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Preface

Infrared (IR) spectroscopy has emerged as one of the most powerful and versatile 
analytical techniques in modern science, particularly in the field of biotechnology. By 
leveraging the interaction between infrared radiation and molecular vibrations, this 
technique provides detailed insights into the chemical composition and structural 
characteristics of biological samples. IR spectroscopy is non-destructive, label-free, 
and highly sensitive, making it an invaluable tool for studying biomolecules such 
as proteins, lipids, nucleic acids, and carbohydrates at the molecular level. This is 
particularly beneficial in biomedical research, where IR spectroscopy aids in disease 
diagnosis by detecting subtle biochemical changes in tissues and biofluids. With 
advancements in instrumentation and data analysis methods, techniques such as 
Fourier Transform Infrared (FTIR) spectroscopy and Attenuated Total Reflectance 
(ATR) spectroscopy have been instrumental in differentiating between healthy and 
diseased states, including cancer detection, neurodegenerative disorders, and meta-
bolic syndromes. Beyond biomedical applications, IR spectroscopy plays a crucial 
role in pharmaceutical and biopharmaceutical research. The technique is widely 
employed for quality control, drug formulation analysis, and the characterization of 
active pharmaceutical ingredients (APIs). It facilitates the identification of molecular 
interactions, polymorphism in drug compounds, and the stability of pharmaceutical 
formulations because specific functional groups might impart desirable therapeutic 
effects or influence the compound’s interaction with biological targets. In addition 
to medicine and pharmaceuticals, infrared spectroscopy has significant implications 
for food science, forensic analysis, and environmental biotechnology. In food quality 
control, IR spectroscopy is used to assess the composition of fats, proteins, and carbo-
hydrates, ensuring product authenticity and safety. Forensic scientists utilize the tech-
nique to analyze biological traces, drug residues, and unknown substances in criminal 
investigations. In environmental monitoring, infrared spectroscopy is employed to 
detect pollutants, assess microbial contamination, and study biochemical processes in 
ecological systems. Thus, the technique’s ability to analyze biological samples in their 
native state without extensive sample preparation makes it an indispensable tool in 
various scientific domains.

This book, Recent Advances in Infrared Spectroscopy and its Applications in 
Biotechnology, aims to explore the latest developments in IR spectroscopy and high-
light its expanding role in biotechnology. Through a comprehensive discussion of 
fundamental principles, cutting-edge advancements, and real-world applications, 
this volume provides an in-depth perspective on how infrared spectroscopy continues 
to revolutionize biotechnology research. The chapter by Zhuo and Mazumder is an 
introductory chapter for IR spectroscopy, providing a foundational overview of 
infrared spectroscopy and its significance in biotechnology. The chapter explores the 
principles of IR spectroscopy, emphasizing its ability to analyze molecular structures 
through characteristic absorption patterns. Furthermore, the chapter highlights its 
diverse applications, from biomedical diagnostics and pharmaceutical research to 
environmental and food sciences. Neuroscience is a multidisciplinary field focused on 



understanding the nervous system, including the brain, spinal cord, and peripheral 
nerves. Research in this area is essential for advancing medical knowledge, improv-
ing health, and deepening our understanding of human behaviour and cognition. 
Various technologies, such as MRI, fMRI, PET, EEG, and functional Near-Infrared 
Spectroscopy (fNIRS), have been developed to study neural anatomy and function. 
Miao and Radamson, in their chapter titled “Functional Near-Infrared Imaging for 
Biomedical Applications”, provide an overview of fNIRS principles, instrumentation 
and applications. The authors also discuss the challenges and future prospects of 
fNIRS, highlighting its growing potential in neuroscience and clinical applications. 
The chapter titled “Application of Infrared Spectroscopy in the Field of Tumor” 
by Chen and Zhu discusses the application of IR spectroscopy for cancer screening 
and rapid detection. Cancer remains a leading cause of mortality worldwide, with 
delayed diagnoses significantly impacting patient outcomes and increasing the 
economic burden on healthcare systems. The authors highlight the need for rapid, 
cost-effective, and accurate diagnostic tools and discuss IR spectroscopy as a valuable 
alternative or complementary approach to traditional diagnostic methods, paving 
the way for more efficient and accessible cancer detection and management. Near-
infrared spectroscopy (NIRS) is a non-invasive technique used to monitor tissue 
oxygen saturation, delivery, and metabolism through light absorption and transmis-
sion. Widely utilized in clinical settings, NIRS is particularly effective for assessing 
cerebral oxygenation and detecting perfusion impairments. In the next chapter, titled 
“Near-Infrared Spectroscopy Technique and Its Application in Biomedical Fields”, 
Huang and Zhang provide an in-depth overview of NIRS technology, covering its 
principles, system structure, and biomedical applications. The authors also discuss 
the role of NIRS in brain and cardiac monitoring and its integration with other 
imaging modalities. The application of machine learning in NIRS signal process-
ing for enhanced clinical diagnostics is also discussed in the chapter. In the chapter 
titled “Various Approaches to Fourier-Transform Infrared Spectroscopy (FTIR) for 
Bioanalytical and Biotechnological Applications in Marine Algae”, Zamanileha et 
al. discuss the application of Fourier transform infrared (FTIR) spectroscopy for 
analysis of marine biomass. Macroalgae and marine crustaceans are now recognized 
as valuable biomass sources, offering bioactive compounds and hydrocolloids used 
as food additives to enhance texture and quality. The authors also elucidate the 
fundamentals of FTIR spectroscopy for characterizing algal hydrocolloids, covering 
extraction methods, spectral analysis, and data interpretation. Fourier Transform 
Infrared (FTIR) spectroscopy is a powerful analytical tool widely used in biomolecu-
lar research for its ability to provide structural and functional insights into proteins, 
carbohydrates, nucleic acids, and lipids. By analyzing molecular vibrations, FTIR 
generates unique spectral fingerprints, enabling precise characterization of biological 
samples. In the chapter titled “Fourier Transform Infrared (FTIR) Spectroscopy of 
Biomolecules”, Jain et al. explore the applications of FTIR spectroscopy in medical 
diagnostics, cancer research, biofuel production, and protein analysis. The authors 
also elucidate on the importance of combining data processing techniques with the 
FTIR data for qualitative and quantitative assessments of biomolecular interactions. 
UV-Vis spectroscopy is a valuable technique for identifying molecules and aggregates 
containing chromophore groups, which absorb energy due to their double or triple 
bonds. This absorption excites electrons to higher energy states, which then return to 
their ground state by releasing energy. The nature of these transitions varies based on 
molecular structure, conjugation, and auxochrome presence, allowing precise identi-
fication of molecular complexes. In the chapter titled “UV-Visible Spectrophotometry: 
IV

Introduction, Quantification, Equipment and Biotechnological Applications”, 
Mariana C. Minchiotti elucidates the principle, instrumentation and the biochemical 
and analytical applications of UV-Vis spectroscopy.

As the field of infrared spectroscopy continues to evolve, its applications in biotech-
nology will only expand further. By improving spectral resolution, data interpretation 
techniques, and sample analysis methods, researchers are pushing the boundaries 
of this technology, unlocking new possibilities for studying biological systems with 
unprecedented precision. The advancements highlighted in this book reflect the 
dedication of researchers working to refine techniques, enhance data analysis, and 
broaden applications across various disciplines. We sincerely appreciate the authors 
for their valuable contributions and their prompt responses to the reviewers’ feed-
back. Our gratitude extends to the reviewers for their thoughtful evaluations and 
insightful suggestions, which have greatly enriched the quality of this book. We also 
acknowledge the support of our colleagues whose input helped shape this volume. We 
hope this collection deepens your understanding of infrared spectroscopy and sparks 
new ideas and collaborations. Whether you are a researcher, student, or industry 
professional, may this book serve as a valuable guide in your journey of discovery. 
Wishing you a meaningful and productive reading experience!

Dr. Nirmal Mazumder
Department of Biophysics,

Manipal School of Life Sciences,
Manipal Academy of Higher Education,

Manipal, India

Dr. Guan-Yu Zhuo
Institute of Biophotonics,

National Yang Ming Chiao Tung University,
Taipei, Taiwan
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Introduction, Quantification, Equipment and Biotechnological Applications”, 
Mariana C. Minchiotti elucidates the principle, instrumentation and the biochemical 
and analytical applications of UV-Vis spectroscopy.

As the field of infrared spectroscopy continues to evolve, its applications in biotech-
nology will only expand further. By improving spectral resolution, data interpretation 
techniques, and sample analysis methods, researchers are pushing the boundaries 
of this technology, unlocking new possibilities for studying biological systems with 
unprecedented precision. The advancements highlighted in this book reflect the 
dedication of researchers working to refine techniques, enhance data analysis, and 
broaden applications across various disciplines. We sincerely appreciate the authors 
for their valuable contributions and their prompt responses to the reviewers’ feed-
back. Our gratitude extends to the reviewers for their thoughtful evaluations and 
insightful suggestions, which have greatly enriched the quality of this book. We also 
acknowledge the support of our colleagues whose input helped shape this volume. We 
hope this collection deepens your understanding of infrared spectroscopy and sparks 
new ideas and collaborations. Whether you are a researcher, student, or industry 
professional, may this book serve as a valuable guide in your journey of discovery. 
Wishing you a meaningful and productive reading experience!

Dr. Nirmal Mazumder
Department of Biophysics,

Manipal School of Life Sciences,
Manipal Academy of Higher Education,

Manipal, India

Dr. Guan-Yu Zhuo
Institute of Biophotonics,

National Yang Ming Chiao Tung University,
Taipei, Taiwan
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Chapter 1

Introductory Chapter:  
Introduction to Infrared 
Spectroscopy – Biotechnological 
Applications
Guan-Yu Zhuo and Nirmal Mazumder

1. Introduction

The study of molecular structures and dynamics is central to understanding the 
intricate processes that govern life at the molecular level. As the complexity of biologi-
cal systems continues to unfold, the need for precise and versatile analytical tech-
niques has never been greater [1]. This book, Infrared Spectroscopy - Biotechnological 
Applications, is a response to this need, offering a comprehensive exploration of 
Fourier transform infrared (FTIR) spectroscopy alongside a range of other cutting-
edge biophysical methods. FTIR spectroscopy is renowned for its ability to provide 
detailed insights into molecular vibrations, making it an indispensable tool for char-
acterizing biological molecules such as proteins, nucleic acids, and lipids. Its nonde-
structive nature and versatility across various sample types—from solids and liquids 
to live tissues—make FTIR a cornerstone in both research and applied science [2].

Infrared spectroscopy, particularly FTIR spectroscopy, has become a vital tool in 
studying biological molecules, including hydrocolloids extracted from macroalgae, 
focusing on the characterization of algae-derived hydrocolloids, their extraction 
methods, and the interpretation of infrared (IR) spectra [3]. By providing detailed 
insights, the book highlights the potential of these compounds in food and bio-
technology as sustainable and beneficial resources. Furthermore, in the field of 
cancer biology, infrared (IR) spectroscopy has significant potential as a powerful, 
cost-effective tool for cancer screening and diagnosis, offering high specificity and 
sensitivity in disease detection and classification [4]. The application of attenuated 
total internal reflection (ATR)-FTIR for the analysis of the functional groups present 
in essential oils is also investigated [5]. Furthermore, the book delves into the advan-
tages of techniques like FTIR in the field of analytical chemistry. The book provides 
an overview of functional near infrared spectroscopy (fNIRS), discussing its working 
principles, the impact of light sources and detectors on performance, and the integra-
tion of machine learning and deep learning algorithms to improve data classification 
in hybrid fNRIS-electroencephalogram-brain-computer interface (fNIRS-EEG-BCI). 
It also highlights the challenges faced by fNIRS and offers an outlook on future  
advancements in neuroscience and clinical applications. The integration of nonin-
vasive tools like near infrared spectroscopy-FTIR spectroscopy with artificial intel-
ligence (AI) holds significant potential for revolutionizing early disease detection 
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in healthcare [6]. These technologies enable the analysis of biological samples for 
specific biomarkers, but extracting meaningful information from bispectral data 
can be challenging due to low signal-to-noise ratios. FTIR spectroscopy is a crucial 
analytical method in contemporary research, renowned for its ability to analyze 
molecular vibrations and reveal the molecular composition and structure of various 
materials. Its strengths lie in its broad applications, including biomolecular analysis 
where it provides valuable insights into the structures of lipids, proteins, and nucleic 
acids, which are vital for fields such as lipidomics, proteomics, and structural biology. 
FTIR plays a key role in examining protein secondary structures and conformational 
changes, contributing to research on diseases like cancer and metabolic disorders [7]. 
It is also effective in characterizing polysaccharides, carbohydrates, and extracellular 
vesicles, which has important implications for biomaterials science, drug delivery, 
and regenerative medicine. The technique’s integration with machine learning further 
enhances its capabilities, facilitating applications such as bacterial species detection 
and nanoparticle stability assessment. Overall, the detailed molecular insights pro-
vided by FTIR across a wide range of materials make it an essential tool in scientific 
research [8].

This book is designed to serve as a resource for students, researchers, and profes-
sionals who seek to deepen their understanding of these powerful techniques. It offers 
a blend of theoretical foundations and practical applications, making it accessible 
to those new to the field while also providing advanced insights for experienced 
practitioners.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

Functional Near-Infrared Imaging
for Biomedical Applications
Yuanhao Miao and Henry H. Radamson

Abstract

Functional near-infrared spectroscopy (fNIRS) is utilized as an optical approach
for biomedical applications, especially for the brain-computer-interfaces (BCIs)
applications due to their absorption contrast between oxygenated hemoglobin (oxy-
Hb) and deoxygenated hemoglobin (deoxy-Hb). In this chapter, we first make a brief
introduction about the research background of fNIRS; then, the basic work principle
of the fNIRS instrument was also reviewed, the performance of which was greatly
affected by the light source (LEDs and lasers) and detectors (pin photodetector,
avalanche photodiodes, and photomultiplier tube); afterward, we thoroughly intro-
duce the fNIRS and hybrid fNIRS-EEG BCIs with a focus on the data classification
methods, for instance, machine-learning (ML) algorithms and deep-learning (DL)
algorithms, thereby forming better classification accuracies; lastly, challenges of
fNIRS were pointed out, and an outlook was also made to foster the rapid research and
development of this technology toward neuroscience and clinical applications.

Keywords: fNIRS, BCIs, light source, detector, hybrid fNIRS-EEG

1. Introduction

Neuroscience is a multidisciplinary field dedicated to understanding the nervous
system, comprising the brain, spinal cord, and peripheral nerves, which spans a
variety of scientific fields. Consequently, research in related aspects is crucial for
advancing our understanding of the nervous system, improving human health, and
enhancing our capabilities to interact with and understand the world [1, 2]. Moreover,
it also bridges disciplines and continues to reveal the intricate mechanisms that govern
our thoughts, behaviors, and experiences. With the development of neuroscience,
numerous technologies were developed to help researchers understand the anatomy
and operation of nervous system, such as magnetic resonance imaging (MRI) [3, 4],
functional MRI (fMRI) [5], positron emission tomography (PET) [6], electroenceph-
alography (EEG) [7], and fNIRS [8–10]. Compared with other technologies, fNIRS
technology offers the advantages of non-invasive, safe, high spatial and temporal
resolution, portable and flexible, real-time monitoring, cost-effectiveness, etc. Thus,
many scientists are working on the fNIRS technology.

Typically, fNIRS instrument consists of a near-infrared (NIR) light source, optical
detector, optical fibers, control system, and data acquisition system, which are
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employed to measure the variations of oxy-Hb and deoxy-Hb amounts. Since oxy-Hb
and deoxy-Hb absorb the NIR light at dissimilar rate, relative concentration variations
of oxy-Hb and deoxy-Hb were determined by quantifying the absorption amount and
changes of NIR light in brain tissue, thereby reflecting the metabolism of cerebral cortex
situation. Specifically, blood supply will rise when a certain brain area is active, thus
increasing the oxy-Hb concentration and decreasing the deoxy-Hb concentration. fNIRS
technology illuminates the cerebral cortex with NIR light and measures the absorption
and changes of NIR light by the brain tissue. It can obtain the variations of oxy-Hb and
deoxy-Hb while the brain is active, as well as analyze the metabolic activity and neural
function of cerebral cortex; exhibiting fNIRS technology is a practical method that can
be used in the brain-computer-interfaces (BCIs) applications [11–13].

In this chapter, fNIR technology with two or three light sources and detectors was
always used for the BCI applications. Both the fNIRS instrument and fNIRS-based
BCIs were developed to push the fNIRS to be used for non-invasive BCI applications,
especially for drowsiness detection. Additionally, hybrid fNIRS-EEG-based BCIs pre-
sent a promising strategy for assessing cerebral activity in BCIs.

2. fNIRS instrument

Since 1980s, the fNIRS technique has been found to be a feasible method to detect
adult cortical oxygenation. Afterward, considerable work was done to develop the
fNIRS instrumental prototypes and even products. Basically, there are several reasons
why the fNIRS technique can be used for the neuroscience field: (I) human tissues
exhibit a considerable level of transparency to the light ranging from 650 to 1000 nm;
(II) NIR light is also susceptible to the pigmented compounds or scattering; (III) light
ranging from 650 to 1000 nm possesses the capability to penetrate into the human
tissues; (IV) comparatively elevated optical attenuation in the brain tissues. The
optical principle of fNIRS is mainly based on the scattering of NIR light. When light
penetrates the cerebral cortex, it is scattered and absorbed by the oxy-Hb and deoxy-
Hb in the brain tissue. Since the two Hbs have different absorption rates of NIR light,
relative concentration changes of oxy-Hb and deoxy-Hb were determined by evaluat-
ing the absorption amount and changes, thereby reflecting the metabolism status of
the cerebral cortex.

Specifically, when a certain area of the brain is active, the blood supply to that area
increases, causing the oxy-Hb concentration to surge while the deoxy-Hb concentra-
tion recedes. By measuring these Hb concentration changes, fNIRS can indirectly
reflect the metabolic activity and neural function of the cerebral cortex. To gain a fully
understanding of fNIRS workflow, a schematic diagram illustrating the path of NIR
light as it travels through the human head has been presented in Figure 1 [14]. It is
clearly observed that the emitter and detector are the main components of the fNIRS
instrument.

Generally, the fNIRS instrument uses two or more NIR light sources with specific
wavelengths (typically at least one in the red region and the other in the infrared
region), which was employed to differentiate the properties of oxy-Hb absorption and
deoxy-Hb absorption (Table 1). The light sources used in the fNIR instrument pri-
marily include LEDs and lasers. Among them, LEDs are widely employed in fNIR
systems due to their advantages of low power consumption, long lifespan, and high
stability. However, specific type of light source varies depending on instrument
model, configuration, and application requirements. Compared with LEDs, lasers are

8
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less common in fNIR systems, which is maybe a better choice for higher sensitivity
and higher resolution applications due to their ability to produce high-intensity,
monochromatic, and highly directional beams. The selection of light source wave-
lengths is crucial in fNIR systems, which allows for good penetration through the scalp
and skull while differentiating the characteristics of oxy-Hb absorption and deoxy-Hb
absorption.

The detector is used to receive NIR light that is reflected or transmitted after
passing through the scalp and brain tissue. These NIR detectors are usually highly
sensitive photodiodes, such as pin photodetector (PD) [15–19], avalanche photodiode
(APD) [20–22], and photomultiplier tube (PMT) [23–25]. Compare with PD, APD
possesses the internal gain mechanism, which can generate the secondary carriers and
amplify the photocurrent through the avalanche multiplication effect. The internal
gain mechanism enables the Si APDs to detect weaker optical signals with higher
sensitivity, faster response speed, and exceptional signal-to-noise ratio (SNR). PMT is
a specialized vacuum electronic device that converts weak optical signals into electri-
cal signals and significantly enhances the intensity through multiple stages of multi-
plication amplification, which can detect extremely weak optical signals, shorter
response time, broader spectral range (ultraviolet, visible light, and near-infrared),
and exceedingly low noise. Despite the detector sensitivity, there are also several other

Figure 1.
Schematic diagram of NIR light traveling through the head, including, scalp, skull, gray matter, detector, emitter,
and path of detected light [14].

Light source type LEDs Lasers

Penetration depth 2 cm 3 cm

Portability Yes No (needs optical fibers)

Wavelength range Broad Narrow

Peak intensity Low High

Accuracy Moderate High

Price Cheap Expensive

Safety Yes Yes (Class I or Class II)

Table 1.
Comparison of LEDs and Lasers for fNIRS instrument.
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possible factors that will affect the SNR during fNIRS imaging: (i) optical coupling
between the light source and tissue; (ii) light scattering in the different brain tissues
and subject; (iii) brain tissues and subject movement will disrupt the light path and
also lead to the detected signal change; (iv) data processing method; (v) physiological
noise, such as changes in blood flow or heart rate can also introduce the noise, which
will also cause the SNRs.

Even there are also GaAs and InGaAs NIR detectors, SiGe(Sn) semiconductor is
the most favorable choice [26–30]. Meanwhile, NIR detector choice also determines
the sensitivity of fNIR instrument (Table 2).

The typical interaction between NIR light and brain tissue usually consists of three
possible paths: absorption, scattering, and transmission. The energy variation quanti-
fied through the absorption is specified as:

ΔE ¼ hv ¼ h
c
λ

(1)

In this equation, c represents the speed of the NIR light, λ denotes the NIR wave-
length, and h stands for Planck’s constant. The correlation involving the absorption of
oxy-Hb and deoxy-Hb at specific wavelengths can be derived from this equation.
Figure 2 shows the absorption spectrum of oxy-Hb and deoxy-Hb that are important
for the fNIRS; 690 nm and 830 nm NIR light were highlighted as the light source due
to their absorption contrast for oxy-Hb and deoxy-Hb [31].

The absorber property will affect the NIR optical routine as well as behaviors,
which also have the Beer-Lambert law equation:

I ¼ IOe�ε C½ �L (2)

This means that light (I) attenuation is proportional to the product of absorber
([C]) and optical routine distance (L). The light attenuation (A) can be obtained by
applying the logarithm and calculating the reciprocal of the output divided by the
input.

A ¼ log
IO
I

� �
¼ ε C½ �L (3)

NIR detector type PDs APDs PMTs

Internal gain No 10 to a few 100 reach up to 107

Sensitivity Low Higher than PDs Meet gold standard

Speed Fast Faster than PDs Faster than PDs

Portability Yes (on head) No No

Voltage supply Low High High

Safety Yes No No

Cooling system No Yes Yes

Dynamic range 100 dB 60 dB 60 dB

Table 2.
Comparison of NIR PDs, APDs, and PMTs for fNIRS instrument.
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To quantify the absorption variations of oxy-Hb and deoxy-Hb concentration,
Beer-Lambert law was modified as the following equation:

ΔOD ¼ εΔCLB (4)

In this equation, ε represents the extinction coefficient, ΔC indicates the variation
of oxy-Hb and deoxy-Hb concentration, L denotes the light source-detector distance,
and B refs to the differential path-length factor (DPF).

