vibrations of CH2 and CH3 methylene 
groups. (Reproduced with permission from Gieroba, B., Arczewska, M., Sławińska-
Brych, A., Rzeski, W., Stepulak, A. and Gagoś, M. Prostate and breast cancer cells 
death induced by xanthohumol investigated with Fourier transform infrared 
spectroscopy. Spectroschimica Acta Part A: Molecular and Biomolecular 
Spectroscopy, 231 (2020) 118112). 
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In viral diagnostic, direct methods such ATR-FTIR spectroscopy, are 
known to have a fast response and provide reliable information about the 
sample composition in order to solve the deficiencies found by standard 
techniques. The method has been used in several virological applications for 
screening or diagnosis of viral infections. 

Blood serum tests are already ordered as standard at the primary care 
level, and therefore the addition of serum spectroscopy would not significantly 
modify the existing practices within the clinic. Nowadays, the levels of 
biomolecular components, such albumin, bilirubin, cholesterol and many 
other, including cancer biomarkers (PSA, CA 19-9 and CA 125), are used for 
health service worldwide. 

The high sensitivity and specificity achievable during samples 
classification aided by machine learning algorithms, offers an opportunity to 
transform cancer referral pathways, as it has been demonstrated in a unique 
and recent prospective clinical validation study on brain tumors, (Sacharz et 
al., 2020; Rakib et al., 2021).  

The transition from research to routine clinical testing has faced several 
major technological challenges, as well as the challenges presented from the 
current patient pathway and the clinicians' acceptance of a new diagnostic test. 

It is clear that the utility of FTIR spectroscopy in the clinical environment, 
implemented with machine learning algorithms, could be an extremely 
valuable option in cancer research to obtain early diagnosis and discover novel 
tumour biomarkers. A triage tool consisting in human blood serum analysis 
with ATR-FTIR spectroscopy, set in primary care, would help GPs (good 
practices) in their ‘decision to refer’ process by providing a comprehensive 
biochemical panel indicating the likely presence of tumours. ATR-FTIR 
spectroscopy of serum is a promising, rapid, simple, non-invasive, sensitive, 
specific and cost-effective cancer diagnosis system (Finlayson et al., 2019; 
Bunaciu et al., 2017a). 

The ultimate goal for laboratory-based research is the translation to the 
clinic; however, surprisingly, only few technologies make this transition 
(Byrne et al., 2015). 

Key barriers to translation include disruption to clinical workflows and 
increased economic burden on healthcare providers; despite the clinical 
benefits that new technologies may offer (Finlayson et al. 2019). Another key 
aspect of this clinical research is the close interaction with clinicians, key 
opinion leaders and stakeholders, whose involvement is paramount to defining 
the clinical utility of any new technology. 
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ATR-HOF probe has a great application potential to in situ IR spectra 
collection of patient at different degeneration stages by combining minimally 
invasive surgery. Moreover, it is a very useful and convenient technique to 
assess the sensitivity of various cancer cells to anticancer treatments. 

 
 

Conclusion 
 

Taking into account the great number of recent preliminary reports in the field 
of screening for, or detecting disease by FTIR spectral analysis of body fluids, 
there appears to be a general interest and clinical need for these efforts. 

ATR-FTIR analysis of biofluids, particularly serum, has been shown to 
represent an important tool in different diseases research thanks to the 
impressive statistical results obtained with different machine learning 
algorithms. However, despite the numerous promising proof-of-concept 
studies performed in the last decades, clinical translation has yet to be realized. 

ATR-FTIR analysis represents a low-cost screening method for 
symptomatic patients in primary care, thereby streamlining the current 
imaging diagnostic pathway with substantial cost-saving implications for 
health services. Furthermore, the diagnostic platform highlights the clinical 
steps required before adoption of novel technologies can be considered, and 
the importance for emerging technologies to integrate and complement current 
clinical pathways to facilitate future clinical translation of ATR-FTIR 
spectroscopy within health care settings. 
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