3. fNIRS-based BCIs

3.1 fNIRS-BCI for drowsiness detection

In the realm of neurotechnology, BCIs offer unprecedented opportunities for
enhancing human tissue cognition, treating neurological disorders, and facilitating
communication beyond natural boundaries. BCIs also establish the direct communi-
cation link between human brain and external device simultaneously, which enables
the transfer of information in both directions. Based on whether craniotomy surgery is
performed, BCIs are classified into invasive and non-invasive. Invasive BCIs involve
placing chips directly on the brain’s cortex, offering high signal precision but requiring
a craniotomy. While modern minimally invasive procedures can achieve small inci-
sions of just one or two centimeters, introducing foreign objects into the body can
trigger immune responses. Over time, electrodes may become encapsulated, leading
to signal loss, and there is also infection risk. Non-invasive BCIs place electrodes on
the wearable caps, with signal strength generally lower than invasive methods, but
surgery is not involved. In clinical settings, particularly for treating epilepsy, invasive
BCIs are currently predominant and well-developed, demonstrating significant effi-
cacy. Meanwhile, commercially available non-invasive BCI products are designed for
improving sleep or monitoring fatigue during driving, indicating non-invasive BCI
technology can be widely used in our daily life without craniotomy surgery risk and

Figure 2.
Absorption characteristics of oxy-Hb and deoxy-Hb range from 650 to 900 nm [31].
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complexities, especially for special populations, such as senior citizens, children, and
pregnant woman. To date, there are three categories of non-invasive BCIs: EEG,
fNIRS, and fMRI. Compared with EEG and fMRI, fNIRS offers unique advantages,
particularly in terms of low noise, real-time imaging, security, portability, and eco-
nomic viability, making it valuable for the drowsiness state application.

To reduce the safety risks associated with fatigue driving, fNIRS-based BCIs were
proposed to monitor the drowsiness state of the driver. Studies have shown that drows-
iness often manifests in the prefrontal cortex (PFC) while operating a vehicle. The main
body of studies is primarily focused on identifying the neural associations crucial for
drowsiness detection. Meanwhile, it is crucial to study both the hemodynamic response
characteristics and neuronal responses associated with drowsiness to prevent false
alarms. For this reason, Khan and Hong feasibility of drowsiness detection was studied
by leveraging hemodynamic brain activity in an fNIR-based BCI setup [32]. The
drowsiness indicators were captured with continuous-wave (CW) fNIRS technology,
the operation wavelengths are 760 nm and 830 nm, respectively (Figure 3).

Signals were captured using a 28-channel NIRS setup; the numbers of source and
detectors in each channel were 7 and 16, respectively. Specifically, channels 1–8
recorded the statistics from the right side of the dorsolateral prefrontal cortex (DPFC),
while channels 21–28 recorded data from the left side of the DPFC. All the channels
were categorized into three regions: channels 1–8 constituted region A, channels 9–20
were designated as region B, and region C encompassed channels 21–28. The modified
Beer-Lambert law [33] was employed to transform the unrefined data into concentra-
tion changes of the oxy-Hb and deoxy-Hb (ΔHbO and ΔHbR), which was expressed as:

A t; λð Þ ¼ ln
Iin λð Þ

Iout t; λð Þ ¼ α λð Þ � c λð Þ � l� d λð Þ þ η (5)

ΔcHbO tð Þ
ΔcHbR tð Þ

� �
¼ ΔA t; λ1ð Þ

αHbO λ1ð Þ αHbR λ1ð Þ
αHbO λ2ð Þ αHbR λ2ð Þ

� �
� l� d λð Þ � ΔA t; λ2ð Þ

(6)

Figure 3.
The positioning of source, detector across the regions of the prefrontal and dorsolateral prefrontal cortex [32].
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where A is the light absorbance, Iin corresponds to the density of incident light, Iout
denotes the measured light flux, α denotes extinction coefficient at a certain wave-
length, c refers to the absorption concentration, l indicates the source-detector dis-
tance, d represents differential path-length factor (DPF), and η signifies light
attenuation because of light scattering. An essential consideration in feature extraction
is determining the optimal temporal window size for effectively capturing drowsiness
and alert states’ distinctive features. Based on all these equation and calculation
methods, three distinct time windows (0–5, 0–10, and 0–15 seconds) were extensively
explored. For each segment, they analyzed eight different characteristics by averaging
the signal within different regions.

Figure 4a illustrates the average variations in classification accuracy across
different time windows within region A, region B, and region C, indicating region A
consistently exhibits higher average accuracy compared to the other regions (regions
B and C). Although there is a slightly decrease in the mean accuracy in the 0–5 sec
time interval when the sec time window was changed to 0–15, it remains above 70%,
making the 0–5 sec window the most suitable choice among the three for fNIRS-based
BCIs applications. Figure 4b presents the mean and standard deviation across subjects
within the three regions. These results are averaged across all the time intervals for
each subject in different regions. Broadly, drowsiness activity detection is more effec-
tive in region A. Figure 4c illustrates the statistics variability across the channels for
all subjects, thereby highlighting higher signal variations in region A. This study
demonstrated that the right DPFC yielded higher drowsiness and alert state accuracy

Figure 4.
(a) Mean classification accuracies across 13 subjects for each time window (0–5, 0–10, and 0–15 seconds); (b)
mean classification accuracies and variability across the subjects in different regions; (c) occurrence count of drowsy
state across 13 subjects (e.g., Chapter 1 exhibited the drowsy state in four subjects) [32].
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compared to the PFC and DPFC regions on the left side. In the PFC region, mean
accuracies across the second time windows of 0–15 to 0–5 range from 84.9% to 64.4%.
The t-tests were employed to assess the significance of accuracies. Compared with
the precisions in other regions, region A yields the p-values of 0.0001 for both
0–5 seconds and 0–10 second time windows, indicating notable activities are clearly
observed from channels 1 to 8 in the drowsy state detection. Furthermore, no sub-
stantial discrepancies in mean precisions in the midst of the different distinct
time intervals were observed in Figure 4a, suggesting that the time intervals with
0–5 seconds range are more suitable for identifying the drowsiness via fNIRS-based
BCIs. It should be noted that support vector machines (SVM) method was employed
to improve the accuracy of classification. Generally, ML algorithms and DL algorithms
were used to compute the classification accuracy. This part gives a detailed introduc-
tion to different types of ML and DL algorithms.

There several types of ML algorithms were developed, including SVM, k-Nearest
Neighbor (k-NN), and Linear Discriminant Analysis (LDA) [34–37].

SVM is widely recognized for processing the data from the fNIRS-BCI system.
Hyperplanes, created by SVM classifier, were employed to maximize the separation
distance from the nearest training points. The separating hyperplane is expressed as:

f xð Þ ¼ r � xþ b (7)

where b functions as the factor for scaling, while r, x are the elements of R2, b
belongs to the R1. The equation for r* (optimal solution) is formulated as:

1
2

wk k2 þ C
Xn
i¼1

ξi (8)

yi w
Txi þ b

� �
≥ 1� ξi, ξ≥0 (9)

yi stands for the class label of the sample,T signifies the transpose operation, and n
is the aggregate samples quantity, ||w||2 = wTw, wT and xi ∈ R2, b ∈ R1, C serves as a
parameter for trade-off, and ξi denotes the error for the training.

In the k-NN approach, the advantages of minimal computational demands and
straightforward implementation make it popular in the fNIRS-based BCIs. The fol-
lowing equation given the Euclidean distance:

DE p, qð Þ ¼
Xn
i¼1

pi � qi
� �2

" #1=2

(10)

where n denotes n-dimensional space, p and q represent the two points in n-
dimensional space, and the corresponding two pairs of vectors are denoted as pi and
qi, respectively.

Normally, discriminant hyperplanes were utilized by LDA to effectively distin-
guish the different classes, the advantages of simplicity and rapid execution make
LDA well-suited for different types of BCI systems. Fisher’s criterion is also optimized
to minimize the intra-class variance and maximize the inter-class separation, the
equation for which is given as follows:

J vð Þ ¼ vTSbv=vTSwv (11)
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Sb and Sw refer to the scatter matrices that account for between-class and within-
class variations, respectively, which were given by:

Sb ¼ m1 �m2ð ÞTþ1 (12)

Sw ¼
X

xn ∈C1

xn �m1ð Þ x�m2ð ÞT þ
X

xn ∈C2

xn �m1ð Þ x�m2ð ÞT (13)

Samples are represented as xn, m1 denotes the class mean for groups C1, while m2

denotes the class means for C2. In the ML algorithms, peak accuracies of SVM, k-NN,
and linear LDA are 78.90, 77.01, and 66.70%, respectively [38], suggesting that SVM
provides the best peak accuracy (Figure 5).

3.1.1 DL algorithms

The data biases and data overfitting are the drawbacks encountered in the fNIRS-
based BCIs classification with ML algorithms, which also consumes a lot of times. To
avoid the above-mentioned problems, DL algorithms are one of the most promising
methods to extract the appropriate features of complex fNIRS-BCI signals. Typically,
DL algorithms are classified as convolutional neural networks (CNNs), long short-
term memory (LSTM), and bidirectional LSTM (Bi-LSTM) [38–40]. This part intro-
duces the three types of DL algorithms.

CNNs are convolutional neural networks that were designed for autonomously
extracting the meaningful characteristics from the fNIRS-based BCIs statistics, which
comprise the four types of layers. fNIRS-based BCI statistics, representing the varia-
tions for the oxy-Hb concentrations across the channels, are processed using the
CNNs method. Within the convolutional layer, convolution kernels extract the fea-
tures. CNNs were able to enhance the classification accuracy by iteratively improving
filter weight across the whole propagation. Mathematically, the convolutional process
is represented as:

Figure 5.
ML classification accuracies of SVM, k-NN, and LDA algorithms in nine subjects [38].
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Ct ¼ f w ∗Xt�1=2:tþl=2 þ b
� �

(14)

In this equation, C represents convolving output,T denotes filter, X denotes
length, ω denotes length, l and b represent the parameters with bias, f denotes non-
linear activation function.

LSTM and Bi-LSTM: LSTM is another type of DL algorithm, which can classify the
fNIRS data with high accuracy, processing, and forecasting. The internal mechanism
includes forget, input, and output gates. Here are the equations for all the gates:

f t ¼ σ � Wf � ht�1,xt½ � þ bf
� �

(15)

it ¼ σ � Wi � ht�1, xt½ � þ bið Þ (16)

ot ¼ σ � Wo � ht�1, xt½ � þ boð Þ (17)

Here, Wf, Wi, and Wo denote weight matrices associated with three gates, ht � 1

represents the concealed state. All these three gates are utilized to regulate the
values flow throughout the network [41]. The function of the sigmoid represents as
follows:

f xð Þ ¼ 1þ e�k x�xOð Þ
h i‐1

(18)

Here, xo represents the midpoint of the x-value for sigmoid function, e denotes
the natural logarithm base, and k denotes the rate of growth. The bidirectional LSTM
(Bi-LSTM) integrates forward and backward LSTM networks together [42], which
makes Bi-LSTM operate better than LSTM networks. For ML algorithms, the peak
accuracies of CNN, LSTM, and Bi-LSTM are 95.47, 95.35, and 95.54%, respectively,
suggesting that DL algorithms provide higher peak accuracy than ML algorithms
(Figure 6).

Figure 6.
DL classification accuracies of CNN, LSTM, and Bi-LSTM algorithms in nine subjects [38].
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4. Hybrid fNIRS-EEG-based BCIs

Both fNIRS and EEG serve as beneficial tools to monitor brain activities in BCI
applications. fNIRS detects the changes in NIR light intensity following its moves
across the scalp and cerebral tissue, providing insights into the oxy-Hb and deoxy-Hb
activity. Different from fNIRS, EEG captures the electrical signals from groups of
neurons over short periods by placing electrodes over the head. Currently, fNIRS as
well as EEG are widely utilized in BCIs on account of the non-invasive feature, cost-
effectiveness, portability, and suitability for prolonged monitoring. Nevertheless,
fNIRS as well as EEG have their own benefits and drawbacks in terms of temporal

Figure 7.
Hybrid fNIRS-EEG-based BCIs. (A) Schematic diagram of optodes and electrodes; (B) Optodes and electrodes
positioning of fNIR and EEG; (C) Hybrid fNIRS-EEG-based BCLs robot system [47].
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resolution, spatial resolution, spatial specificity, motion artifacts, sensitivity, etc.
Therefore, hybrid fNIRS-EEG-based BCIs present a promising strategy to provide a
comprehensive assessment of cerebral activity in BCIs [43–46].

With the rapid expansion of consumer electronics, there has been a corresponding
surge in research exploring the integration of fNIRS and EEG technologies. This
convergence has led to various innovative methodologies aimed at enhancing BCI
systems. One prominent approach involves the development of full-head caps that
seamlessly combine optodes for fNIRS and electrodes for EEG into a single integrated
setup (Figure 7A). This design not only facilitates simultaneous data acquisition but
also ensures spatial alignment of measurements, which is crucial for accurate fusion
and interpretation of fNIRS-EEG data [47].

Alternatively, researchers have explored using distinct modalities in different scalp
regions (Figure 7B), exploiting the complementary strengths of fNIRS and EEG. This
spatial separation allows for specialized measurements optimized for each modality’s
strengths: fNIRS excels in providing spatially resolved hemodynamic responses, while
EEG offers high temporal resolution ideal for capturing rapid neural dynamics.
Beyond these integrated and segregated approaches, some BCIs utilize the EEG signals
to decode brain activities while simultaneously employing an fNIRS device to monitor
the cortical activations (Figure 7C). This hybrid method capitalizes on the strengths
of both technologies, aiming for enhanced accuracy and robustness in BCI applica-
tions. For instance, fNIRS can provide supplementary information about cortical
oxygenation levels, which can complement EEG’s electrical signals in decoding cogni-
tive states or motor intentions.

In the realm of BCIs employing fNIRS-EEG hybrids, ML and DL algorithms are
crucial for the data processing and classification. These algorithms are applied to
preprocess raw data, extract relevant features, and classify neural patterns associated
with specific tasks or mental states. Figure 8 illustrates a detailed procedural overview
of how these algorithms are implemented in practice, showcasing the step-by-step
data flow and decision-making processes involved in fNIRS-EEG BCI systems. More-
over, the integration of ML and DL in fNIRS-EEG BCIs underscores a broader trend
toward leveraging advanced computational techniques for neuroscientific research
and clinical applications. These algorithms improve both the accuracy of neural signal

Figure 8.
Data processing procedure in hybrid fNIRS-EEG-based BCIs [47].
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classification and real-time feedback, enabling adaptive interfaces that can adjust to
user-specific neural responses [47].

Hybrid fNIRS-EEG technologies in BCIs represent a promising frontier in neuro-
science and neuroengineering. By combining the spatial specificity of fNIRS with the
temporal dynamics of EEG, researchers are advancing toward more sophisticated and
effective brain-computer interface systems. These developments hold potential
implications not only for assistive technologies but also for enhancing our under-
standing of brain function and cognition across diverse populations and applications.
As research continues to evolve, further innovations in sensor design, signal
processing techniques, and algorithmic approaches are expected to drive the future
growth and adoption of fNIRS-EEG hybrid systems in both research and clinical
settings.

5. Conclusions

In conclusion, fNIRS technology are facing the problems of limited SNR,
limited penetration depth, depth sensitivity, lower SNRs, data processing
algorithms dependent, and limited spatial resolution, etc. To solve the
above-mentioned problems, future fNIRS research could be improved from the
following aspects: Firstly, improve the light source and detector design, especially for
the light source and detector operating at the short-wave infrared (SWIR) and long-
wave infrared (LWIR) range, which can increase the penetration depth in the brain
tissues [48–50]. Secondly, develop more advanced optics technologies and improve
the depth sensitivity. Thirdly, the optical imaging method and spatial resolution
should be improved. Lastly, fNIRS was combined with other imaging techniques
(such as fMRI and EEG) to achieve a more comprehensive assessment of brain
function.

fNIRS technology can be classified as continuous-wave (CW) mode and pulsed
mode, but they exhibit significant differences in terms of light source emission
methods, data processing, analysis, and application scenarios. Researchers should
select the appropriate fNIRS mode based on their specific research needs and experi-
mental conditions. CW fNIRS is widely applied in laboratory research, educational
psychology, health psychology, engineering psychology, and clinical medicine due to
its portability, low cost, and ease of use. It is particularly suitable for scenarios requir-
ing long-term and repeated measurements, such as cognitive neuroscience studies in
infants and special populations. While more complex and costly, pulsed fNIRS excels
in applications that require high precision and spatial resolution, which is more suit-
able for studies that demand detailed optical parameter information, such as fine brain
region differentiation and neural activity localization in advanced cognitive neurosci-
ence research.
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Chapter 3

Application of Infrared 
Spectroscopy in the Field of Tumor
Luobei Chen and Kejing Zhu

Abstract

Cancer is currently the leading cause of death in countries and an important 
obstacle to extending national life expectancy. Due to the delayed reporting of results 
and the delay of patient care caused by the current medical workflow, the result will 
affect the treatment and prognosis of patients and bring potential economic burden to 
medical institutions. The development of novel, low-cost, and rapid diagnostic plat-
forms is the key to breaking through the current diagnosis and treatment dilemma. 
The potential of infrared (IR) spectroscopy as a powerful clinical tool is very clear, 
as can be seen from countless proof-of-principle studies with high specificity and 
sensitivity for disease detection and classification. Therefore, for cancer screening, 
rapid detection, simple operation, low cost, and alternative or auxiliary diagnostic 
technology infrared spectroscopy has important potential.

Keywords: infrared spectroscopy, application, tumor, preliminary screening, 
distinguish

1.  Introduction

Cancer represents an increasingly significant global health burden. According 
to the World Health Organization’s (WHO) 2015 estimates on premature mortality, 
cancer is the leading cause of death among individuals under 70 years of age in 48 
countries and the second leading cause of death in 43 additional countries [1]. Over 
the years, the incidence of cancer has been on the rise, and this trend is expected to 
continue. It is reported that in 2018, an estimated 9.6 million people worldwide suc-
cumbed to cancer [2]. According to the GLOBOCAN 2020 estimates compiled by the 
International Agency for Research on Cancer, there were approximately 19.3 million 
new cancer cases and nearly 10 million cancer-related deaths globally [3]. Other 
scholars have projected that by 2030, the number of cancer-related deaths will reach 
13 million [4]. By 2040, there will be 28.4 million new cancer cases, a 47% increase 
from the 19.3 million reported in 2020 [5]. This trend may be attributed to the further 
intensification of global aging, as cancer is an age-related disease [6]. With increasing 
life expectancy, the number of cancer cases will rise over time. Additionally, various 
risk factors such as smoking, alcohol consumption, unhealthy diets, lack of physical 
activity, and air pollution further contribute to this phenomenon [7]. Meanwhile, 
cancer imposes a substantial economic burden globally. A decision-analytic model 
study on the global economic burden of cancer estimated the cost to be $25.2 trillion 
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(in constant 2017 international dollars) from 2020 to 2050. China and the United 
States face the largest absolute economic burdens, accounting for 24.1 and 20.8% of 
the global burden, respectively. This is equivalent to a “tax” of 0.55% on global GDP 
annually [8]. In summary, cancer has become a significant global burden.

The onset and progression of cancer is a complex process involving multifactorial 
interactions. Various theories exist regarding the origins of cancer. Among them, 
the “Bad Luck Theory” posits that cancer primarily arises from random mutations 
accumulated during stem cell division, with these stochastic mutations serving as 
the main driving force behind cancer development. As cells accumulate multiple 
critical mutations over their lifespan, these mutations ultimately lead to uncontrolled 
cell proliferation, forming tumors [9]. Additionally, the “Tissue Organization Field 
Theory” emphasizes that carcinogens disrupt the entire tissue, interfering with the 
biophysical and biomechanical communication between the parenchyma and stroma, 
highlighting the importance of the microenvironment in cancer initiation. In con-
trast [10], the “Basal State Theory” focuses on changes in cellular functional states, 
suggesting that the plasticity of cells during development, aging, and injury alters 
their susceptibility to malignant transformation [11]. Beyond origin theories, cancer 
development is influenced by both intrinsic and extrinsic factors. Intrinsic factors 
include stem cell identity, epigenomic alterations, and DNA mutations. Stem cells or 
cells with stem-like properties, due to their high proliferative capacity, are often con-
sidered the origin of cancer [12]. Epigenetic modifications, such as DNA methylation 
and histone modifications, can significantly influence gene expression and cellular 
behavior, thereby promoting cancer development [13, 14]. Although DNA mutations 
are crucial in cancer, not all mutations lead to cancer; certain mutations may have 
greater oncogenic potential in specific cell types [15]. Extrinsic factors also play a 
pivotal role in cancer progression. For instance, stromal and immune cells within the 
tumor microenvironment interact with cancer cells, creating favorable conditions for 
tumor growth [16]. Infections and alterations in the microbiome, such as Helicobacter 
pylori and human papillomavirus, can increase cancer risk, and dysbiosis may also 
contribute to cancer development [17]. Moreover, physical and chemical mutagens 
like ultraviolet radiation and alcohol increase cancer risk by inducing DNA damage 
and epigenetic changes [18]. In summary, cancer is not caused by a single factor but 
results from the interplay between intrinsic and extrinsic elements. Cellular plastic-
ity and self-renewal mechanisms are central to cancer development, while external 
factors like tissue damage and inflammation may exacerbate this process. The transi-
tion from normal to malignant cells is a multifactorial phenomenon, underscoring the 
complexity and diversity of cancer treatment (Figure 1).

Cancer has become a major obstacle to increasing average life expectancy 
across countries [19]. The low survival rates often reflect the fact that most 
patients are diagnosed at a stage where current treatments are ineffective. Clinical 
experience indicates that once cancer symptoms manifest, the disease may be irre-
versible, leading to poor prognostic outcomes. Additionally, cancer significantly 
impacts the economy by reducing productivity, causing unemployment, and 
leading to losses in the workforce and capital investment [20]. Early detection and 
identification of high-risk individuals can delay or prevent disease progression, 
enabling timely and appropriate treatment that significantly improves survival 
rates. Numerous studies have shown that many tumors are entirely treatable when 
detected early. Investment in early cancer screening, diagnosis, and treatment 
can yield substantial health and economic benefits, providing crucial insights for 
global policymaking.
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Cancer diagnosis requires expertise across multiple disciplines. Histopathological 
analysis of biopsy-collected samples remains the gold standard. Various molecular 
biology techniques complement anatomical pathology, such as reverse transcrip-
tion polymerase chain reaction (RT-PCR) for detecting oncogenes, also known as 
next-generation sequencing (NGS) [21]; immunohistochemistry (IHC) for iden-
tifying cancer-related proteins/glycoproteins [22]; transcriptomics for evaluating 
proliferation markers [23]; and the analysis of overexpressed or mutated cell cycle 
regulatory proteins [24]. Imaging technologies also play a crucial role in cancer 
diagnosis, providing vital information on tumor blood flow, physiology, anatomy, 
and metabolism through modalities like ultrasound, magnetic resonance imaging 
(MRI), positron emission tomography (PET), computed tomography (CT), and 
X-rays [25]. Tumor-specific biomarkers, defined as molecular changes in bodily 
fluids and tissues associated with disease, are essential for screening, diagnosis, and 
timely clinical intervention [26]. Several tumor markers are currently employed in 
clinical practice, such as prostate-specific antigen (PSA) for prostate cancer, and 
other cancer antigen tests like CA 19–9 for gastrointestinal and pancreatic cancers, 
and CA 125 for ovarian cancer.

The aforementioned methods represent the mainstream approaches for cancer 
screening and diagnosis. Despite their feasibility, each method has its inherent limita-
tions. Histopathological diagnosis is invasive, time-consuming, and heavily reliant on 
the subjective judgment of pathologists, leading to inter- and intra-observer variabil-
ity, thereby limiting its sensitivity [27]. Approximately 10% of pathological evalu-
ations fail to yield definitive diagnoses due to the histological similarity of certain 
tumors or the inability to identify tissue origins from poorly differentiated cells [28]. 
Imaging techniques, while addressing some of these limitations (non-invasive, rapid 
results), still depend on the subjective judgment of experienced radiologists, lead-
ing to inconsistent results among practitioners of varying expertise. Furthermore, 
cancer biomarkers often lack high specificity and sensitivity—crucial parameters for 
effective tumor screening. For instance, prostate-specific antigen (PSA) and other 
cancer antigen tests like CA 19–9 for gastrointestinal and pancreatic tumors and CA 
125 for ovarian tumors have specificity values exceeding 90%, but their sensitivity 
ranges from 50 to 62% (CA 125) [29], 72% (PSA) [30], and 79–81% (CA 19–9) [31]. 
This results in an increased rate of false positives, potentially leading to overdiagnosis 
and overtreatment, which are neither reasonable nor necessary. Molecular biology 
methods, which are relatively novel, are primarily used in basic research, with some 
applications in clinical practice showing promise but requiring further validation. 
A common issue across all these methods is their unsuitability for national or popu-
lation-wide screening programs due to cost and expertise constraints, limiting their 

Figure 1. 
Biogenesis of cancer.
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application in rural and remote areas. There is a significant clinical need for alterna-
tive or adjunct diagnostic techniques that are rapid, easy to operate, cost-effective, 
and conducive to widespread screening. The increasing cancer burden due to an aging 
population places additional strain on existing healthcare systems. To alleviate this 
situation, developing innovative, low-cost, and rapid diagnostic platforms is crucial. 
The scientific community is therefore continuously seeking highly sensitive alterna-
tive technologies to enable early cancer diagnosis in a swift and non-invasive manner, 
providing broader and more accurate information.

2.  The basic principle and technique of infrared spectroscopy

Infrared (IR) spectroscopy is a well-established analytical technique extensively 
utilized in the life sciences [32]. Since its inception in the early twentieth century, 
IR spectroscopy has undergone continuous development, securing a pivotal role at 
the forefront of modern science due to its high chemical specificity and numerous 
practical advantages [33]. It is a non-destructive analytical method that acquires 
highly specific molecular fingerprint information through the interaction of elec-
tromagnetic radiation (EMR) with matter, providing significant benefits in fields 
such as physical chemistry, biochemistry, quantitative and qualitative analysis, and 
environmental research. The principle of IR spectroscopy is based on the interaction 
between EMR and matter [34]. Electromagnetic radiation refers to the combined 
wave and particle nature of light. Photons, the particles of light, carry energy. When 
infrared light irradiates molecules, the molecules absorb photons of specific energies, 
causing transitions in their energy levels [35]. This absorption process relies on two 
fundamental conditions: first, the energy of the photon must match the energy differ-
ence between the molecule’s energy levels; second, the selection rule (transition rule) 
must be satisfied [34]. To illustrate, consider a photon as a small ball carrying a packet 
of energy. If this ball’s energy exactly matches the energy required by the molecule, 
the molecule will absorb the photon, resulting in vibrational or rotational transi-
tions. IR spectroscopy detects the vibrational states of molecules and is therefore also 
known as vibrational spectroscopy [36]. Molecular vibrations can be described by 
the molecular oscillator model, the simplest being the classical harmonic oscillator. 
This model views a diatomic molecule as two masses, m and M, oscillating with a 

reduced mass µ =
+

Mm
M m

. In the classical harmonic oscillator model, the vibrational 

energy levels of a molecule are discrete, with the vibrational frequency related to 
the force constant k of the molecular bond and the reduced mass μ, given by the 

frequency formula ν
π µ

=
1

2
k  [37]. In layman’s terms, one can envision a molecule 

as a pair of balls connected by a spring, continuously vibrating. The frequency of this 
vibration depends on the stiffness of the spring and the masses of the balls. Despite 
its simplicity, this model effectively describes the fundamental characteristics of 
molecular vibrations. For complex molecules, each has multiple vibrational modes 
determined by the molecule’s symmetry and mass distribution. Each mode possesses 
a specific vibrational frequency linked to the molecular structure and bond energy 
[32]. These vibrational modes are akin to different notes of a musical instrument, 
where each note corresponds to a specific vibrational mode, producing a distinct 
sound frequency. Each atom in the molecule can be viewed as a vibrating note, 
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collectively defining the molecule’s vibrational properties. Infrared spectroscopy is 
typically divided into three regions: near-infrared (NIR), mid-infrared (MIR), and 
far-infrared (FIR). Each region detects different types of molecular vibrations. The 
NIR region primarily probes overtones and combination vibrations; the MIR region, 
which is most commonly used, primarily detects fundamental vibrations; and the 
FIR region probes lower energy rotational and lattice vibrations [38]. Furthermore, 
interpreting IR spectra requires integrating molecular structural information with 
spectral features. Each absorption peak corresponds to a specific molecular vibration, 
and the intensity and position of these peaks provide insights into molecular bonds 
and structures. Regardless of the molecule type, vibrational bands associated with 
functional groups often appear in similar wavenumber regions. The design of infrared 
spectrometers has undergone significant technological advancements. Early infrared 
spectrometers utilized prisms or gratings as monochromators, which had limitations 
such as narrow scanning ranges and poor reproducibility [39]. With technological 
development, Fourier transform infrared (FT-IR) spectrometers have become the 
mainstream. These spectrometers use interferometers for spectral acquisition and 
employ Fourier transformation to convert interferograms into spectra. FT-IR spec-
trometers boast high throughput, excellent signal-to-noise ratios, and rapid scanning 
capabilities, making them outstanding in various applications [40]. Infrared spectra 
can be acquired in transmission and reflection modes. In transmission mode, light 
passes through the sample and is then detected, while in reflection mode, light is 
reflected off the sample surface and then detected [41]. These modes provide differ-
ent information about the sample, allowing for the selection of the appropriate acqui-
sition mode based on specific requirements. With continuous technological progress, 
recent years have seen the emergence of portable infrared spectrometers and novel 
instruments based on micro-electro-mechanical systems (MEMS) and linear variable 
filters (LVF) [42]. These advancements have broadened the applications of infrared 
spectroscopy in field analysis and rapid detection.

Compared to other analytical techniques such as nuclear magnetic resonance 
(NMR) and mass spectrometry (MS), infrared spectroscopy offers advantages of 
high specificity, non-destructive analysis, and operational simplicity. In practical 
applications, it can be combined with various analytical techniques to achieve more 
comprehensive and accurate results. In summary, infrared spectroscopy is a crucial 
analytical tool with extensive application prospects. Through continuous technologi-
cal innovation, infrared spectroscopy is playing an increasingly vital role in fields 
such as pharmaceuticals, microfluidics, polymer materials, biomaterials, forensic and 
membrane science, chemical engineering, cultural heritage research, and biomedi-
cine [43]. In the future, with the development of miniaturized and portable instru-
ments, the scope of infrared spectroscopy applications will be further expanded.

3.  Application of infrared spectroscopy in tumor research

Over the past decade, the global disease burden has steadily increased. 
Consequently, scientists have focused on leveraging the diagnostic capabilities of 
ATR-FTIR spectroscopy to differentiate between diseased and healthy samples [44]. 
The advantages of rapid in vitro diagnosis, reduced biopsy frequency, convenient 
sample acquisition, and low economic cost have made the use of biofluids as diagnos-
tic samples a preferred direction for researchers developing new technologies over the 
past 10 years [45–47]. For example, investigating salivary spectral characteristics has 
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enabled differentiation between chronic and aggressive periodontitis, identification 
of chronic kidney disease (CKD), diabetes, psoriasis patients, and the study of human 
responses to physiological stress using saliva as a diagnostic fluid [48–51]. Blood spec-
tral characteristics have been the most extensively studied, with applications reported 
in infectious diseases, tumors, brain disorders (such as dementia, schizophrenia, and 
bipolar disorder), kidney failure, jaundice, and autoimmune diseases [52]. Urine, 
due to its ease of collection and non-invasive nature, is considered an ideal diagnostic 
sample and holds significant potential for future development.

Effective cancer management necessitates accurate staging and grading of the 
disease, which informs the selection of appropriate treatment plans and assists clini-
cians in swiftly assessing disease progression. The internationally recognized cancer 
staging standard is the tumor–node–metastasis (TNM) system, comprising: (1) the 
size and local growth of the tumor (T); (2) the extent of lymph node metastasis (N); 
and (3) the occurrence of distant metastasis (M). The TNM system categorizes cancer 
from Stage I to Stage IV [53]. Cancer grading is a subjective scoring by pathologists 
based on the histological characteristics and cellular morphology of the tumor. Most 
grading systems classify tumors into three to four grades based on cellular differentia-
tion [54]. High-grade cancers are poorly differentiated and more clinically aggressive 
compared to low-grade cancers. However, subjective histopathological diagnosis is 
invasive and often leads to misdiagnosis [55]. An important potential application of 
FTIR spectroscopy is its ability to accurately classify, stage, and grade cancers. Lima 
et al. employed ATR-FTIR spectroscopy and GA-LDA methods to achieve 100% 
sensitivity and specificity in ovarian cancer diagnosis, demonstrating the technology’s 
capability to accurately diagnose different stages and histological types of ovarian 
cancer. This technology is particularly suitable for biomarker discovery and could 
serve as a potential population-based ovarian cancer screening tool [56]. Baker et al. 
utilized FTIR microspectroscopy and PC-DFA analysis on formalin-fixed prostate 
cancer tissues to identify spectral features and correlate them with Gleason grading 
and TNM staging, showing 83.6% sensitivity and 86.0% specificity in distinguishing 
localized from invasive prostate cancer [57]. Although the current gold standard for 
cancer diagnosis remains invasive histopathological diagnosis, it is subjective and 
time-consuming. Each cancer has its unique pattern of anatomical spread, possibly 
requiring different classification systems for specific tumors. FTIR spectroscopy is 
considered an ideal technology as it can provide specific spectral characteristics for 
each cancer type, even for different stages and grades of the same cancer. It holds 
significant potential to enhance cancer management and improve patient care by 
meeting this critical clinical need.

Chemotherapy, radiotherapy, and surgery are common cancer treatment modali-
ties, with surgery being pivotal for the treatment of solid tumors. To ensure complete 
tumor removal, the surgical procedure typically involves excising the tumor along 
with some surrounding normal tissue. The accuracy of the excision margins directly 
impacts the patient’s long-term survival rate and postoperative recovery. Inadequate 
excision may lead to tumor recurrence, whereas excessive excision can prolong 
recovery time and increase the risk of complications [58]. During surgery, patholo-
gists often examine the excised specimens using frozen section analysis to confirm 
complete tumor removal. However, this method is time-constrained, allows for the 
examination of only a limited number of margins, and may be affected by artifacts 
[59]. Studies indicate that FTIR spectroscopy can rapidly and objectively diagnose 
tumors, aiding surgical decision-making. Yao et al. utilized ATR-FTIR spectroscopy 
combined with fiber optics to assess resection margins in colorectal cancer surgery, 



31

Application of Infrared Spectroscopy in the Field of Tumor
DOI: http://dx.doi.org/10.5772/intechopen.1006704

discovering that the spectra of colorectal tumors differed from those of mucosa at 
1 cm from the tumor and from spectra at 2 cm and 5 cm distances [60], suggesting 
it as a promising method for intraoperative rapid diagnosis. Salman et al. reported 
using FTIR spectroscopy along with PCA and LDA techniques to accurately deter-
mine tumor margins, reducing recurrence with a success rate of up to 92% [61]. This 
indicates that FTIR spectroscopy can assist surgeons in determining whether resec-
tion margins have the potential for metastasis and recurrence, thereby improving 
patient prognosis. While intraoperative frozen section pathology takes approximately 
40 minutes, FTIR measurements require only about one to 3 minutes [60]. Moreover, 
FTIR spectroscopy can detect early abnormalities even when the morphology appears 
normal, facilitating personalized intraoperative and postoperative management and 
reducing resource consumption and surgical risks. This represents a highly promising 
area of research.

In addition to surgery, chemotherapy, and radiotherapy, immunotherapy has 
recently emerged as a significant cancer treatment option, while nanotechnology 
offers novel therapeutic approaches, such as controlled drug delivery and targeted 
therapy [62]. Monitoring treatment responses is crucial for personalized medicine, 
enhancing patient survival rates. Post-treatment follow-up is essential for early detec-
tion of recurrence and management of treatment side effects [63]. Routine follow-up 
assessments include blood tests, imaging studies, and tumor marker evaluations. 
However, these methods may be time-consuming and lack high sensitivity and 
specificity. Reports suggest that FTIR spectroscopy can detect recurrences and moni-
tor treatment efficacy. Kaznowska et al. investigated the differences between healthy 
colon tissues, colorectal tumor surgical margins, and pre- and post-chemotherapy 
colon tissues using FTIR spectroscopy and PCA-LDA, highlighting its potential in 
monitoring chemotherapy effects [64]. Zelig et al. employed FTIR microscopic spec-
troscopy to identify diagnostic markers in the blood of children with acute leukemia, 
demonstrating its potential in leukemia pre-screening and follow-up [65]. From both 
patient and clinician perspectives, the primary aim of follow-up is to detect recur-
rences early. Current follow-up methods are insufficiently sensitive and specific. A 
meta-analysis involving over 5000 patients revealed that only 40% of isolated local 
recurrences were identified among asymptomatic patients [66]. FTIR spectroscopy 
enhances cancer follow-up through high sensitivity and specificity, particularly 
in early detection of recurrences, and allows for rapid analysis of patient samples, 
enabling quicker responses to critical situations during treatment.

Although research indicates that FTIR spectroscopy using biological samples 
performs well in cancer screening, diagnosis, management, and monitoring, translat-
ing these methods into routine clinical practice remains challenging. Most studies 
involve small sample sizes, necessitating large-scale clinical trials to validate their 
practicality and overcome implementation barriers. Selecting appropriate patients and 
controls is crucial to minimize false-positive risks, and standardizing sample collection 
and storage is vital for experimental reproducibility. FTIR spectroscopy faces chal-
lenges in analyzing different types of biological materials, such as scattering artifacts 
in tissue samples and the coffee ring effect in biological fluids, which require stringent 
control of experimental parameters. The use of automated instruments can enhance 
the reproducibility of spectral data. Despite the potential of FTIR spectroscopy in 
analyzing various biological materials for cancer clinical applications, limitations such 
as contamination during sample collection and preparation can interfere with spectral 
information. Instruments from different manufacturers may produce varied responses 
and spectral distortions, necessitating preprocessing algorithms to address background 
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issues for result comparison across studies. Traditional infrared spectroscopy analysis 
relies on specialized chemometric software. With the advancement of infrared spec-
troscopy in oncology, clinical scenarios are increasingly complex, involving variability 
between biological samples and differing disease courses in individual patients. These 
issues underscore the need for enhanced computational power and sufficiently “intel-
ligent” data processing capabilities to address the demands of infrared data analysis.

4.  Infrared spectroscopy combined with machine learning in the field of 
tumor research

The essence of each infrared spectrum lies in the aggregation of thousands of wave 
points, each representing a set of data (wavenumber + absorbance). In other words, 
every infrared spectrum is a dataset composed of thousands of individual data points. 
With the expansion of datasets and the milestones achieved in the field of artificial 
intelligence (AI), the application of machine learning (ML) has become increasingly 
popular across various scientific domains, including spectroscopy [67]. Artificial 
intelligence (AI), a branch of computer science, aims to create computer systems 
capable of independent thinking, learning, reasoning, and decision-making. Its objec-
tive is to simulate aspects of human intelligence, enabling computers to perform tasks 
typically requiring human cognition, intelligence, knowledge, or skills. AI encom-
passes a wide range of fields, including machine learning, natural language process-
ing, image recognition, and intelligent robotics [68]. Machine learning, a subset of 
AI, focuses on enabling computers to automatically generate models by studying large 
volumes of data to identify and predict patterns within the data [69]. This aligns with 
our requirements for analyzing infrared spectral data, and applying machine learning 
to analyze and process such complex data is likely to yield satisfactory results.

Machine learning analysis methods primarily encompass supervised learning, 
unsupervised learning, and deep learning [70]. Supervised learning boasts high 
predictive accuracy and interpretability, suitable for classification and regression 
problems, yet it requires a substantial amount of labeled data, is prone to overfitting, 
and may have limited generalization on new data. Unsupervised learning can handle 
unlabeled data, uncover hidden structures within the data, and is highly adaptable, 
but it has lower predictive accuracy and interpretability, mainly used for data explora-
tion, feature extraction, and dimensionality reduction tasks [71]. Deep learning excels 
on large-scale datasets, capable of automatically extracting high-level features, and is 
applicable to complex data such as images, speech, and text, though it demands exten-
sive data and computational resources and has poor model interpretability [72]. The 
choice of an appropriate machine learning method depends on the specific application 
context, data type, and available resources. Representative methods of supervised 
learning include support vector machine (SVM), logistic regression (LR), and partial 
least squares (PLS); principal component analysis (PCA) and clustering analysis (such 
as K-means) are typical methods of unsupervised learning; convolutional neural net-
works (CNN), recurrent neural networks (RNN), and deep belief networks (DBN) 
are emblematic of deep learning [69]. Machine learning is a crucial tool for analyzing 
infrared spectra, leveraging its big data analytical advantages to transcend traditional 
limitations and achieve more complex applications of infrared spectroscopy.

Extracellular vesicles (EVs) are cell-derived membrane nanovesicles released 
into the extracellular space and circulation [73]. They facilitate intercellular com-
munication and reflect physiological and pathological conditions in the body [74]. 
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Biomolecules within EVs are involved in processes such as proliferation, malignancy, 
angiogenesis, inflammation, infection, tissue repair, and growth, thereby promoting 
disease progression through the modulation of local and systemic effects. EVs have 
been identified in bodily fluids like blood and saliva, serving as biomarkers and thera-
peutic targets for various diseases [75]. A wealth of evidence suggests that exosomes 
have significant predictive value in the diagnosis of cancer, diabetes, cardiovascular 
diseases, autoimmune disorders, and central nervous system diseases [76]. Exosomes, 
released into body fluids, offer a valuable, non-invasive source of diagnostic samples 
in nanomedicine [77]. These samples, while simpler, can represent the body’s patho-
physiological state, overcoming the limitations of commonly used blood and tissue 
samples. Additionally, exosomes can provide diagnostic information at consecutive 
time points, aiding in the early detection and monitoring of diseases. Therefore, EVs 
are ideal samples for infrared spectroscopy analysis, but due to their complexity, the 
application of EV FTIR spectral analysis in cancer diagnosis has not been extensively 
studied. Utilizing machine learning tools can potentially overcome current limita-
tions, enabling preliminary analysis of EVs via infrared spectroscopy. For instance, 
Zlotogorski-Hurvitz et al. employed ATR-FTIR spectroscopy and machine learning 
techniques to evaluate the potential of salivary exosomes in the early detection of oral 
cancer. They isolated exosomes from saliva samples of oral cancer patients and healthy 
individuals, revealing significant spectral differences between the two groups, with 
a classification accuracy of up to 95% [78]. Lee, W.-L’s laboratory combined ATR-
FTIR analysis of urinary EVs with PCA-LDA models as a non-invasive early detection 
method for prostate cancer. Their study demonstrated significant spectral differences 
in EVs between prostate cancer patients and healthy individuals, achieving a sensitiv-
ity of 83.33% and a specificity of 60% using a linear discriminant analysis (LDA) clas-
sifier, indicating the potential of ATR-FTIR technology for immediate prostate cancer 
detection [79]. This technology offers highly accurate and reproducible diagnostic 
results by analyzing the biomolecules contained within exosomes to detect early 
signs of diseases. Specifically, in cancer diagnosis, infrared spectroscopy can identify 
specific spectral features of exosomes, accurately distinguishing between healthy and 
diseased individuals. Additionally, this technique’s non-invasive and efficient nature 
simplifies sample processing, reduces diagnostic costs, accelerates immediate diagnos-
tic decisions, and holds promise for personalized medicine. These advantages position 
infrared spectroscopy combined with exosome analysis as a pivotal tool in future 
oncological research and clinical applications.

On the other hand, in an era of continuous advancements in computer technology, 
the application of machine learning has greatly facilitated the automation of infrared 
spectroscopy for decision-making and diagnosis, particularly in cancer diagnostics. 
With decreasing costs and increasing processing power of computer components, com-
puter-aided diagnosis (CAD) has emerged, combining pattern recognition and digital 
image processing algorithms to enhance diagnostic reliability and consistency [80]. 
Traditional histopathological image analysis requires complex sample preparation, 
whereas automated FTIR spectroscopy can improve the accuracy and reproducibility 
of cancer diagnoses without such intricate processing [81]. Großerueschkamp, F. et al. 
employed FTIR imaging and a random forest (RF) classifier for the automated analysis 
of lung cancer samples, achieving a classification accuracy of 97% for lung cancer and 
95% for adenocarcinoma subtypes. This automation reduces inter-operator variability 
and enhances diagnostic consistency and accuracy [82]. Although automated image 
analysis systems face challenges in detecting specific elements in histopathological 
images, such as missing object boundaries and shape variations, automated FTIR 
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imaging more accurately reflects tissue morphology [83]. Additionally, automated 
sample preparation and spectral processing minimize human error, ensuring high 
reproducibility and facilitating the construction of FTIR spectral databases. These 
databases contain specific spectral markers for different cancer types and stages, aiding 
in the clinical application of this technology [81, 84]. FTIR spectral histopathology 
is crucial for accelerating immediate diagnostic decisions and improving therapeutic 
decisions in personalized medicine. Utilizing spectral databases, FTIR technology can 
serve as an independent tool to screen multiple cancers, offering significant advantages 
over traditional single-cancer detection methods [85]. Moreover, the development of 
new, robust algorithms allows non-spectroscopists to easily interpret large datasets, 
making the transition of FTIR spectroscopy from the laboratory to the clinic feasible.

5.  Limitation

Despite infrared spectroscopy’s significant potential as an analytical tool widely 
applied in chemistry, materials science, and medicine, its limitations cannot be 
overlooked, particularly in scenarios involving complex samples and high precision 
requirements. The accuracy of quantitative analysis remains a significant challenge in 
infrared spectroscopy. The relationship between absorbance and sample concentration 
is often influenced by various factors such as sample thickness, concentration, and 
physical state, leading to considerable errors in quantitative analysis, making infrared 
spectroscopy more suitable for qualitative analysis. The complexity of infrared spectra 
interpretation further limits its application. Infrared spectra typically contain multiple 
peaks and valleys, each potentially corresponding to different functional groups or 
chemical bonds. This complexity is particularly pronounced in multi-component 
mixtures or materials with intricate structures, requiring extensive experience and 
specialized knowledge for accurate interpretation. Spatial resolution is another critical 
limitation of infrared spectroscopy. Due to the relatively long wavelength of infrared 
light, the lateral resolution of conventional infrared microscopy is generally limited to a 
few micrometers, restricting its utility in microscopic structural analysis and nanoscale 
material characterization. Moreover, near-infrared spectroscopy imaging also suffers 
from low spatial resolution, making precise analysis of small structures or regions 
challenging, thereby limiting its application in scenarios requiring high resolution. This 
limitation has driven scientists to develop new techniques and methodologies, such as 
scattering-type scanning near-field optical microscopy (s-SNOM) and photothermal-
induced resonance (PTIR) technology, to overcome the traditional constraints of 
infrared spectroscopy, achieving higher spatial resolution and more accurate chemical 
characterization. The high demands on sample quality also increase the difficulty of 
applying infrared spectroscopy. Factors such as sample purity, stability, uniformity, 
and thickness can significantly impact measurement results. This is particularly true for 
aqueous samples, where the strong absorption band of water can interfere with spectral 
interpretation, especially in measurements involving aqueous solutions, potentially 
leading to a substantial impact on the accuracy of the results. Noise and penetration 
depth are also challenges faced by infrared spectroscopy [86, 87].

5.1  Signal-to-noise ratio

The signal-to-noise ratio (SNR) refers to the ratio of signal strength to noise 
strength and is typically used to assess the quality of a signal. A higher SNR indicates 
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a stronger signal relative to noise, resulting in better signal quality, whereas a lower 
SNR suggests that noise has a greater impact on the signal, leading to poorer qual-
ity. In infrared transmission spectroscopy, numerous factors can influence SNR, 
including instrument noise, environmental conditions, light source stability, sample 
characteristics, measurement techniques, and improper data processing, all of 
which can reduce SNR and thereby affect the accuracy of measurements, posing 
challenges in tumor detection. For instance, electronic and mechanical noise can 
directly reduce signal clarity, a problem that becomes particularly pronounced when 
detecting low concentrations or weak signals. In tumor detection, early biomarkers 
of cancer are often present at low concentrations, so instrument noise may obscure 
these faint signals. Additionally, environmental factors such as electromagnetic 
interference, temperature, and humidity fluctuations can also affect SNR. In clinical 
detection environments, it is difficult to completely eliminate these factors, making 
the effective shielding of external interference a critical issue. The instability of the 
light source can cause signal fluctuations, further impacting SNR; this is especially 
problematic during prolonged measurements, as such fluctuations may introduce 
systematic errors. For tumor detection, the stability of the light source is crucial to the 
reliability of the results. Inappropriate measurement methods and parameter settings, 
such as scan speed, number of scans, and spectral resolution, can also impact SNR. 
Furthermore, the precision of data processing steps, such as baseline correction and 
signal smoothing, directly affects the final analysis results [88].

In clinical applications, liquid biopsy represents a promising avenue for develop-
ment; thus, it is essential to consider the factors influencing the signal-to-noise ratio 
(SNR) in body fluids. Water, as one of the primary components of body fluids, exhib-
its significant absorption characteristics in the infrared region. This strong absorption 
directly impacts the choice of the optical path length—too short a path results in weak 
signals, while too long a path causes signal attenuation, ultimately reducing the SNR. 
In tumor detection, particularly in liquid biopsies, the high water content in samples 
can mask the faint signals of tumor biomarkers due to water’s absorption proper-
ties, thereby affecting detection sensitivity. This presents a critical challenge in the 
development of related technologies. The scattering effect of solutions also introduces 
additional noise, further impacting SNR. The non-uniform distribution of tumor bio-
markers in the solution can enhance light scattering, making the signals more difficult 
to discern. This poses a significant challenge for the accurate detection of trace tumor 
biomarkers, as scattering effects may lead to signal distortion, potentially mislead-
ing the detection results. Temperature fluctuations are another important factor, as 
changes in temperature can alter the absorption spectrum of water in the solution, 
thereby affecting the SNR [89]. During tumor detection, even minor temperature 
variations in the sample can cause significant spectral changes, necessitating strict 
temperature control in experiments to ensure the accuracy of the measurements.

To overcome the challenges posed by solutions, the following strategies can 
be considered: First, optimize the path length to achieve a balance between water 
absorption characteristics and signal intensity. Second, use spectral regions with 
higher penetration capabilities or employ dual-beam measurement techniques to 
reduce the interference of water absorption on the signal. Additionally, selecting 
appropriate solvents or improving sample preparation techniques can minimize the 
impact of light scattering effects. The introduction of temperature control systems is 
also crucial; by precisely controlling experimental conditions, temperature fluctua-
tions’ impact on measurement results can be minimized. Overall, the influence of 
solution-related factors in tumor detection should not be underestimated. Targeted 
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optimization of experimental conditions may effectively enhance the signal-to-noise 
ratio in near-infrared transmission spectroscopy under solution environments, 
thereby improving the sensitivity and accuracy of tumor detection.

5.2  Infrared light penetration depth

Here, we focus on the issue of infrared light penetration depth. Penetration 
depth primarily depends on the infrared spectroscopy technique employed. For 
instance, Fourier-transform infrared spectroscopy generally has a shallow penetra-
tion depth, making it suitable for the analysis of surfaces and thin films. Attenuated 
total reflectance infrared spectroscopy utilizes the principle of total internal reflec-
tion to generate evanescent waves near the sample surface, thereby analyzing the 
chemical properties of the sample’s surface, with penetration depths typically in  
the micrometer range. Infrared reflection-absorption spectroscopy is used to study 
the chemical properties of surfaces and interfaces, with a shallow penetration 
depth, usually on the order of nanometers to micrometers. Near-infrared spectros-
copy has a relatively larger penetration depth, reaching several millimeters, which 
makes it suitable for the transmission analysis of solids, liquids, and semi-solid 
samples. The penetration depth of infrared spectroscopy directly determines the 
depth of information it can obtain. Due to the limited penetration depth of infrared 
spectroscopy, it typically only analyzes surface or near-surface information, with 
internal structural information often being difficult to accurately detect. This rep-
resents a significant limitation of infrared spectroscopy [90]. The penetration depth 
of infrared spectroscopy is closely related to the wavelength of the light. Although 
long-wavelength infrared light has a greater penetration depth, its resolution is 
relatively lower, while short-wavelength infrared light has a shallower penetration 
depth. This wavelength dependence limits the effectiveness of infrared spectroscopy 
in various applications, particularly in cases requiring high resolution or in-depth 
analysis, where the constraints of penetration depth become especially pronounced. 
The physical and chemical properties of the sample are also crucial factors affect-
ing infrared light penetration depth. Samples with high absorption coefficients 
significantly reduce the penetration depth of infrared light, further constraining 
the ability to analyze non-uniform or complex samples. Surface effects such as 
contamination and oxidation layers may interfere with the accuracy of spectral data, 
exacerbating the issues associated with insufficient penetration depth. Addressing 
this problem requires advancements in technical principles to facilitate smoother 
application in clinical settings [91, 92].

In infrared spectroscopy, the light source plays a crucial role, with the choice of 
light source being a key factor influencing detection effectiveness. Continuous-wave 
lasers (CW) and pulsed lasers (PW) each possess distinct characteristics, resulting 
in different advantages and limitations in cancer detection and other applications. 
Continuous-wave lasers (CW), with their stable and continuous light output, are 
widely utilized in near-infrared imaging (NIRI) instruments that rely on light 
intensity measurements. These lasers provide a stable light wave suitable for extended 
observation and recording. The main advantages of CW lasers are their straight-
forward device design, ease of operation, and relatively low cost. However, their 
primary challenge is the limitation in penetration depth, particularly when measuring 
deep tissues or highly absorbing substances. For instance, CW lasers with a wave-
length of 405 nm have a penetration depth significantly lower than that of 808 nm 
wavelength CW lasers, with penetration depths of 2.3 and 2.4 times, respectively. 
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Thus, for applications requiring deeper tissue imaging, CW lasers may necessitate 
longer measurement times to achieve sufficient signal strength. In contrast, pulsed 
lasers (PW) emit short, high-energy density laser pulses, achieving extremely high 
peak power within a brief period. This characteristic makes pulsed lasers superior in 
applications demanding high penetration and high temporal resolution. For example, 
high-frequency pulsed lasers at 808 nm wavelength (71.4 MHz) exhibit markedly 
better penetration depth compared to 405 nm wavelength CW lasers, with penetra-
tion depths being 7.4 and 6.0 times greater, respectively. The high photon density and 
short pulse intervals of pulsed lasers enable deeper tissue penetration and enhance 
tissue transparency through cumulative effects [93, 94].

To overcome the limitations of penetration depth in infrared spectroscopy, 
increasing the frequency of pulsed lasers can significantly enhance their penetra-
tion into biological tissues. High-frequency pulsed lasers (such as 71.4 MHz) exhibit 
greater photon density and shorter pulse intervals, which facilitate more effective 
photon propagation within tissues. The pulse intervals allow for the dissipation of 
heat between pulses, thereby mitigating tissue damage caused by thermal effects, 
while the high frequency of pulses markedly enhances the cumulative effect on 
excited-state electrons, thus improving tissue transparency [94]. In summary, these 
techniques can enhance the acquisition of deep structural information by altering the 
interaction between the sample and light, but they also increase experimental com-
plexity and cost, and cannot entirely eliminate the inherent limitations of penetra-
tion depth. Further research is needed to potentially overcome these technological 
constraints.

6.  Outlook

6.1  The development trend of infrared technology

The future development of infrared spectroscopy instruments focuses on 
continuously enhancing their resolution and sensitivity, enabling the detection 
of more subtle molecular changes within samples. High-resolution spectral data 
can more precisely identify the vibrational modes of biomolecules, providing us 
with more detailed molecular structure information [95]. For instance, in cancer 
research, high-resolution FTIR spectroscopy can detect more differences between 
cancerous and normal cells, facilitating early diagnosis [96]. With technological 
advancements, infrared spectroscopy equipment is evolving toward miniaturiza-
tion and portability, greatly expanding its clinical applications. Portable infrared 
spectrometers can perform rapid, point-of-care testing in clinical settings, aiding 
physicians in making immediate diagnostic decisions. Such portable devices may 
also assist remote healthcare facilities in providing preliminary assessments of 
complex conditions. Multimodal imaging technology, by integrating infrared 
spectroscopy with other imaging techniques such as mass spectrometry, Raman 
spectroscopy, and MRI, can offer more comprehensive biomolecular information 
[97–99]. For example, in cancer research, multimodal imaging can simultaneously 
provide structural and molecular information about tumor tissues, improving 
diagnostic accuracy and precision. One significant application of this technology 
is in the study of tumor heterogeneity, where combining different types of imag-
ing data can offer a more thorough understanding of tumor complexity, guiding 
personalized treatment.
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6.2  Prospects of infrared spectroscopy and machine learning

With the advancement of machine learning algorithms, particularly deep learn-
ing, the processing and analysis of large volumes of infrared spectroscopy data have 
become more efficient and accurate. New algorithms, such as convolutional neural 
networks (CNN), can automatically extract features from spectral data for sample 
classification and disease diagnosis. For instance, CNNs have been successfully 
applied to the spectral data analysis of various cancers, including breast cancer and 
colorectal cancer [100–102]. In the future, machine learning could be combined with 
emerging technologies such as quantum computing to further enhance data process-
ing capabilities and drive the development of infrared spectroscopy. The integration 
of infrared spectroscopy and machine learning in clinical diagnostics holds signifi-
cant potential. Automated spectral data analysis can enable rapid, non-invasive, and 
highly accurate disease detection. To achieve clinical translation, large-scale clinical 
trials are necessary to validate the technology’s efficacy and reliability. Additionally, 
relevant standards and protocols must be established to ensure consistency across 
different healthcare institutions.

6.3  The potential of multidisciplinary integration

The integration of infrared spectroscopy technology with data science enables 
in-depth analysis of complex biological data. For instance, analyzing spectral data 
can uncover molecular biomarkers of diseases, aiding in early diagnosis and treat-
ment. Data science offers powerful tools to process and analyze vast amounts of 
spectral data, extracting valuable information and enhancing diagnostic accuracy. 
Collaboration between biomedical researchers and data scientists can drive the devel-
opment of innovative diagnostic methods and treatment strategies. The advancement 
and application of infrared spectroscopy technology necessitate the synergistic coop-
eration of multiple disciplines, including biomedical sciences, chemistry, physics, and 
computer science. Interdisciplinary collaboration can bring new research perspectives 
and methodologies, enhancing research efficiency and innovation capacity. For 
example, in developing new spectral analysis algorithms, computer scientists can pro-
vide specialized technical support, while biomedical researchers can offer practical 
application requirements and data. This collaborative model promotes the application 
of infrared spectroscopy technology in medical diagnostics.

6.4  Challenges and considerations in the clinical application of infrared 
spectroscopy technology

One of the primary challenges in the clinical application of infrared spectroscopy 
technology is the standardization of techniques. Differences in sample collec-
tion, processing, and data analysis methods across various laboratories can hinder 
reproducibility of results. Establishing uniform standards and protocols for sample 
processing procedures, data acquisition parameters, and data analysis methods is 
crucial to ensure the technology’s stability and reliability in diverse settings. Rigorous 
standardization processes will form the foundation for the clinical application of 
infrared spectroscopy technology. Despite the potential demonstrated by infrared 
spectroscopy technology in laboratory research, several issues must be addressed for 
its large-scale clinical application. For instance, large-scale, rigorous clinical trials are 
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necessary to validate the effectiveness and reliability of infrared spectroscopy tech-
nology in clinical diagnosis. These trials should encompass various types of cancers 
and other diseases, involving different patient groups to ensure the generalizability of 
results. Additionally, the establishment of large databases to store and manage spec-
tral data will provide a foundation for further research and validation. A key issue 
in the diagnostic use of infrared spectroscopy technology is the “black box” process, 
where the intermediate steps from spectral data to final diagnosis often lack trans-
parency and interpretability. To enhance trust among clinicians and patients, these 
processes need to be thoroughly researched and elucidated to ensure the rationality 
and reliability of each step. The widespread clinical adoption of new technologies also 
requires extensive acceptance and support from healthcare professionals. For infrared 
spectroscopy technology, comprehensive training and education for medical person-
nel are essential to familiarize doctors and technicians with its principles, advantages, 
and usage. Additionally, clinical demonstration projects showcasing the technol-
ogy’s effectiveness and value in actual diagnostics can boost clinical confidence. 
Furthermore, common challenges in technology promotion, such as equipment costs, 
operational complexity, and data management and analysis, need to be addressed. 
Overall, translating the potential of infrared spectroscopy technology from the 
laboratory to clinical settings demands significant efforts from researchers.

6.5  Data privacy and ethical issues

Infrared spectroscopy technology generates vast amounts of spectral data con-
taining rich biomolecular information. This data, typically collected directly from 
patients’ bodies or bodily fluids through medical devices, holds a high degree of 
personal privacy. Ensuring the secure collection, transmission, and storage of this 
data is a primary privacy protection concern. Although this issue is not prominent in 
the current small-scale laboratory research phase, its impact will be significant in sub-
sequent clinical applications. Hence, it is imperative to ensure that data is effectively 
encrypted and protected at every stage, from collection to storage, transmission, and 
processing, to prevent data breaches and unauthorized access. The use of medical data 
must adhere to ethical principles, prioritizing patient interests. Researchers and medi-
cal institutions must always follow the guidance of ethics committees to ensure the 
legitimacy and legality of their studies. Additionally, the long-term implications of 
data use should be considered to prevent misuse or unethical purposes. In commercial 
applications, the scope of data usage must be strictly defined to prevent commercial 
interests from compromising patient privacy and rights. As technology evolves, data 
privacy and ethical issues will continue to become more complex. Researchers, medi-
cal institutions, and policymakers must collaborate to develop and refine relevant 
laws, regulations, and technical standards. Simultaneously, it is necessary to enhance 
the education of the public and medical professionals to raise their awareness and 
understanding of data privacy and ethical issues. Future technological innovations 
should aim to achieve efficient data sharing and utilization while protecting data 
privacy. The application of these new technologies must be combined with ethical 
considerations to ensure they do not negatively impact patient privacy and rights 
in practice. In conclusion, while the application prospects of infrared spectroscopy 
technology in the medical field are vast, it is crucial to prioritize data privacy and 
ethical issues. Through multidisciplinary collaboration and continuous innovation, 
we can ensure the safe, legal, and ethical application of this technology.
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7.  Conclusions

The application of infrared spectroscopy in tumor research demonstrates immense 
potential. Its high specificity and non-destructive analytical capabilities provide criti-
cal information for tumor classification, staging, grading, surgical margin delinea-
tion, and treatment efficacy monitoring. Integrating machine learning algorithms 
can further enhance the accuracy and efficiency of diagnoses, enabling non-invasive 
early cancer detection. Despite existing limitations in quantitative analysis, spectral 
interpretation, and spatial resolution, ongoing technological advancements and 
instrument improvements are expected to address these issues. In the future, infrared 
spectroscopy is poised to play an increasingly vital role in tumor diagnosis and treat-
ment, offering robust support for early cancer detection and personalized therapy.
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Chapter 4

Near-Infrared Spectroscopy 
Technique and Its Application in 
Biomedical Fields
Ziyi Huang and Haofeng Zhang

Abstract

Near-infrared spectroscopy (NIRS) is a non-invasive monitoring technique that 
utilizes light transmission and absorption to continuously evaluate regional tissue 
oxygen saturation, delivery, and metabolism. Widely adopted in modern clinical prac-
tice, NIRS is particularly effective in assessing cerebral tissue oxygenation, enabling 
the early detection of impaired tissue perfusion. Grounded in the Beer–Lambert 
law, NIRS relies on the absorption characteristics of oxyhemoglobin and deoxyhe-
moglobin as the primary chromophores in biological tissues. This chapter provides a 
comprehensive overview of NIRS technology and its applications in biomedical and 
clinical fields. It begins by discussing the fundamental assumptions, advantages, and 
limitations of NIRS, along with the typical structure of a NIRS system. Following 
this, the principles and properties of NIRS are explored in depth. The chapter then 
delves into NIRS applications in brain monitoring, focusing on cerebral oxygenation 
and hemodynamics. Additionally, it examines the use of NIRS in cardiac applications, 
highlighting both its potential and the challenges involved. The role of machine learn-
ing in NIRS signal processing and clinical applications is also demonstrated. Finally, 
the integration of NIRS with other imaging modalities, including optical coherence 
tomography, electroencephalography, and ultrasound, is introduced to illustrate the 
comprehensive capabilities of NIRS in modern multi-modality clinical systems.

Keywords: near-infrared spectroscopy, biomedical applications, machine learning, 
near-infrared spectroscopy datasets, imaging modalities, multi-modality imaging system

1.  Introduction

1.1  Principle of near-infrared spectroscopy

Introduced by Frederick William Herschel in the early 1800s, near-infrared 
spectroscopy (NIRS) is a well-established, non-invasive tool that continuously moni-
tors oxygenation, reflecting perfusion at the bedside. This technology is primarily 
based on the Beer-Lambert law, which describes the interaction of light radiation with 
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matter through molecular vibrations [1]. By measuring the vibrations of chemical 
bonds, NIRS employs near-infrared light to determine the chemical composition of 
tissues. Light within the near-infrared radiation range (700 to 1000 nm) experiences 
minimal absorption attenuation in water when passing through biological tissue. 
Within this window, light can penetrate deeper into brain tissue and bones with 
limited absorption and scattering, while differentiating well between oxyhemoglo-
bin ( 2� ) and deoxygenated hemoglobin (HbR) due to their distinct absorption 
coefficients.

A typical NIRS system comprises paired emitters and detectors placed on a flexible 
head cap that can be easily fitted onto the user’s head. The emitter emits near-infrared 
light at various wavelengths, while the detectors are positioned at specific distances to 
form measurement channels. Typically, two wavelengths (one less than 780 nm and 
one greater than 830 nm) are used in the NIRS system because HbR exhibits stronger 
absorption below 790 nm than 2�  [2]. When passing through biological tissue, the 
detected photons usually travel through a donut-shaped trajectory between the source 
and detector. The detected light intensity is then converted to concentrations of 

2�  and HbR based on the Beer-Lambert law and is modified according to the bio-
logical properties of the tissue [3]. Similar to other imaging modalities, NIRS involves 
a trade-off between penetration depth and spatial resolution. Deeper penetration 
depth results in lower resolution and a degraded signal-to-noise ratio. A typical NIRS 
system can penetrate up to 30 mm into brain tissue with low-energy radiation, making 
it particularly suitable for measuring cerebral tissue oxygenation [4].

1.2  Light sources

NIRS requires a light source that can emit in the near-infrared region, typically 
ranging from 700 nm to 2500 nm, to illuminate the sample and obtain a spectrum. 
In NIRS applications, both continuous wave and pulsed light sources are employed, 
depending on the type of application, the required spectral range, and the charac-
teristics of the samples. Continuous-wave lasers or broad spectrum light sources are 
typically sufficient for steady-state measurements, while pulsed lasers are preferable 
for dynamic or depth-resolved measurements.

Tungsten-halogen lamps are the most commonly used light sources for continu-
ous-wave NIRS [5]. They can provide a high-intensity and stable output on a broad 
spectrum of light to cover the entire NIR region at a relatively inexpensive cost. Like 
Tungsten-halogen lamps, light-emitting diodes (LEDs), a semiconductor device that 
can emit light at specific wavelengths within the NIR range, are also used for NIRS 
applications. Benefiting from its compact, durable, and energy-efficient properties, 
LEDs are particularly suitable for portable NIRS devices. The usage of LEDs in NIRS 
is limited by their spectral range and lower intensity.

Both continuous wave and pulsed lasers are used as highly collimated and 
monochromatic light sources in NIRS, especially for applications with high SNR and 
precise wavelength control requirements. Compared to other light sources, lasers are 
more expensive and complicated but have a higher optical intensity with lower light 
scattering to provide a deeper penetration depth. By emitting a constant beam of light 
at a specific wavelength, continuous-wave lasers are commonly used in applications 
requiring steady-state measurements, such as real-time assessment of tissue oxygen-
ation. In contrast, pulsed lasers emit light in short bursts or pulses, with a high peak 
power during each pulse. The pulse duration can range from picoseconds to millisec-
onds to allow for depth-resolved measurements.
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1.3  The advantages and limitations of near-infrared spectroscopy

NIRS measures changes in the concentration of 2�  and HbR using near-infra-
red light to assess cerebral oxygenation and hemodynamics, offering unique advan-
tages over other imaging modalities. In particular, it stands out for its portability, ease 
of use, safety, and cost-effectiveness:

• Portability and Ease of Use: Unlike other modalities that require large and station-
ary equipment, NIRS devices are compact, portable, and easy to set up, making 
them ideal for longitudinal studies and real-time monitoring in clinical settings 
[6]. This capability is particularly beneficial in pediatric intensive care units 
(ICUs), where continuous monitoring of cerebral oxygenation can help detect 
and prevent potential neurological issues early.

• Non-invasive and Safe: NIRS provides a non-invasive, real-time assessment of 
regional oxygenation, including somatic and cerebral oxygenation, which is 
crucial for monitoring the health and development of young patients [2, 7].

• Cost-Effective: NIRS is relatively inexpensive compared to functional magnetic 
resonance imaging (fMRI) and positron emission tomography (PET) in terms 
of device acquisition, operational, and maintenance costs, which enhances its 
accessibility across a broader spectrum of clinical and research environments.

These unique advantages make NIRS suitable for applications in pediatrics, 
bedside monitoring, and real-time assessments of cerebral oxygenation in infants and 
children. Nowadays, NIRS devices have become a standard tool in various settings, 
including pediatric ICUs, smaller clinics, outpatient facilities, and field studies, to 
provide continuous and real-time monitoring of cerebral oxygenation and blood flow.

Despite its many advantages, NIRS technology faces several challenges that 
necessitate ongoing research and technological advancements. One of the primary 
challenges is its relatively shallow penetration depth, which limits the ability to 
monitor deeper brain structures. This shallow penetration compromises the spatial 
resolution of NIRS, making it insufficient for achieving precise functional localiza-
tion in cognitive tests and source localization in seizure detection [2]. Existing studies 
have demonstrated the feasibility of using multiple source-detector distances and 
superficial signal regression to improve signal quality. By providing more accurate 
readings of surface-level brain activity, these techniques can help mitigate some of 
the limitations associated with shallow penetration depth [8, 9]. However, the routine 
use of multichannel NIRS has not yet been widely adopted in clinical practice. There 
remain unmet challenges in detecting individual events due to high acquisition noise, 
which affects the reliability and accuracy of the measurements [10].

Additionally, NIRS has a lower temporal resolution compared to electroencepha-
lograms (EEGs), making it suboptimal for detecting individual neurological events 
[11, 12]. NIRS detects relative changes in hemoglobin within the tissue; however, the 
hemodynamic response occurs over several seconds, which is slower than electro-
physiological responses that appear in milliseconds. This delayed response time can 
hinder the real-time monitoring of rapid physiological changes, making NIRS less 
effective in monitoring rapid neurological phenomena.

So far, efforts have been made to improve the spatial and temporal resolution of 
NIRS through advanced signal processing techniques. Another potential direction is 
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to integrate NIRS with other complementary imaging modalities (detailed in Section 4). 
For example, the combination of NIRS with EEG can provide both hemodynamic 
and electrophysiological data, offering a more comprehensive understanding of brain 
activity. Lastly, researchers are also working toward building more sophisticated 
NIRS devices with advanced optical technologies, such as diffuse optical tomography, 
to further improve penetration depth and signal resolution.

1.4  Post-processing of near-infrared spectroscopy signal

The acquisition noise in NIRS signals originates from motion artifacts, physi-
ological noise, unrelated changes in blood flow not associated with neuronal activity, 
and instrumental as well as environmental noise. Addressing these sources of noise 
is crucial for improving the signal quality of NIRS systems. Over the years, several 
algorithms have been developed to tackle these challenges, significantly enhancing 
the accuracy and reliability of NIRS data.

1.4.1  Signal-to-noise ratio

The signal-to-noise ratio (SNR) is a critical factor in the performance of NIRS. 
SNR is defined as the ratio of the desired signal which represents the true absorption 
features, to the background noise. A high SNR is essential for accurate detection and 
quantification of the sample’s characteristics. As such, SNR is usually considered a 
standard evaluation metric to evaluate the accuracy and reliability of NIRS signals. 
SNR can be enhanced through advanced signal processing techniques such as Fourier 
transform, wavelet analysis, or machine learning algorithms. The rest of this section 
presents a detailed illustration of various noise sources and potential solutions to 
improve SNR.

1.4.2  Motion artifacts

Motion artifacts refer to image quality degradation caused by physical move-
ments, which are commonly encountered during long-term monitoring and data 
collection. In functional NIRS signals, motion artifacts manifest as rapid signal 
changes, sharp frequency displacements, baseline shifts, and slow wave drifts [13]. 
Various algorithms have been designed to mitigate the impact of motion artifacts, 
including principal component analysis (PCA), wavelet-based filtering, and Kalman 
filtering [14–16].

Wavelet-based methods typically assume that the wavelet coefficients of the 
underlying hemodynamic signal follow a Gaussian distribution. These methods 
employ a hyper-parameter to control the intensity of artifact attenuation from 
the original signal [17]. Initially, wavelet transform functions, such as the Morlet 
wavelet [18, 19], decompose the time-sequence signal into a time-frequency space. 
Subsequently, wavelet coefficients that deviate from the target distribution are 
removed based on threshold criteria. The selection of threshold criteria is thus crucial 
for the effectiveness of artifact removal in wavelet-based methods.

PCA and its variants are often used as preprocessing steps to extract meaningful 
features from NIRS data, aiming to reduce noise and improve model performance. 
PCA identifies an interference subspace from baseline data, projecting the signal into 
this subspace to attenuate interference in stimulus data [15]. Similar to PCA, indepen-
dent component analysis (ICA) is another classic dimensionality reduction technique 



53

Near-Infrared Spectroscopy Technique and Its Application in Biomedical Fields
DOI: http://dx.doi.org/10.5772/intechopen.1006840

for NIRS signal denoising [20, 21]. Specifically, ICA separates the signal into statisti-
cally independent components, which can be particularly useful in separating mixed 
source signals. These methods avoid the need to select filtering frequencies, overcom-
ing the broad range of frequency challenges inherent in filtering algorithms, thereby 
minimizing effects on hemodynamic response function (HRF) estimation.

1.4.3  Physiological noise

Physiological noise in NIRS signals arises from various sources, including heart-
beat, respiratory rate, blood flow, blood pressure fluctuations, and Mayer waves. 
This noise leads to two major issues: temporal autocorrelation and increased spatial 
covariance between channels across the brain [22]. Temporal autocorrelation refers 
to the temporal dependencies in the NIRS time series caused by the combination of 
the hemodynamic response and high sampling rate, as well as systemic physiological 
noise [23]. This phenomenon can result in the underestimation of standard errors of 
the regression coefficients, thereby increasing false positive rates [24].

Like motion artifacts, physiological noise can be mitigated using PCA and wavelet 
methods. Another potential approach is to use the maximal overlap discrete wavelet 
transform. Specifically, the maximal overlap discrete wavelet transform utilizes a 
nested-window approach that deploys overlapping sub-signal windows to improve 
time-frequency localization [25, 26]. This technique allows for better isolation and 
reduction of physiological noise, enhancing the overall quality of the NIRS signal.

1.4.4  Unrelated changes in blood flow

During data acquisition, the NIRS system can also record blood flow changes that 
are unrelated to neuronal activity. These changes can be influenced by factors such as 
systemic blood pressure fluctuations and other vascular dynamics. Addressing this 
type of noise requires advanced signal processing techniques that can distinguish 
between neural and non-neural hemodynamic changes.

1.4.5  Instrumental and environmental noise

Instrumental noise includes electronic noise from detectors, thermal noise, and 
shot noise, which are inherent in the measurement system, while environmental noise 
is raised from variations in ambient conditions, such as temperature fluctuations 
and external light interference. These noises can be mitigated through an optimized 
experimental setup, including regular calibrating instruments, proper shielding from 
environmental interference, and maintaining consistent sample conditions.

2.  Near-infrared spectroscopy for biomedical imaging

In clinical practice, NIRS can quantify changes in 2�  and HbR concentra-
tions within target regions by exploiting the differential absorption properties of 
near-infrared light. This principle is akin to that used in pulse oximetry, which is 
commonly employed for arterial oxygen saturation monitoring. When neurons 
respond to an external stimulus, there is an increase in electrochemical activity, 
leading to a heightened demand for oxygen and glucose. Initially, this demand 
causes a transient decrease in 2 ,HbO  followed by a rapid increase, while HbR 
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remains decreased throughout the process. Physiologically, this is due to the 
imbalance between the rates of oxygen consumption and blood flow, with the 
latter increasing approximately six times faster than the former [27, 28]. Most 
commercially available NIRS systems cannot determine the exact scattering path 
of photons. Instead, they measure the variation patterns of 2�  and HbR con-
centrations. Then, these systems present the HRF, which represents the relatively 
small changes in 2�  and HbR concentrations over time, to assess neural activity 
within the region of interest.

2.1  Functional near-infrared spectroscopy

Functional near-infrared spectroscopy (fNIRS) shares the same foundational 
principles as NIRS, leveraging the differential absorption properties of near-infra-
red light to monitor changes in tissue oxygenation [29]. The distinction between 
the two lies in their specific applications. NIRS is widely used in clinical settings 
for monitoring tissue oxygenation during surgeries, in neonatal care, and in sports 
science to assess muscle oxygenation and performance. By contrast, fNIRS is specifi-
cally designed to measure neural activity by assessing relative changes in cerebral 
blood flow and oxygenation. This specialization makes fNIRS an invaluable tool in 
cognitive neuroscience and neurorehabilitation [30].

fNIRS relies on the assumption that cerebral oxygenation demand is closely linked 
to neuronal activity [2, 29]. When neurons are activated in response to a stimulus, the 
metabolic demand for oxygen and glucose increases, leading to localized increases in 
blood flow to supply the required oxygen and glucose. This demand triggers a cascade 
of physiological responses: 1) initial decrease in 2� : As oxygen is consumed by 
the active neurons, there is a transient decrease in the concentration of 2� ; 2) 
increase in cerebral blood flow: To compensate for the increased oxygen consump-
tion, the cerebral blood flow increases, delivering more oxygenated blood to the 
active regions; 3) rise in 2�  and decline in HbR: This increased blood flow leads 
to a rapid increase in 2�  concentration and a corresponding decrease in HbR. The 
fNIRS system captures these changes in 2�  and HbR concentrations over time, 
allowing researchers to infer neural activity based on the hemodynamic response.

The safety and ease of use of fNIRS make it ideal for studying brain develop-
ment in infants and children, providing insights into early cognitive and neural 
development. fNIRS provides valuable insights into early cognitive and neural 
development by monitoring brain activity in response to specific tasks or stimuli. 
Research has extensively used fNIRS to study cognitive processes such as attention, 
memory, and language, highlighting its utility in developmental neuroscience [31]. 
Recent studies have extended the application of fNIRS to assess brain function in 
patients undergoing rehabilitation for stroke, traumatic brain injury, and other 
neurological conditions. This helps tailor therapeutic interventions to individual 
needs. Additionally, fNIRS is being explored for investigating neural correlates of 
emotional processing, social interactions, and mental health conditions like depres-
sion and anxiety [32].

The future of fNIRS research lies in enhancing its spatial resolution and integrat-
ing it with other neuroimaging modalities. Combining fNIRS with EEG can provide 
complementary data on electrical and hemodynamic brain activity. Moreover, 
advancements in machine learning algorithms for signal processing and data analysis 
are expected to improve the accuracy and interpretability of fNIRS data, further 
expanding its applications in both research and clinical settings.
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2.2  Brain function measurement using near-infrared spectroscopy

The brain is one of the most energy-demanding organs in the body, charac-
terized by complex neuronal activation. Understanding its intricate functions 
and mechanisms has been a long-standing, challenging, yet fundamental task in 
neuroscience. Several imaging modalities have been developed for brain functional 
imaging, including functional fMRI, PET, and EEG. In Table 1, we summarize the 
comparison of NIRS with these imaging modalities for brain activity monitoring 
and neuronal activation imaging, providing an overall picture of NIRS in cerebral 
imaging.

In clinical settings, NIRS is commonly used to monitor brain oxygenation in 
premature infants, helping to identify and manage conditions like hypoxia and isch-
emia [2]. Figure 1 illustrates the NIRS device used in such settings. During surgeries, 
NIRS can provide real-time feedback on cerebral oxygenation, guiding surgical 

Data Spatial Temporal Whole Brain Invasive Cost

Resolution Resolution Imaging

NIRS ∼1 cm 0.01 s No No Low

MRI ∼1 mm ∼15 s Yes No High

EEG ∼3 cm Milliseconds No Yes Low

PET ∼ 4 mm −5 10 s Yes No High

Table 1. 
Comparison between NIRS and other imaging modalities including functional magnetic resonance imaging 
(fMRI), electroencephalogram (EEG), and positron emission tomography (PET).

Figure 1. 
A cartoon illustrating the concept of NIRS mapping in clinical settings (adapted from Roldan, Maria, and 
Panayiotis A. Kyriacou. “Near-infrared spectroscopy (NIRS) in traumatic brain injury (TBI).” Sensors 
(2021), [33]).
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decisions and improving patient outcomes [7]. Its non-invasive nature and portability 
make it particularly suitable for settings involving infants and children.

In addition to its clinical applications, NIRS is valuable in cognitive neuroscience 
research. Its ability to measure hemodynamic responses associated with neural activ-
ity provides insights into cognitive processes such as attention, memory, language, 
and emotional processing [34]. Ongoing research has used NIRS to investigate the 
neural basis of language acquisition in infants, revealing the brain areas activated in 
response to stimuli [31]. Researchers have also explored the feasibility of using NIRS 
to map brain responses to emotional stimuli, aiming to understand the neural cor-
relates of emotions and social interactions [35]. Furthermore, recent advancements 
in NIRS technology have enhanced its capabilities. The development of high-density 
NIRS systems offers improved spatial resolution [36]. This advancement allows for 
more precise localization of brain activity, making NIRS a powerful tool for both 
clinical and research applications.

2.3  Catheter-based near-infrared spectroscopy for cardiac imaging

Cardiovascular disease is the leading cause of death in the United States, with 
atrial fibrillation alone affecting at least 2.3 million people [37, 38]. The current stan-
dard intervention to treat arrhythmia is radiofrequency ablation (RFA), which is less 
ideal due to the lack of imaging guidance. With a detailed understanding of cardiac 
structure, the treatment of atrial fibrillation can be further optimized by identifying 
arrhythmia substrates and avoiding critical structures. Cardiac tissue composition is 
essential in the pathology of cardiovascular disease and tissue remodeling. Therefore, 
identifying the structural substrates underlying cardiac abnormalities is of practical 
clinical importance. Recently, NIRS has been deployed for cardiac imaging, showing 
promise in improving the safety and efficacy of RFA procedures [39, 40].

The NIRS system can be used to monitor RFA lesion depth and lesion characteriza-
tion. In [40], approximately 15 optical index-associated features were extracted for 
lesion characterization, achieving over 80% accuracy with a trained random forest 
model. Unlike cerebral imaging, the deployment of NIRS techniques for cardiac 
imaging necessitates the integration of catheters and optical fibers to direct light into 
the imaging field. Figure 2(a), (b) shows in-vivo fluoroscopy images of a NIRS-
RFA catheter lodged in the apex of the left ventricle (LV) and right ventricle (RV). 
A typical method for constructing the optical catheter for NIRS mapping involves 
integrating two multi-mode optical fibers within the inner saline channel of an RFA 
catheter. Figure 2(c) presents the schematic diagram of the NIRS-RFA catheter and 
the simulation of the optical path within the cardiac tissue. As shown, the catheter tip 
is designed to host an illumination fiber to direct near-infrared light and a collection 
fiber to receive the NIRS signal. The distance between the two fibers is approximately 
2 mm to meet the sensitivity requirements for tissue absorption effects [41]. Figure 3 
shows a typical ablation catheter with integrated optical fibers that can be used for 
NIRS mapping and cardiac ablation [40].

2.4  Near-infrared spectroscopy in cancer applications

NIRS has emerged as a promising tool in cancer research and clinical applications, 
thanks to its non-invasive nature and real-time monitoring capability. Cancerous 
tissues often have altered concentrations of key molecules such as water, lipids, and 
hemoglobin. By identifying these biochemical and structural changes, NIRS can 
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differentiate between healthy and cancerous tissues to perform early detection and 
diagnosis [42]. During surgical procedures, NIRS can assist surgeons in distinguish-
ing malignant from benign tissues, ensuring more precise removal of tumors while 

Figure 2. 
(a): A fluoroscopic image showing NIRS-RFA catheter placement at the apex; (b): A fluoroscopic image 
showing NIRS-RFA catheter placement at the RV free wall; (c): A concept of RFA catheters incorporating NIRS 
measurement and its salient features (adapted from Park, Soo Young, et al. “Quantification of irrigated lesion 
morphology using near-infrared spectroscopy.” Scientific Reports (2021), [39]).

Figure 3. 
(a): A commercial ablation catheter for NIRS mapping; (b): The photomicrograph of the catheter tip with two 
multi-mode optical fibers (adapted from Yang, Haiqiu, et al. “Robust, high-density lesion mapping in the left 
atrium with near-infrared spectroscopy.” Journal of Biomedical Optics (2024), [40]).
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sparing healthy tissue. This is particularly useful in surgeries where clear margins are 
critical, such as in breast cancer or brain tumor resections. NIRS can also monitor 
changes in tissue oxygenation and blood flow, providing more detailed insights into 
the tumor environment. Integrated with endoscopic or laparoscopic instruments, 
NIRS can provide real-time feedback on tumor removal, potentially reducing the 
need for invasive techniques. Lastly, NIRS can help characterize breast lesions by 
assessing tissue optical properties, providing additional information to differentiate 
between benign and malignant masses [43].

Generally, NIRS is employed for early detection and diagnosis, intraoperative 
guidance, and treatment monitoring in cancer applications [43]. In brain cancer, 
NIRS is used primarily for monitoring cerebral oxygenation during surgery and 
assessing brain tumors’ functional status. It can map functional areas of the brain 
during tumor resection surgeries, helping to avoid critical areas and reduce the risk 
of postoperative neurological deficits. Additionally, NIRS can continuously monitor 
cerebral oxygenation during brain tumor surgeries, providing real-time feedback on 
brain conditions. Breast cancer is another extensively studied area where NIRS shows 
significant potential in screening, diagnosis, and treatment monitoring. Specifically, 
NIRS can be used as a complementary tool to mammography [44], particularly 
in women with dense breast tissue, where traditional mammograms may be less 
effective.

3.  Machine learning for near-infrared spectroscopy signal analysis

Benefiting from advanced computational resources, machine learning has played 
an increasingly prominent role in biomedical data analysis. Various machine learning 
algorithms, ranging from classic models such as K-nearest neighbors (KNNs) to deep 
neural networks (DNNs), have been developed for NIRS signal processing and fea-
ture extraction. In this section, we first review the commonly used machine learning 
models for NIRS and subsequently introduce several publicly available NIRS datasets.

3.1  Machine learning tools for near-infrared spectroscopy data analysis

Machine learning algorithms have been instrumental in enhancing the accuracy 
and efficiency of NIRS data analysis [45]. These algorithms can effectively handle 
various datasets and provide valuable insights into NIRS signal processing and feature 
extraction.

The random forest algorithm is an ensemble learning method that combines 
multiple decision trees to improve classification accuracy and robustness. In [40], a 
random forest algorithm was implemented to perform lesion characterization and 
feature ranking within the swine left atrium. The support vector machine (SVM) is 
another commonly used algorithm for NIRS tissue classification and regression [46]. 
SVM maximizes the margin between different classes, effectively avoiding overfit-
ting, especially in high-dimensional spaces. KNN has been used in NIRS for tasks such 
as classifying different mental states or detecting cognitive load by classifying data 
points based on their nearest neighbors [47, 48]. The simplicity of KNN makes it easy 
to implement, although it can become computationally expensive with large datasets.

Classic machine learning models require manually designed features to perform 
downstream tasks. In contrast, DNNs, including convolutional neural networks 
(CNNs) and recurrent neural networks (RNNs), can automatically extract features 
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through hidden layers, thereby addressing the feature selection drawbacks of classic 
machine learning models. These DNNs have shown great promise in NIRS data analy-
sis [49, 50]. Generally, CNNs are particularly effective in capturing spatial features, 
thanks to their ability to perform convolution operations that detect patterns such as 
edges and textures in the data. RNNs, on the other hand, excel in modeling temporal 
dependencies in NIRS signals, making them suitable for tasks that involve time-series 
analysis. However, RNNs have a gradient vanishing issue, making it challenging to 
learn features from long time-series data. To overcome this challenge, long short-term 
memory (LSTM) networks [51], a type of RNN, are designed to capture long-term 
dependencies in sequential data. Compared with RNNs, LSTMs are particularly 
effective in analyzing time-series NIRS data, such as detecting patterns over extended 
periods. They have been used in applications like monitoring oxygen metabolism or 
detecting cognitive states [52–54].

Random forests, SVMs, KNNs, and classic DNNs are supervised learning methods 
that require data with pre-annotated labels. In biomedical data analysis tasks, the 
labeling process always requires domain expertise, which can be time-consuming 
and labor-intensive. Moving forward, weakly supervised learning and unsupervised 
learning algorithms have been developed to lessen the need for annotated labels 
[55–58]. For instance, [55] demonstrates that unsupervised k-means clustering has 
the potential to identify groups of individuals based on the brain’s hemodynamic 
responses and to study the underlying relationships.

3.2  Machine learning applications in near-infrared spectroscopy

The integration of machine learning with NIRS has opened new avenues for both 
clinical and research applications. One prominent application is the brain-computer 
interface (BCI), a communication system that allows users to control external devices 
using brain activity. The primary goal of BCIs is to provide a communication pathway 
for individuals with motor disabilities [59]. In BCI applications, machine learning 
models decode NIRS signals to control external devices, offering new possibilities for 
assistive technologies [60]. For example, a NIRS-based BCI model has been proposed 
to help individuals with motor impairments communicate or control prosthetic 
devices, showing promise in significantly facilitating their daily routines [61].

Recent studies have also explored the use of NIRS for neurofeedback, presenting a 
potential treatment method for children with attention deficit/hyperactivity disorder 
[35]. Leveraging advanced computational resources, machine learning models can 
perform real-time analysis of NIRS data, enabling individuals to modulate their brain 
activity and enhance therapeutic outcomes. Additionally, machine learning provides 
insights into developing personalized treatment plans for neurological disorders. By 
analyzing NIRS data, these tools facilitate real-time monitoring of individual brain 
function, optimizing therapeutic interventions for conditions such as stroke, trau-
matic brain injury, and neurodegenerative diseases [62].

The development of machine learning tools has significantly advanced NIRS 
applications. However, there remain unmet challenges in safety and generalization 
in algorithm development and practical implementation. Many machine learning 
models, particularly deep learning models, are often considered black boxes, rais-
ing concerns about model uncertainty and reliability. Therefore, enhancing model 
interpretability has gained increasing interest in clinical practice, especially in safety-
critical applications. Another major challenge is the generalization capability of the 
models. The hyperparameters of existing models are often tuned for specific tasks 
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or a single dataset, making them difficult to generalize across different subjects and 
conditions. Developing models that are robust to inter-subject variability and differ-
ent experimental settings is essential for broader applicability [63–67].

3.3  Publicly available near-infrared spectroscopy datasets

The development and validation of machine learning models for NIRS greatly 
benefit from access to high-quality datasets. Several publicly available NIRS datasets 
have been curated to support research and development in this field.

Yang et al. [68] present an ex-vivo swine cardiac dataset containing several optical 
features at various wavelengths, including lesion optical index and substrate optical 
index, for lesion characterization. The dataset was collected from the left atrium 
using an RFA-NIRS catheter under blood and phosphate-buffered saline imaging 
conditions. This dataset can be used to study the optical parameters of NIRS on 
cardiac tissue and compare their properties under different imaging conditions (with 
and without blood).

Luhmann et al. [69] introduced an fNIRS resting state dataset to facilitate research 
on hemodynamic brain response measurement. The dataset was collected from 28 
participants, providing a good approximation of realistic fNIRS signals with evoked 
responses. In particular, the dataset contains additional auxiliary biosignals, such as 
motion accelerometers and photoplethysmography, contributing to the exploration of 
multimodal fNIRS-based signal processing.

Shin et al. [70] released an open-access hybrid BCI interface dataset that includes 
simultaneous EEG and NIRS recordings. The dataset was validated on each single 
modality and in combination to ensure its benchmark performance for multimodal 
BCI investigations. This dataset is particularly useful for developing and validating 
algorithms that integrate data from multiple modalities.

The parent–child hyperscanning dataset [71] records the fNIRS signal from 62 
mother/father-child pairs of participants under conditions of watching passive videos 
together or free playing (shown in Figure 4). This dataset aims to support research on 
brain-to-brain synchrony between parents and children.

Figure 4. 
Schematic representation of simultaneous NIRS data collection from parent and child during a play session 
(adapted from Bizzego, Andrea, et al. “Dataset of parent–child hyperscanning functional near-infrared 
spectroscopy recordings.” Scientific Data (2022), [71]).
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The continuous development of sophisticated algorithms and the availabil-
ity of diverse datasets are driving innovations in NIRS applications, promising 
improvements in clinical diagnostics, therapeutic interventions, and treatment 
enhancements.

4.  Integration of near-infrared spectroscopy with other imaging 
modalities

In this section, we discuss the integration of NIRS with other imaging modalities, 
including optical coherence tomography (OCT), EEG, and ultrasound, for multi-
modality system development. The integration of these technologies aims to leverage 
their complementary strengths, providing a more comprehensive understanding of 
physiological and pathological processes.

OCT is an in-vivo imaging technique that uses low-coherence light to capture 
high-resolution, cross-sectional images of biological tissues. It is widely used in 
ophthalmology but also has applications in cardiology [38, 72–74], dermatology 
[75, 76], and oncology [77]. A typical OCT system can achieve image resolutions of 
5-10 µm  [78]. By contrast, NIRS systems have limited spatial resolution for micro-
structure visualization (discussed in Section 1.3). Integrating OCT with NIRS could 
provide both micro-level structural composition as well as chemical and molecular 
information about the target tissue. This multi-modality imaging system can improve 
disease assessment by providing both anatomical and oxygenation information, 
holding promise for the diagnosis and management of conditions. Recent studies have 
investigated the use of such dual-modality imaging systems for ophthalmology [79], 
articular cartilage [80], and intravascular imaging [81].

The integration of NIRS with EEG offers a powerful multi-modality system with 
enhanced temporal and spatial resolution for understanding and monitoring brain 
function. EEG captures electrical activity directly from neuronal firing, providing 

Figure 5. 
A wireless, wearable bedside device that can simultaneously collect EEG and NIRS data (adapted from Othman, 
Marwan H., et al. “Resting-state NIRS–EEG in unresponsive patients with acute brain injury: A proof-of-concept 
study.” Neurocritical Care (2021), [82]).
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excellent temporal resolution in the millisecond range, while NIRS achieves bet-
ter spatial resolution by localizing changes in blood oxygenation. Figure 5 shows a 
wireless wearable bedside device for EEG and NIRS signal collection. In neuroreha-
bilitation, combining NIRS and EEG can enhance the monitoring of brain recovery 
after a stroke [83]. The integrated data helps assess the effectiveness of rehabilitation 
protocols and tailor interventions to individual patients. In cognitive neuroscience, 
the combined NIRS-EEG system can be used to study various cognitive processes such 
as attention, memory, and language. This dual-modality approach allows research-
ers to correlate electrical activity with hemodynamic responses, providing a deeper 
understanding of cognitive functions [70].

Ultrasound imaging is commonly used for diagnostic imaging in obstetrics, 
cardiology, and musculoskeletal medicine. It uses high-frequency sound waves to 
produce images of the internal structures of the body. The integration of NIRS with 
ultrasound can provide both anatomical and functional information. In cardiovas-
cular imaging, ultrasound provides detailed images of blood vessels and cardiac 
structures, while NIRS offers information on tissue oxygenation. Together, they can 
provide a comprehensive assessment of cardiovascular health, which is useful in 
diagnosing and monitoring conditions such as heart failure, myocardial infarction, 
and peripheral artery disease [84]. By providing structural details and monitoring 
tissue oxygenation, the ultrasound-NIRS dual-modality imaging system can also 
guide surgical interventions to enhance surgical precision, reduce complications, and 
improve patient safety [85].

The integration of NIRS with other imaging modalities offers significant potential 
for advancing multi-modality systems. By combining structural and functional data, 
these integrated systems can provide a more comprehensive understanding of various 
physiological and pathological processes. This approach shows promise in improving 
diagnostic accuracy, optimizing treatment strategies, and enhancing disease progres-
sion monitoring.

5.  Concluding remarks

In this chapter, we present an in-depth exploration of NIRS, a versatile and non-
invasive technique widely used in the biomedical field. We provide a comprehensive 
discussion covering the fundamental principles of NIRS, its assumptions, limitations, 
and advantages, as well as its diverse clinical applications and potential for multi-
modality integration.

NIRS stands out as a powerful and flexible tool in the biomedical field. Its ability 
to non-invasively monitor tissue oxygenation, combined with its ease of use and cost-
effectiveness, ensures its continued relevance and utility in clinical practice. NIRS has 
several limitations, including restricted penetration depth as well as lower spatial and 
temporal resolution, which restricts its usage in detecting deep-seated cancers. These 
challenges have fueled ongoing research for future enhancements. The development 
of high-density NIRS systems has improved spatial resolution, and recent advance-
ments in signal processing techniques have demonstrated the ability to mitigate 
motion artifacts and enhance data quality. Additionally, integrating NIRS with other 
imaging modalities provides a more comprehensive understanding of brain activity, 
enhancing both spatial and temporal resolution and paving the way for new insights 
into neurophysiological processes.



63

Near-Infrared Spectroscopy Technique and Its Application in Biomedical Fields
DOI: http://dx.doi.org/10.5772/intechopen.1006840

Further advancements in NIRS technology have expanded its applications beyond 
clinical monitoring. Researchers are exploring its use in cognitive neuroscience 
to study brain function and connectivity. By measuring hemodynamic responses 
associated with neural activity, NIRS can provide insights into brain regions involved 
in various cognitive tasks. Ongoing innovations also improve the portability and 
accessibility of NIRS devices, making them suitable for diverse environments, such 
as telemedicine. The development of wearable NIRS technology promises to revolu-
tionize continuous health monitoring and personalized medicine, allowing for early 
detection and intervention in various medical conditions.

Since its inception by Frederick William Herschel, NIRS has evolved into a 
sophisticated, non-invasive tool with a wide range of applications in both clinical and 
research domains. Its ability to provide detailed information about tissue oxygenation 
and hemodynamics continues to drive advancements in medical diagnostics and 
neuroscience. Beyond biomedical applications, NIRS has also been widely used in 
other fields, such as quality control analysis in the food and feed industry, highlight-
ing its versatility and broad applicability. These cross-disciplinary utilities further 
reinforce the importance of continued research and innovation in NIRS technology. 
As technology progresses, NIRS is poised to play an increasingly important role in 
improving people’s lives, offering new opportunities for innovation and discovery in 
both medical and non-medical fields.

Abbreviations

BCI brain-computer interface
CNN convolutional neural network
DNN deep neural network
EEG electroencephalogram
fMRI functional magnetic resonance imaging
fNIRS functional near-infrared spectroscopy

2�  oxyhemoglobin
HbR deoxyhemoglobin
HRF hemodynamic response function
ICA independent component analysis
ICU intensive care unit
KNN K-nearest neighbor
LED light emitting diode
LSTM long short-term memory
LV left ventricle
NIRS near-infrared spectroscopy
OCT optical coherence tomography
PCA principal component analysis
PET positron emission tomography
RFA radiofrequency ablation
RNN recurrent neural network
RV right ventricle
SVM support vector machine
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Abstract

In recent decades, infrared spectroscopy has proved to be an effective tool for 
studying biological molecules, thanks in particular to advances in Fourier transform 
infrared (FTIR) spectroscopy. This method is widely used to characterize molecules, 
providing precise data on samples and finding extensive applications in biological 
and biotechnological research. Macroalgae, alongside marine crustaceans, are now 
recognized as primary sources of biomass, offering nutritional benefits and promis-
ing bioactive molecules. Hydrocolloids extracted from algae play a crucial role as food 
additives, improving the texture and quality of food products. This chapter explores in 
detail the fundamentals, data analysis methods, spectrum interpretation, and associ-
ated aspects of characterizing hydrocolloids present in the cell wall of algae using FTIR 
spectroscopy. It provides an in-depth overview of the methodologies used to extract 
these hydrocolloids from various types of algae while optimizing analytical techniques 
and interpreting infrared results. By enriching our understanding of these compounds, 
this chapter aims to promote their use in diverse fields such as food and biotechnology, 
highlighting their growing potential as sustainable and biologically beneficial resources.

Keywords: FTIR, hydrocolloids, infrared, macroalgae, polysaccharides, spectra

1.  Introduction

The evolution of chemical analysis has been driven by Fourier transform infrared 
(FTIR) spectroscopy, which uses light to analyze samples [1]. By scattering all 
infrared wavelengths simultaneously, the sampling speed has increased significantly. 
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FTIR is commonly used to analyze the biochemical properties of biological samples 
such as proteins, cellular materials, and tissues [2], providing unbiased and detailed 
data on the vibrational fingerprint of organic compounds [3]. This method has been 
widely used in biomedical and biotechnology research. FTIR can be used to study a 
wide variety of materials at macro and micro levels. It is crucial to choose the right 
spectra acquisition geometries and sample preparation methods, especially for cells 
and tissues. The attenuated total reflection (ATR) mode facilitates analysis by avoid-
ing sample preparation, thanks to a stationary evanescent wave [1]. In catalysis, FTIR 
is essential for identifying compounds in complex mixtures [4], monitoring catalytic 
activity in real time, and determining the active phases of catalysts [5, 6]. It analyzes 
catalyst surfaces and identifies chemisorbed species [7]. Historically, transmission-
mode IR was used to study the acid–base properties of materials using probe mol-
ecules [8]. This technique is still preferred for obtaining detailed information on the 
composition and mechanisms of catalysts [9, 10].

Over 70% of the Earth’s surface is covered by the ocean [11], home to a vast array 
of marine organisms producing numerous natural products [12]. Among them, 
marine algae stand out for their unique functional compounds [13], often absent from 
land plants. These compounds, with their antioxidant, anti-inflammatory, antibacte-
rial, and antiviral properties, are of great interest for pharmaceutical, cosmetic, and 
food applications [14, 15]. The economic importance of seaweed farming has risen 
sharply in recent years [16], becoming the second most important form of aqua-
culture after fish farming [16]. The main drivers are the health benefits of seaweed 
and its potential as a sustainable source of bioenergy and biomaterials. Intensively 
cultivated macroalgae sequester carbon and help combat climate change [17, 18]. 
They create jobs in coastal communities [19], reduce pressure on wild fish stocks, 
and improve water quality by absorbing excess nutrients [19, 20]. The production of 
hydrocolloids, gelling, and thickening substances extracted from algae, such as agar-
agar, carrageenan, and alginate, is also booming. Used in the food, medical, and even 
construction industries, these hydrocolloids are environment-friendly alternatives to 
synthetic products, contributing to a more sustainable economic cycle and a reduced 
carbon footprint.

Full characterization of the FTIR spectra of marine algae is fundamental to 
exploring their complex chemical composition and potential applications in various 
sectors [3]. This spectroscopic technique uses Fourier transform infrared (FTIR) 
spectroscopy to identify and quantify the biochemical components of algae based 
on their distinctive spectral signatures [21–23]. The basic mechanisms rely on the 
absorption of infrared (IR) energy by specific molecular bonds, such as the O-H 
bonds of polysaccharides and the C=O bonds of lipids, generating characteristic peaks 
in the infrared spectrum [24, 25]. Before FTIR analysis, algae samples are prepared 
by drying and powdering to ensure homogeneous distribution during measurement 
[26]. This allows rapid, non-destructive assessment of algae composition, essential for 
research into their biodiversity, nutritional properties, and potential industrial appli-
cations [26]. Indeed, it is used in the development of algae-based food, cosmetics, and 
pharmaceutical products, guaranteeing the quality and safety of finished products 
[27]. Although FTIR offers significant advantages such as sensitivity and speed, it 
requires expertise to correctly interpret spectra and optimize sample preparation.

This chapter presents the fundamental principles, data analysis process, spectral 
interpretation, and related information for characterizing algal cell wall hydrocolloids 
via Fourier transform infrared (FTIR) spectroscopy. It provides an overview of the 
essential data needed to understand hydrocolloid extraction methods from various 
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algal phyla, as well as to optimize analytical techniques and interpretations of IR 
spectra. The aim is to provide an in-depth understanding of the methods studied, 
facilitating the characterization and effective use of algal hydrocolloids.

2.  Principle of IR spectroscopy

2.1  Fundamentals of FTIR

The Fourier transform infrared spectroscopy (FTIR) is an essential method for the 
analysis of materials, whether organic, polymeric, or inorganic [15]. This technique 
measures the absorption of infrared radiation by a sample at different wavelengths, pro-
ducing a distinct spectrum that reveals the sample’s molecular fingerprint. As infrared 
radiation passes through the sample [26], some frequencies are absorbed by chemical 
bonds, while others pass through. To modulate the IR radiation, a Michelson interfer-
ometer is used, generating an interferogram containing all the necessary spectral data 
[28]. This interferogram is then Fourier-transformed into an absorption spectrum.

An FTIR spectrometer consists of an infrared source, an interferometer, a sample 
holder, a detector, and a computer for data processing. Depending on the state of 
the sample, preparation varies––solids are prepared with KBr pellets or thin films, 
liquids with cells equipped with IR-transparent windows, and gases with special 
cells. Analysis of FTIR spectra enables functional groups and molecular structures 
to be identified by observing characteristic peaks. The fingerprint region, which lies 
between 400 and 1500 cm−1, is particularly useful for accurate compound identifica-
tion. The FTIR has several advantages, including rapid spectral acquisition, high 
sensitivity, and non-destructive analysis requiring little sample preparation [29]. 
The method is widely used for qualitative and quantitative analysis, material char-
acterization, and environmental monitoring, making it a versatile tool in a variety of 
scientific fields [26].

2.2  Basic principles of FTIR

Infrared (IR) electromagnetic radiation does not possess sufficient energy to excite 
electrons in molecules, unlike UV–visible radiation or X-rays (Figure 1). However, it 
is capable of intensifying the molecular and rotational vibrations of chemical bonds. 
This ability to interact with molecular vibrations is exploited in infrared (IR) spec-
troscopy. IR spectroscopy covers two main regions of the spectrum, depending on 
photon energy (Figure 1) [30]:

• Far-IR: Corresponding to longer wavelengths (lower energy, around 
400,000 nm), wavelength region (400 to 10 cm−1), this region mainly quantifies 
changes induced by rotational vibrations of molecules.

• Near-IR: Located at shorter wavelengths (around 700 nm), the wavelength 
region is 4000 to 700 cm−1. This region encompasses both the vibrational and 
rotational vibrations of molecules.

• Mid-IR: Located at wavelengths of 2–25 μm. Wavenumber region 4000 to 
400 cm−1. Analysis of the fundamental vibrations of chemical bonds, enabling 
precise identification of functional groups in organic and inorganic molecules.
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The frequency of absorption in the IR spectrum depends on the different modes 
of molecular vibration, such as symmetrical and asymmetrical stretching, bending, 
and so on. The intensity of absorption peaks depends on the efficiency with which 
molecules absorb infrared energy, which in turn depends on the variation in the 
molecule’s dipole moment [26]. Symmetrical molecules such as N2, H2, and O2, which 
are diatomic gases, do not possess a permanent dipole moment and, therefore, do 
not show a characteristic spectral fingerprint in the IR spectrum [26]. This makes IR 
spectroscopy particularly useful for identifying specific compounds with functional 
groups with distinct dipole moments, such as OH bonds in alcohols or amide groups 
in proteins. IR spectroscopy is a valuable technique for analyzing molecular vibrations 
and characterizing chemical structures due to its sensitivity to subtle variations in 
molecule vibrational modes [31].

Molecular vibrations in the infrared (IR) spectrum are essential for analyzing 
molecular structure, falling into two main types: stretching and bending. Stretching 
vibrations include symmetric stretching, where atoms move symmetrically for the 
bond axis, altering its length without changing its angle, and asymmetric stretching, 
where one atom moves toward the central atom while the other moves away, creating 
an asymmetric variation in bond length (Figure 2) [26].

The bending vibrations are divided into several modes: rocker bending, scissor 
bending, oscillation bending, and torsion bending. Rocker bending occurs when 
atoms move in a plane perpendicular to the central bond, altering the angle of the 
bond without changing its length. Scissor bending resembles the movement of a pair 
of scissors, altering the angle between bonds. Oscillation bending involves an oscil-
lating movement in the plane of the molecule. Torsional bending is characterized by a 
twisting motion of the atoms outside the plane of the molecule, resulting in rotation 

Figure 1. 
Infrared region of the electromagnetic spectrum [30].
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around the central bond. These vibrational modes provide valuable information about 
the bonds and structure of molecules, making IR spectroscopy a powerful tool for 
molecular analysis (Figure 2) [28].

These molecular vibrations are essential for IR spectroscopy, as they manifest 
themselves as specific absorptions at distinct frequencies (wave numbers) in the IR 
spectrum [26]. By analyzing these absorption frequencies and their intensities, we 
can identify the specific functional groups present in a molecule, enabling the precise 
characterization of chemical compounds [31]. Vibrational stretching frequency fol-
lows Hooke’s law, where it is proportional to bond strength and inversely proportional 
to atomic mass. Thus, a triple bond vibrates at a higher frequency than a double or 
single bond (Table 1) [26].

Figure 2. 
Schematic diagram of molecular vibration modes [26].

Functional group Absorption band(s) (cm−1) Functional group Absorption band(s) (cm−1)

Alcohol O─H stretch 3550–3200 Aromatic C─H 
bending

860–680

Water O─H stretch 3700–3100 Aromatic C─C 
bending

1700–1500

Carboxylic acid O─H 
stretch

3000–2500 Nitrile C=N stretch 2260–2220

Alkyl C─H stretch 2950–2850 N─H stretch 3500–3350

Alkenyl C─H stretch 3100–3010 Aldehyde C O 1740–1715

Alkenyl C─C stretch 1680–1620 NOx stretch 1600

Alkynyl C─H stretch ≈3300 Ester C─O 1300–1000

Alkynyl C=C stretch 2260–2100 C─O─C stretch 1250–1050

Aromatic C─H stretch ≈3030

Table 1. 
IR bands are used more in catalytic studies [26].
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3.  Macroalgae

3.1  Seaweeds classification

The seaweeds are photosynthetic organisms essential to marine ecosystems, 
grouped into three main categories: red algae (Rhodophyceae), brown algae 
(Phaeophyceae), and green algae (Chlorophyceae) [32]. Each category is distin-
guished by its pigments, cell structure, and specific habitats [33]. Red algae, rich in 
phycoerythrin, phycocyanin, and chlorophyll, have complex cell walls and thrive in a 
variety of marine habitats, including those of species such as Porphyra, Chondrus, and 
Eucheuma. Brown algae, characterized by chlorophyll a and c as well as fucoxanthin, 
have walls reinforced with alginic acid and sulfated fucans and include species, such 
as Laminaria, Fucus, and Sargasum, inhabiting mainly temperate and cold zones. 
Green algae, containing chlorophyll a and b, can be unicellular or multicellular and 
are found in marine and freshwater habitats, with species, such as Ulva, Caulerpa, 
and Codium. They play a crucial role in producing oxygen and stabilizing coastal 
ecosystems, and they are also economically important for their applications in the 
food, pharmaceutical, and cosmetics industries [34]. Understanding and preserving 
these algae is essential to maintaining marine biodiversity and supporting industries 
dependent on these resources.

3.2  Marine algae reproduction cycle

Marine algae, or macroalgae, present a remarkable diversity in their reproductive 
cycles, varying according to their classification into red algae (Rhodophyta), brown 
algae (Phaeophyceae), or green algae (Chlorophyta), each with distinct characteris-
tics that influence their adaptation to marine environments.

3.2.1  Rhodophyta

Red algae are characterized by a complex life cycle dominated by the gametophyte 
phase [35]. This cycle alternates between a diploid sporophyte phase and a haploid 
gametophyte phase [36]. Asexual reproduction is common, often occurring through 
fragmentation where pieces of alga can develop into new individuals. Sexual repro-
duction involves the release of male and female gametes into the water, followed by 
fertilization [35].

3.2.2  Phaeophyceae

Brown algae have a heteromorphic life cycle, alternating between a diploid 
sporophyte phase and a haploid gametophyte phase [37, 38]. The sporophyte is 
generally larger and more complex than the gametophyte [39]. Asexual reproduc-
tion occurs through fragmentation or the formation of specialized spores [37]. 
Sexual reproduction involves the release of gametes into the water, where fertiliza-
tion occurs.

3.2.3  Chlorophyta

Green algae show great variability in their reproductive cycles [40]. Some species 
alternate between haploid and diploid generations. Asexual reproduction can occur 
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through fragmentation or the formation of specialized reproductive structures [41]. 
Sexual reproduction also involves the release of gametes into the water for fertilization.

These reproductive cycles are influenced by environmental factors, such as light, 
temperature, and nutrient availability [42]. They are crucial to the survival and diver-
sity of marine algae, contributing significantly to marine ecosystems by recycling 
nutrients and providing essential habitats for many marine species. In-depth study 
of these cycles provides a better understanding of the adaptation and population 
dynamics of marine algae, essential for the management and conservation of marine 
resources and coastal habitats.

3.3  Cell wall of seaweeds

Seaweeds have cell walls rich in polysaccharides such as cellulose, alginates, and 
carrageenans [43], which play crucial roles in both cell structure and the industrial 
applications of hydrocolloids [44]. Cellulose, predominant in green algae, confers 
essential rigidity to cell walls, ensuring mechanical resistance against marine 
environmental stresses [45]. Alginates, found mainly in brown algae, are polysac-
charides capable of forming gels in the presence of calcium, thus contributing to cell 
wall stability and regulating osmotic balance. Carrageenans, found in red algae, are 
sulfated polysaccharides that add elasticity and flexibility to cell walls, in addition 
to possessing gelling properties used in various industries [25, 46]. These cell wall 
polysaccharides are directly linked to the functional properties of hydrocolloids 
extracted from seaweed. For example, agar, carrageenan, and alginate are widely used 
for their gelling, thickening, and stabilizing capacities in food, cosmetics, pharma-
ceuticals, and biotechnological products. This close relationship between cell walls 
and hydrocolloids demonstrates not only the importance of marine resources for 
sustainable industrial applications but also the efficient exploitation of algae’s natural 
properties. The complex interactions between polysaccharide components of cell 
walls and hydrocolloid applications highlight the potential of marine algae as a source 
of biocompatible and ecologically sustainable materials in various technological and 
industrial fields.

4.  Description of the different hydrocolloid types and extraction 
processes

4.1  Hydrocolloids in Chlorophyceae

Hydrocolloids are hydrophilic polymers widely used in the food and pharmaceuti-
cal industries for their thickening, gelling, and stabilizing properties [47]. Among the 
various sources of these polymers, algae of the Chlorophyceae class, or green algae, 
are of particular interest due to their unique chemical composition and abundance in 
aquatic environments [47].

4.1.1  Hydrocolloid types in Chlorophyceae

Chlorophyceae produce several types of hydrocolloids, the most notable of which 
are polysaccharides such as ulvan and rhamnan. The ulvan backbone is made up of 
repeating disaccharide units: ulvanobioronic acid (types A and B) and ulvanobi-
ose (type U). Type A contains β-D-glucuronic acid linked (1,4) to α-L-rhamnose 
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3-sulfate, while type B replaces β-D-glucuronic acid with α-L-iduronic acid [48]. Type 
U has β-D-xylose (1,4) linked to α-L-rhamnose 3-sulfate. These polysaccharides are 
extracted mainly from the Ulva and Enteromorpha genera.

4.1.2  Properties and applications

Hydrocolloids derived from Chlorophyceae have a wide range of functional 
properties, making them useful in many applications:

• Thickeners and gelling agents: Green algae polysaccharides can form gels and 
viscous solutions, which is crucial for the food industry in the manufacture of 
products such as sauces, jams, and gelled desserts.

• Stabilizers: By stabilizing emulsions and suspensions, these hydrocolloids 
improve the texture and consistency of food and cosmetic products.

• Film formers: Some Chlorophyceae polysaccharides can form films, used in 
biodegradable food packaging and edible films (Figure 3).

4.1.3  Extraction and production

Hydrocolloid extraction from Chlorophyceae generally involves physical 
and chemical methods to isolate the polysaccharides of interest. Algae are har-
vested, washed, dried, and ground before being subjected to hot-water extrac-
tion processes, followed by ethanol precipitation or other methods to purify the 
polysaccharides.

4.1.4  Research and development

Chlorophyceae hydrocolloid research focuses on optimizing extraction tech-
niques, characterizing chemical structures, and assessing functional properties for 

Figure 3. 
Chemical structure of a typical ulvane [48].
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specific applications. The exploration of new species of green algae and the chemi-
cal modification of polysaccharides are also active areas of research. In addition, 
hydrocolloids from the Chlorophyceae represent a valuable natural resource with 
a wide range of industrial applications. Their ability to improve the textural and 
functional properties of food and non-food products makes them the ingredients 
of choice for industries seeking to exploit sustainable, environment-friendly 
materials.

4.2  Hydrocolloids in Phaeophyceae

Hydrocolloids from the Phaeophyceae, or brown algae, are natural polymers 
that play a crucial role in a variety of industrial applications, notably in the food, 
pharmaceutical, and cosmetics sectors. Brown algae are particularly rich in unique 
polysaccharides, such as alginate, fucoidane, and laminarin, which possess remark-
able functional properties.

4.2.1  Hydrocolloid types in Phaeophyceae

• Alginate: The best-known and most widely used hydrocolloid of brown algae. It 
is mainly extracted from the Laminaria, Macrocystis, and Ascophyllum genera. 
Alginate is composed of mannuronate and guluronate blocks, giving it a unique 
ability to form solid gels and films in the presence of divalent cations such as 
calcium.

• Fucoidan: This sulfated polysaccharide is found mainly in the cell walls of brown 
algae. Fucoidan has interesting biological properties, including anticoagulant, 
antiviral, and anti-inflammatory activities, making it promising for medical 
applications.

• Laminarin: Another polysaccharide found in brown algae, laminarin is a glucan 
that serves as an energy reserve for these algae. It is being studied for its immu-
nomodulatory and anti-tumor properties (Figure 4).

Figure 4. 
Chemical structure of the Fucoidan from (A) Fucus vesiculosus and Ascophyllum nodosum and (B) 
Laminaria saccharina; Alginate base structure (C) and laminarin base structure (D).
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4.2.2  Properties and applications

Hydrocolloids from Phaeophyceae have many applications due to their unique 
properties:

• Thickeners and gelling agents: Alginates are used to thicken and gel a wide variety 
of food products, including ice creams, sauces, and baked goods.

• Stabilizers: By stabilizing emulsions and suspensions, these hydrocolloids 
improve the texture and consistency of food and cosmetic products.

• Bioactives: Fucoidanes are used for their biological properties, notably in dietary 
supplements and pharmaceutical formulations.

• Coatings and films: Alginates can form protective films and coatings used in food 
packaging and biomedical applications.

4.2.3  Extraction and production

Hydrocolloid extraction from Phaeophyceae generally involves both physical and 
chemical processes. Algae are harvested, washed, crushed, and subjected to chemical 
treatments to isolate the polysaccharides of interest. Alginates, for example, are often 
extracted using alkaline solutions followed by acid precipitation.

4.2.4  Research and development

Current research focuses on optimizing extraction processes, chemically modify-
ing hydrocolloids to enhance their functional properties, and exploring new appli-
cations. Detailed characterization of the structures and properties of brown algal 
hydrocolloids is also an active area of research. Phaeophyceae hydrocolloids represent 
a valuable resource with a wide range of industrial applications. Their ability to 
improve the textural and functional properties of food products, as well as their 
unique biological properties, make them ingredients of choice for a variety of indus-
tries seeking to exploit sustainable, environment-friendly materials.

4.3  Hydrocolloids in Rhodophyceae

Hydrocolloids from the Rhodophyceae, or red algae, are natural polysaccharides of 
considerable importance in the food, pharmaceutical, and cosmetics industries. Red 
algae are particularly well known for producing two main types of hydrocolloids: agar 
and carrageenan, each with distinct properties and varied applications.

4.3.1  Hydrocolloid types in Rhodophyceae

4.3.1.1  Agar

Agarans, polysaccharides found in algae, differ from carrageenans in their more 
diverse functional groups. They generally come in two fractions (agarose and agaro-
pectin), which differ in their ionic charges, with the neutral agar fraction (known as 
agarose and agaropectin) serving as the charged fraction [49].
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• Composition and extraction: Agar is mainly extracted from the Gelidium and 
Gracilaria genera. It is composed of two main fractions: agarose, which forms solid 
gels, and agaropectin, which contains sulfated groups and other substituents.

• Properties: Agar forms heat-reversible gels at low concentrations and is used for 
its gelling, stabilizing, and thickening properties.

• Applications: It is widely used in the food industry (as a gelling agent for jams, 
jellies, and dairy products), in microbiology laboratories (as a culture medium), 
and in the pharmaceutical industry (as an excipient and controlled-release 
agent) (Figure 5).

4.3.1.2  Carrageenan

Carrageenan, extracted from red macroalgae such as Chondrus crispus, is com-
posed of galactose and 3,6-anhydrogalactose linked by glycosidic bonds (Figure 6). 
It is divided into kappa, iota, lambda, mu, and nu types, each with specific properties 
for a variety of industrial applications [49].

• Composition and extraction: Carrageenan is extracted mainly from the Chondrus, 
Eucheuma, and Kappaphycus. It exists in three main forms: kappa, iota, and 
lambda, each with distinct gelling and thickening properties.

• Properties: Kappa and iota carrageenans form gels in the presence of specific 
cations (such as potassium and calcium), while lambda carrageenan acts primar-
ily as a thickener.

Figure 5. 
Chemical structure of agaran from Gymnogongrus tenuis [48, 49].

Figure 6. 
Chemical structure of μ-, κ-, ν-, ι-, and λ-carrageenan with the transformation of carrageenan precursors into 
κ- and ι-carrageenan under alkaline conditions [49].
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• Applications: Carrageenans are used as gelling agents, thickeners, and stabilizers 
in a variety of food products, including dairy products, processed meats, and 
desserts. They are also used in cosmetic and pharmaceutical formulations for 
their textural and stabilizing properties.

4.3.2  Properties and applications

The hydrocolloids of the Rhodophyceae possess functional properties that make 
them valuable for a variety of industrial applications.

• Thickeners and gelling agents: Agaroses and carrageenans are used for their ability 
to form solid gels and viscous solutions.

• Stabilizers: They improve the texture and stability of emulsions and suspensions 
in food and cosmetic products.

• Texturizers: These hydrocolloids modify the texture of food products to improve 
mouthfeel and palatability.

4.3.3  Extraction and production

The extraction of hydrocolloids from Rhodophyceae generally involves both 
mechanical and chemical processes. The algae are harvested, cleaned, and crushed 
before being subjected to hot water treatments to extract the polysaccharides. The 
solutions are then filtered and precipitated to isolate agar or carrageenan.

4.3.4  Research and development

Current research focuses on improving extraction techniques, chemically 
modifying hydrocolloids to enhance their functionality, and exploring new applica-
tions in the biomedical and environmental industries. Characterizing the physico-
chemical properties of agaroses and carrageenans is also an active area of research. 
Rhodophyceae hydrocolloids are valuable ingredients thanks to their unique gelling, 
thickening, and stabilizing properties. Their use in a variety of industrial sectors 
bears witness to their versatility and economic importance. Ongoing innovation in 
the extraction and application of these natural polysaccharides promises to further 
expand their uses and improve their performance in a variety of contexts.

5.  FTIR characterization of hydrocolloids

Fourier transform infrared spectroscopy (FTIR) is a leading analytical method 
for characterizing hydrocolloids, particularly those derived from marine sources such 
as algae. This technique enables in-depth exploration of the molecular structure and 
functional properties of the polysaccharides that make up these materials, offering a 
wide range of applications in various industrial sectors.

5.1  FTIR for hydrocolloid analysis: functional groups and interactions

FTIR is an essential tool for the analysis of hydrocolloids, which are substances 
capable of forming gels or viscous solutions when in contact with water. Using FTIR, 



85

Various Approaches to Fourier-Transform Infrared Spectroscopy (FTIR) for Bioanalytical…
DOI: http://dx.doi.org/10.5772/intechopen.1006723

we can identify the functional groups present in hydrocolloids, such as hydroxyl 
(O-H) and carbonyl (C=O) groups, which play a crucial role in their gelling and solu-
bility properties [50]. This method also enables us to examine interactions between 
hydrocolloids and other components, such as texturizing agents, by observing hydro-
gen bonds and associated structural changes. FTIR is particularly useful for analyzing 
changes in hydrocolloid structure during gel formation or in response to thermal 
or chemical treatments. Although direct quantification of hydrocolloid concentra-
tions can present challenges, spectral-based calibration methods can provide rough 
estimates. By combining FTIR with other techniques such as rheology or microscopy, 
a more complete understanding of the properties and behavior of hydrocolloids in 
various formulations can be obtained.

5.2  Application of FTIR spectroscopy in the analysis of marine hydrocolloids

FTIR spectroscopy is essential for analyzing marine hydrocolloids, providing 
critical information about their composition and properties. It detects and identifies 
functional groups, revealing the molecular structure of these compounds, including 
the types of glycosidic linkages in polysaccharides, which influence their physical and 
functional properties [47]. This technique is also vital for quality control and authen-
tication, as it compares spectral signatures with reference samples to ensure purity 
and conformity. Furthermore, FTIR allows for the study of complex interactions 
between hydrocolloids and other substances, such as salts and proteins, which is cru-
cial for optimizing formulations and understanding their properties. It also enables 
quantitative analysis by measuring peak intensities, facilitating accurate determina-
tion of component concentrations in hydrocolloid mixtures. Marine hydrocolloids 
are valued for their durability, biocompatibility, and unique functional properties, 
making FTIR analysis an indispensable tool in their exploration for various applica-
tions in the food, pharmaceutical, cosmetics, and biotechnology sectors [47]. In short, 
FTIR spectroscopy plays a vital role in characterizing marine hydrocolloids and fully 
exploiting their potential in numerous industrial and technological fields, offering 
precise detection and analysis of their functional groups.

5.3  Computer optimization of FTIR analysis of marine hydrocolloids

The integration of IT tools into Fourier transform infrared (FTIR) spectroscopy 
has revolutionized the management and analysis of spectral data, particularly 
for marine hydrocolloids such as polysaccharides from algae. Software like FTIR 
Essential, OMNIC, and OriginPro facilitates instrument control, automating data 
acquisition and allowing precise adjustments of parameters such as resolution and 
wavelength range. Pre-processing algorithms enhance data quality by correcting 
baseline deviations, smoothing spectra, and normalizing data. During interpreta-
tion, specialized software compares acquired spectra with reference libraries to 
identify functional groups and employs advanced chemometric techniques, such as 
Principal Component Analysis (PCA), to extract significant patterns and classify 
samples [51, 52]. Tools like Unscrambler X 10.4, XLSTAT, Excel, and Minitab are 
commonly used for efficient analysis. Quantitative analysis, based on peak intensity 
measurements, helps determine the concentration of different compounds within 
samples. Integrated databases facilitate the rapid verification of sample authenticity, 
while automated workflows ensure swift and efficient analysis, catering to industrial 
and scientific needs. These IT tools also produce detailed reports, guaranteeing the 



Recent Advances in Infrared Spectroscopy and Its Applications in Biotechnology

86

traceability and reproducibility of results. This makes FTIR analyses more precise 
and efficient, enhancing the application of marine hydrocolloids in sectors, such as 
pharmaceuticals, food, and cosmetics.

5.4  Infrared spectrum analysis of hydrocolloids: methodology and applications

Analyzing the infrared (IR) spectra of hydrocolloids is an essential systematic 
method for revealing their chemical composition and functional properties, particu-
larly useful in the food, pharmaceutical, cosmetics, and biomedical industries. The 
process begins with the acquisition of spectral data using FTIR spectroscopies, tuned 
by specialized software to define spectral range and resolution, ensuring accurate 
and reproducible measurements. The raw spectra are then pre-processed by baseline 
correction, smoothing, and normalization, which improves the accuracy of results 
by eliminating background noise and facilitating comparison between samples. IR 
spectra can be used to determine the functional groups present in hydrocolloids, 
such as hydroxyl, carbonyl, and sulfate bonds. Each functional group absorbs infra-
red energy at specific frequencies, producing distinct peaks in the spectrum. For 
example, O-H stretches occur between 3200 and 3600 cm−1 [53–55], C=O stretches 
between 1700 and 1750 cm−1 [50], and C-O stretches between 1000 and 1300 cm−1 
[50]. The positions of these peaks may vary slightly depending on the chemical struc-
ture and environment of the hydrocolloids. Then, spectral analysis software facilitates 
interpretation by comparing the spectra obtained with reference libraries, helping to 
determine the chemical composition and conformity of hydrocolloids. Quantitative 
analysis of IR spectra enables the relative quantities of components to be estimated, 
while chemometric methods such as PCA reveal important information for sample 
classification and process optimization. IR combined with PCA distinguishes food 
polysaccharides, identifying specific spectral bands for components such as starch, 
β-glucan, galactan, and carrageenans [50]. These techniques highlight the differences 
between families of purified polysaccharides, crucial for guaranteeing product qual-
ity and safety in various industrial sectors.

6.  A few illustrations of IR spectra and their interpretation for hydrocolloids

6.1  Preparing samples for FTIR analysis

FTIR spectra of polysaccharides extracted from various algae species, including 
Caulerpa taxifolia, Uva fasciata, Sargassum latifolium, Laminaria digitata, Sargassum 
aquifolium, Cystoseira crinita, Gelidium pusillum, Gracilaria corticata, Kappaphycus 
striatus, and Eucheuma denticulatum, were recorded using a FTIR spectrometer 
(model 6300, JASCO, Japan). The functional groups were analyzed in the range of 
4000–400 cm−1 with a resolution of 4 cm−1 using KBr pellets. Dried powder samples 
were evaluated and compared to previous research data. Data processing was carried 
out using OMNIC 9.2.86 software. To ensure accurate results, a background measure-
ment was performed before each sample analysis.

6.2  FTIR spectra of ulvan from green algae

In the FTIR analysis of Caulerpa taxifolia, a green alga, referring to the study 
of Bayro et al. [56]. The FTIR spectrum of C. taxifolia (Figure 7A) shows strong 
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absorption at 3340 cm−1, compared with 3433 cm−1 for ulvan, mainly due to stretch-
ing of the -OH groups and, to a lesser extent, the N-H group. Peaks at 2923 cm−1 for 
C. taxifolia and 2939 cm−1 for ulvan correspond to stretching of the C-H groups. The 
peak at 1645 cm−1 indicates a conjugated aromatic C=O group. Bands at 1235 cm−1 
in C. taxifolia and between 1000 and 1200 cm−1 in ulvan are associated with C-O 
vibrations of sugar rings and glycosidic bonds. Peaks at 1149, 1077 and 1015 cm−1 for 
C. taxifolia, and at 1164, 1085, and 1034 cm−1 for ulvan, confirm a pyranose configura-
tion, indicating that C. taxifolia is a polysaccharide similar to ulvan.

The study by Barakat et al. [57], using Uva fasciata as the alga of interest 
(Figure 7), reveals that the FTIR spectra of ulvan show a band at 3375–3380 cm−1 for 
O-H stretching, a weak peak at 2925–2928 cm−1 for aliphatic C-H stretching, and a 
band at 1076 cm−1 for C-O stretching of the sugar rhamnose. The presence of sulfate 
groups is confirmed by a band at 820–856 cm−1 and a shoulder at 1225–1226 cm−1, 
while the band at 748–750 cm−1 corresponds to sugar rings, showing a diversity of 
sulfate groups in the ulvan of Uva fasciata.

6.3  FTIR spectra of alginate from brown algae

The FTIR profile of sodium alginate extracted from Sargassum latifolium 
(Figure 8A) reveals several important functional groups [58]. A broad absorption 
band at 3465 cm−1 is attributed to the stretching of the hydroxyl group (-OH). Peaks 
in the 4000–3400 cm−1 range correspond to alcohol and acid groups. The bands 
between 1628 and 1428 cm−1 are associated with the vibrations of carboxylate anions 
(COO−), providing key insights into the structure of alginates and their interactions 

Figure 7. 
FTIR spectrum of the extracted ulvan: from (A) Caulerpa taxifolia and (B) Uva fasciata.

Figure 8. 
FTIR spectrum of sodium alginate from (A) Sargassum latifolium and (B) Laminaria digitata.
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with metals. The band at 2923–2854 cm−1 is linked to aliphatic -CH stretching and 
C-H vibrations. Peaks in the 1090–1030 cm−1 range reflect the saccharide structure, 
while the band at 1734 cm−1 indicates the stretching of the C=O group. Bands at 
848 cm−1 and around 600 cm−1 confirm the presence of sulfate groups and O=S=O 
deformations, respectively [58].

Similarly, sodium alginate extract from Laminaria digitata (Figure 8B) shows 
weak absorption bands at 1316.79, 1125.53, and 1094.66 cm−1 [59]. These bands are 
respectively related to C-C-H and O-C-H deformations, C-O stretching, and C-O 
and C-C vibrations in the pyranose rings. In addition, the band at 1035.6 cm−1 is also 
attributed to C-O stretching vibrations. The anomeric region (950–750 cm−1) is the 
most debated in carbohydrates [60]. The spectrum shows a band at 948.2 cm−1, which 
has been attributed to the C-O stretching vibration of uronic acid residues, and a 
band at 902.83 cm−1 attributed to the C1-H deformation vibration of β-mannuronic 
acid residues. The band at 818.76 cm−1 appears to be characteristic of mannuronic acid 
residues [59]. FTIR analyses of sodium alginates from different algae show specific 
characteristics that confirm the presence of distinct functional groups and their 
complex chemical structure.

6.4  FTIR spectra of Fucoidan from brown algae

FTIR spectra of fucoidans extracted from Sargassum aquifolium (Figure 9A) [61] 
and Cystoseira crinita (Figure 9B) [62] show distinct characteristics. For Sargassum 
aquifolium, the peak at 3425 cm−1 corresponds to the O-H stretching of the polysac-
charide, while that at 2960 cm−1 indicates the C-H groups of the carbohydrate. Peaks 
at 1641 cm−1 and 1420 cm−1 are associated with C=O vibrations and those at 1260 cm−1 
and 1056 cm−1 with S=O vibrations of sulfated polysaccharides. The peak at 802 cm−1 
confirms the presence of sulfate groups (C-O-S) [63].

For Cystoseira crinita, the band at 3427 cm−1 is linked to O-H stretching of 
sugar residues [64]. The signal at 1611 cm−1 is attributed to vibrations of ester 
groups (C=O) in acidic residues, indicating uronic acids [65]. The peak at 
1412 cm−1 could correspond to the stretching of -CH2 groups in neutral mono-
saccharides and -CH3 groups in fucosyl residues [58]. The band at 1135 cm−1 is 
attributed to the stretching of pseudosymmetric sulfate groups (O=S=O) and 
hemiacetal groups [66, 67]. These results, in line with the literature, demonstrate 
the importance of FTIR spectra for identifying the functional groups of sulfated 
polysaccharides.

Figure 9. 
FTIR spectrum of Fucoidan from (A) Sargassum aquifolium and (B) Cystoseira crinite.
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6.5  FTIR spectra of agar from red algae

FTIR spectra of agar extracted from the algae Gelidium pusillum and Gracilaria 
corticata reveal several distinctive features essential for understanding the chemical 
composition of agar [68]. Analyses show peaks corresponding to various functional 
groups typical of agar, such as alcohols, amines, and alkanes [69]. The peaks observed 
at 3419.3 cm−1 (Figure 10A) and 3421.9 cm−1 (Figure 10B) are attributed to the stretch-
ing of O-H bonds, signaling the presence of hydroxyl groups, a fundamental charac-
teristic of the polysaccharides present in agar [68]. The absorption band at 2900 cm−1 is 
associated with the methoxyl group, another important component of agar’s chemical 
structure. In addition, the band at 1600 cm−1 is linked to CO and NH groups, which 
play a crucial role in conjugated peptide bonds, contributing to agar’s structure and 
gelling properties. The bands were detected at 930 cm−1, 1073.3 cm−1 for Gelidium pusil-
lum and 1072.3 cm−1 for Gracilaria corticata are characteristic of 3,6-anhydrogalactose 
bridges, confirming the presence of this specific structure in extracted agar. These 
observations corroborate earlier findings by Pereira et al. [70], who also identified 
these features in agar samples, affirming the accuracy of the data obtained in the pres-
ent study. The features identified by FTIR provide key information on the composition 
and structure of agar, essential for its scientific and industrial applications.

6.6  FTIR spectra of carrageenan from red algae

The FTIR spectral profile of polysaccharide extracted from the algae Kappaphycus 
striatus and Eucheuma denticulatum revealed absorption bands characteristic of 

Figure 10. 
FTIR spectrum of agar from (A) Gelidium pusillum and (B) Gracilaria corticate.

Figure 11. 
FTIR spectrum of red algal carrageenan from (A) Kappaphycus striatus and (B) Eucheuma denticulatum.
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sulfated carrageenan (Figure 11A and B). For Kappaphycus striatus, the bands at 
930, 850, and 1260 cm−1 indicate the presence of symmetrical C-O-C vibrations of 
3,6-anhydro-D-galactose, the C4-O-S stretch and the O=S=O group of β-D-galactose-
4-sulfate, respectively, confirming kappa carrageenan composition [71, 72]. The band 
at 1640 cm−1 is related to the structural deformation of water [73]. In addition, bands 
at 1159, 1070, 2934, and 3411 cm−1 are attributed to -O bridge stretching, C-O, C-H, 
and O-H stretching vibrations, respectively [74, 75]. These results confirm the pres-
ence of kappa carrageenan in Kappaphycus striatus.

FTIR analysis of polysaccharide extracted from Eucheuma denticulatum revealed 
bands typical of carrageenans, according to Vandanjon et al. [76]. The sulfated ester 
at 1221.5 cm−1 (S=O) is common to ι-, κ- and ν-carrageenans [24, 77]. The C-O of 
3,6-anhydrogalactose occurs at 1061.82 cm−1 for ι- and κ-carrageenans, while the band 
at 973.16 cm−1 indicates the presence of galactose and these carrageenans. The band 
at 925.06 cm−1 is specific to ι-carrageenan, and at 905 cm−1 the C-O-SO4 group on the 
C2 of 3,6-anhydrogalactose is characteristic of ι- and κ-carrageenans. The bands at 
843 cm−1 and 805 cm−1 are associated with carrageenans and ι-carrageenan, respec-
tively [76]. The results therefore indicate that the nearest peaks in this spectrum 
correspond mainly to iota-carrageenan.

6.7  Overview of FTIR spectra of analyzed hydrocolloids

The FTIR spectra analyzed reveal distinctive features that allow for the iden-
tification and differentiation of hydrocolloids extracted from algae. The primary 
absorption bands observed indicate the presence of specific functional groups, 
showcasing the structural complexity of these polysaccharides. Analysis shows that 
the spectra obtained are more or less the same as those obtained in previous studies, 
with the absorbance bands slightly shifted. The studies listed above are summarized 
in Table 2.

For polysaccharides extracted from green algae, absorption bands around 3340–
3433 cm−1 are primarily attributed to -OH stretching, while peaks at 2923–2939 cm−1 
are associated with C-H stretching. The C-O vibrations in sugar rings and glycosidic 
bonds appear between 1000 and 1200 cm−1, confirming the presence of pyranose 
configurations. These characteristics are crucial for understanding the structure and 
functional properties of ulvan. The spectra of alginates and fucoidans from brown 
algae display typical bands for carboxylate (COO−) and sulfate (S=O) groups. Bands 
around 1628–1428 cm−1 are particularly informative for identifying alginates, indicat-
ing their ability to bind metal ions, while peaks between 820 and 856 cm−1 confirm 
the presence of sulfate groups, essential for fucoidans. Finally, the spectra of agar 
and carrageenan from red algae reveal characteristic bands for 3,6-anhydrogalactose 
bridges, which are fundamental to their gelling properties. Peaks associated with 
O-H, C-H, and SO4

2− groups are crucial for identifying the structure of carrageenans, 
enabling the distinction between kappa and iota forms. These FTIR analyses thus 
provide a deep understanding of the molecular structures and functional potentials of 
hydrocolloids extracted from different algae species.
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Abstract

Fourier Transform Infrared (FTIR) spectroscopy is a precise and highly 
effective analytical technique frequently used in biomolecular research due to its 
ability to provide detailed structural and functional insights into biomolecules 
such as proteins, carbohydrates, nucleic acids, and lipids. This no-invasive 
method operates by analyzing the vibrational modes of molecules, offering a 
unique spectral “fingerprint” that enables the characterization and identification 
of complex biological samples. FTIR spectroscopy’s versatility extends to studying 
biomolecules in diverse states and conditions, which in turn supports a wide range 
of applications, including medical diagnostics, cancer research, biofuel produc-
tion, and protein analysis. Combining this technique with advanced data process-
ing methods further enhances its ability to deliver quantitative and qualitative 
insights into biomolecular dynamics and interactions. This review highlights the 
broad applications of FTIR spectroscopy in biomolecular analysis, underscoring 
its significance in advancing research and clinical diagnostics.

Keywords: FTIR spectroscopy, biomolecular analysis, proteins, lipids, carbohydrates, 
nucleic acids

1.  Introduction

Fourier Transform Infrared (FTIR) spectroscopy is a powerful analytical technique 
that has revolutionized the field of biomolecular analysis [1]. FTIR spectroscopy is a 
label-free and noninvasive method that can provide detailed insights into the struc-
tural and functional properties of biomolecules, including proteins, carbohydrates, 
lipids, and nucleic acids [1–3]. FTIR has revolutionized the field of molecular charac-
terization by enabling the identification and analysis of a wide range of materials, from 
small molecules to complex biological samples [2, 4]. The underlying principle of FTIR 
spectroscopy lies in the way it collects and processes the spectral data. Infrared radia-
tion is passed through the sample, and the resulting interference pattern is recorded 
by a detector. This interferogram is then transformed using a Fourier transform 
algorithm, which converts the time-domain signal into a frequency-domain spectrum. 
The resulting spectrum displays the intensity of the absorbed or transmitted infrared 
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radiation as a function of the wavenumber or frequency, revealing the characteristic 
vibrational modes of the sample’s molecular components.

One of its key advantages in biomolecular analysis is its ability to detect and char-
acterize the vibrations of various functional groups within biomolecules. This enables 
researchers to gain a comprehensive understanding of the secondary and tertiary 
structures of proteins, as well as the conformation and interactions of nucleic acids 
and other biomolecules. FTIR is particularly useful for studying the conformational 
changes and dynamics of biomolecules under different environmental conditions, 
such as pH, temperature, or the presence of ligands or other interacting molecules. 
The versatility of FTIR spectroscopy is further enhanced by its ability to analyze 
samples in a variety of states, including solid, liquid, and gas phases, allowing for the 
study of biomolecules in their native environments [2]. Moreover, the technique can 
be combined with advanced data processing methods, such as chemometric analyses, 
to extract meaningful information from complex spectral data, enabling accurate 
classification and quantitative analysis of biomolecular samples [1]. FTIR spectros-
copy reveals multiple absorption peaks that are used to identify specific functional 
groups typically found in molecules. This technique assesses how substances such as 
lipopolysaccharides, lipids, carbohydrates, nucleic acids, and proteins absorb infrared 
light. Since the absorption characteristics of different groups are well-documented, 
materials can be identified by comparing their spectra to established values. For 
example, absorption peaks for C-C, C-N, and C-O are found between 1300 and 
800 cm−1, while C=O, N=O, C=N, and C=C absorb in the range of 1900–1500 cm−1. 
Additionally, C ≡ N and C ≡ C show absorption from 2300 to 2000 cm−1, and N-H, 
C-H, and O-H absorb between 3800 and 2700 cm−1. In terms of organic functional 
groups and structure, a typical protein features amide (carbonyl and amino), 
amino, carboxylic acid (carbonyl and acyl), and sulfhydryl groups, which produce 
IR-resonance frequencies at 1590–1690 cm−1 (amide carbonyl), 2500–3300 cm−1, 
1700–1725 cm−1 (carboxylate carbonyl), and 1380–1410 cm−1, respectively. Lipids 
may exhibit infrared resonance at 2843–2962 cm−1, 1715 cm−1, 1230–1310 cm−1, and 
1025 cm−1, corresponding to CH, carbonyl, phosphate, and ether stretching vibra-
tions. For nucleic acids, the common functional groups include hydroxyl, ester (car-
bonyl and acyl), and phosphate, which appear at 2300–3500 cm−1, 1163–1210 cm−1, 
and 1230–1244 cm−1 in an IR spectrum. Carbohydrates are characterized by phos-
phate, aldehyde, and ketone functional groups, corresponding to 1230–1244 cm−1, 
1720–1740 cm−1, and 1715–1750 cm−1, respectively, in an IR spectrum [5].

FTIR spectroscopy thus plays a crucial role in biomolecular research, providing 
detailed insights into the composition and structure of biomolecules in diverse areas, 
from pharmaceuticals and clinical analysis to environmental and food science [1]. FTIR 
spectroscopy is particularly valuable in protein analysis to determine secondary structure, 
such as alpha-helices, beta-sheets, and turns, by analyzing the amide I band [6, 7]. It 
aids in understanding protein folding, stability, and function. It can also be employed to 
study the protein-ligand interactions, membrane proteins, and conformational changes 
associated with protein activity [8]. The use of FTIR in biomolecular research is not just 
limited to proteins; it also effectively characterizes carbohydrates, lipids, and nucleic acids. 
FTIR spectroscopy effectively characterizes carbohydrates, providing insights into their 
classification (monosaccharides, disaccharides, polysaccharides) and revealing structural 
details, including the configuration of glycosidic linkages (alpha or beta) and the presence 
of various functional groups such as hydroxyl, carbonyl, and carboxyl groups [9]. These 
details are crucial for understanding the biological roles of carbohydrates in energy stor-
age, cellular recognition, and structural functions. FTIR is also valuable in lipid analysis as 
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it allows for the identification of different types of fatty acids, detection of lipid oxidation, 
and different lipid interactions. The use of FTIR in conjunction with chemometric tech-
niques such as PCA, PLS, and DA can enhance its applications in food analysis, including 
the authentication of fats and oils in food products [10]. FTIR spectroscopy is also applied 
to investigate the structure and dynamics of nucleic acids. This technique allows us to 
distinguish between various DNA conformations (A, B, and Z forms) [11], examine 
DNA-drug interactions [12], and analyze RNA structures [13]. The broader applicability 
of FTIR in nucleic acid research is evident through the studies on nucleotide components 
like uridine and thymidine [14]. However, like any analytical method, FTIR spectroscopy 
has its limitations that researchers must consider when applying this technique. One 
significant limitation of FTIR spectroscopy is its sensitivity to sample preparation and 
handling. Proper sample preparation is crucial for obtaining high-quality, reproducible 
spectra, as any inconsistencies in sample thickness, homogeneity, or contact with the 
instrument can introduce artifacts or distortions in the data. Additionally, the optical 
properties of the sample, such as its transparency or reflectivity, can affect the quality and 
interpretation of the FTIR spectrum [1]. Another limitation of FTIR spectroscopy is its 
inability to distinguish between structurally similar compounds. While FTIR can provide 
information about the functional groups present in a sample, it may not be able to differ-
entiate between isomers or closely related molecules that have similar infrared absorption 
patterns. However, the ability of FTIR spectroscopy to provide detailed structural and 
compositional insights regarding biomolecules underpins its extensive applications in both 
research and clinical settings. The applications and advancements of FTIR spectroscopy 
are further discussed in detail throughout this review.

2.  Applications of FTIR spectroscopy-biomolecular analysis

2.1 Lipids

Fourier Transform Infrared Spectroscopy (FTIR) can be utilized as an efficient 
tool for the detection, characterization, and quantification of biomolecules such 
as lipids by analyzing their spectra. Cancer progression is marked by significant 
alterations in the lipid content of cellular membranes, driven by changes in the lipid 
metabolism to promote tumor cell proliferation [15]. FTIR spectroscopy can be used 
to quantify these lipid variations, enabling the differentiation between normal cells 
and tumor cells based on their distinct lipid profiles. Increased synthesis of de novo 
lipids in malignant tissues to meet the elevated metabolic demands serves as a major 
hallmark of cancer [15, 16]. Tomas et al. reported the use of FTIR spectroscopy as a 
powerful tool to detect the de novo lipid synthesis in breast cancer. A notable study by 
Wehbe et al. showed that FTIR imaging can be used for the diagnosis of malignant 
gliomas by analyzing the differences in the molecular composition particularly in the 
lipid profiles of normal and tumor blood vessels. Analysis of specific spectral inter-
vals associated with fatty acyl chain absorption revealed higher levels of unsaturated 
phospholipids in the endothelial cells of tumor blood vessels [17].

FTIR spectroscopy has also been utilized to identify the variations in the lipid 
content of serum samples from liver cancer patients and healthy individuals [18]. 
Figure 1(A) shows the FTIR spectra of serum samples obtained from healthy indi-
viduals and liver cancer patients. The serum spectra shown in Figure 1(B) reveal a 
significant decrease in the band intensities at wavelengths 2870 cm−1 and 2851 cm−1, 
corresponding to lipid components, in liver cancer patients when compared to the 
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healthy individuals. These findings suggest alterations in the lipid metabolism and 
composition associated with different cancers and FTIR’s potential as a valuable tool 
for cancer diagnosis through lipid-based profiling. FTIR spectra not only provide 
information about the lipid content but also provide insights into the protein com-
position. The SD-IR spectra in Figure 1(C) display increased band intensities in the 
amide I region (1690 cm−1 to 1621 cm−1), reflecting the alterations in protein content. 
These findings demonstrate the versatility of FTIR spectroscopy in differentiating 
between lipid and protein profiles across various health conditions [18].

FTIR spectroscopy can be employed to analyze the microbial biomass, including the 
key biocompounds such as proteins, carbohydrates, and lipids. FTIR detects the func-
tional groups, such as aldehyde, carboxyl, and ester groups, within the biomolecules 
based on their absorption peaks at characteristic wavelengths. The peaks in the regions 
of 3550–3200 cm−1 correspond to the symmetrical and asymmetrical stretching vibra-
tions of CH2 groups, indicating the presence of lipids in the biomass [19]. The appear-
ance of additional peaks around 1750 cm−1–1720 cm−1, which represent the carbonyl 
(C=O) stretching, associated with esters linkages in triglycerides and fatty acids further 
confirms the presence of lipids [19]. Dean et al. studied the use of FTIR spectroscopy to 
determine the changes in lipid content in freshwater microalgae such as Chlamydomonas 
reinhardtii and Scenedesmus subspicatus when subjected to nitrogen-depleted conditions. 
Figure 2(a) illustrates the nine major absorption bands linked to specific molecular 
groups, including amides, lipids, methyl groups, etc. Environmental stresses and 
nutrient limitations can induce the synthesis of neutral lipids in microalgae that can 

Figure 1. 
(A) FTIR spectra of serum samples from healthy individuals (red) and patients with liver cancer (blue), (B and 
C) SD-IR spectra of serum samples from patients with liver cancer (1), healthy individuals (2) along with the 
difference between them (3) indicating significant differences in the lipid and protein content [18].
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serve as ideal sources for biofuel production [21]. The waterfall plots (Figure 2b–g) 
demonstrate notable changes in the amide I region, as indicated by the arrow, over time 
under different nitrogen conditions, which further indicates alterations in the protein 
content. Higher lipid band (1740 cm−1) to amide I band ratios obtained from FTIR spec-
tra indicated a significant increase in the relative lipid content following the N-limited 
treatments [20]. FTIR spectroscopy can thus be utilized as an efficient tool in biofuel 
production processes for monitoring the lipid accumulation in algal cells.

FTIR spectroscopy has proven to be a powerful analytical technique for assessing 
and quantifying the extent of lipid oxidation in oils by detecting characteristic changes 

Figure 2. 
FTIR spectra of freshwater microalgae C. reinhardtii and S. subspicatus (a) Representative FTIR spectra of in 
high-nitrogen conditions at stationary phase (28), showing key absorption bands, (b-g) Waterfall plots showing 
FTIR spectral changes for both C. reinhardtii (b-d) and S. subspicatus (e-g) under high (b, e), intermediate (c, f), 
and low-nitrogen (d, g) conditions. All spectra are baseline-corrected and normalized to amide I band (arrow) [20].
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in functional groups and monitoring the formation of oxidation products. Rohman 
and Man studied the use of FTIR in measuring the oxidative stabilities of vegetable oils 
such as corn oil, rice bran oil, soybean oil, and sunflower oil when subjected to thermal 
treatments. FTIR spectra of flavored corn oil revealed changes in the absorbance 
at specific frequencies, particularly a decrease in peak intensities at 3008 cm−1 and 
722 cm−1, associated with the loss of cis double bonds during oxidation. Additionally, 
the formation of hydroxyl groups (OH), carbonyl compounds, and trans double 
bonds were indicated by an increase in peak intensities at 3470, 1655, and 967 cm−1, 
respectively. These changes are indicative of the molecular changes that occur during 
lipid oxidation and suggest the formation of primary or secondary oxidation products 
that can negatively impact the flavor, nutritional quality, and safety of the oils. FTIR 
also allows for the rapid assessment of the oxidative stability of oils with minimal or 
no need for solvents and chemical reagents for sample preparation [22]. FTIR has also 
been employed to analyze the reaction kinetics of the oxidation of edible oils based on 
the changes in the absorbance of specific chemical bonds such as ROOH (hydroperox-
ides), C═O(from fatty acids), trans double bonds (TDBs), and carbon chain skeletons 
(CCS). The ability of FTIR to predict the shelf life of oils through the study of reaction 
kinetics aids in the quality control of edible oils in food industries [23].

FTIR enhances the detection of adulterants in oils by identifying the differences 
in chemical composition between pure and adulterated oils. FTIR spectroscopy was 
used in conjunction with chemometrics to determine the adulteration of fresh palm 
oil (FPO) with recycled cooking oil (RCO) [24]. FTIR analysis helped to identify 
distinct variations between the spectral profiles of fresh palm oil (FPO) and recycled 
cooking oil (RCO), such as broader bands at 3529 cm−1, corresponding to the –OH 
stretching vibrations in RCO compared to FPO, suggesting a higher concentration of 
oxidation products in RCO. Similarly, the presence of a band at 988 cm−1, associated 
with the bending vibration of conjugated trans double bonds in RCO, which was not 
found in FPO, indicated the formation of trans double bonds due to thermal oxidation 
in recycled oil. These aberrations in the FTIR bands between FPO and RCO in the 
mid-infrared region (4000–650 cm−1) allow for differentiation between them and 
can be exploited to detect adulteration [24]. FTIR spectroscopy also finds its applica-
tions in Assisted Reproduction Technologies (ART), where it can improve the sperm 
selection process by detecting the changes in sperm quality and chemical composition 
induced by in vitro capacitation [25]. It identifies specific vibrational features associ-
ated with lipids and proteins in the sperm that can affect its motility. The analysis 
showed a higher content of α-helix structures in capacitated sperm compared to the 
non-capacitated samples, which predominantly exhibited β-structures. In infertile 
samples, the CH2/CH3 vibration ratio (2853/2870 cm−1) was greater than one, indicat-
ing alterations in the lipid profile of the sperm membrane that increased its stiffness 
and reduced the motility. Additionally, FTIR spectral analysis revealed signs of lipid 
peroxidation in the region characterized by lipid vibrations (3000–2800 cm−1); lower 
sperm motility was associated with higher levels of peroxidation. Therefore, FTIR 
also serves as a valuable diagnostic tool for assessing sperm quality by providing criti-
cal information about the lipid composition and integrity of sperm.

2.2 Proteins

FTIR spectroscopy has become an invaluable tool in the field of protein analysis, 
providing a wealth of information about molecular structure, interactions, and confor-
mational changes [1, 2]. This versatile technique has found applications in diverse areas, 
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from pharmaceutical development to clinical diagnostics. The introduction of FTIR 
spectroscopy has revolutionized the way researchers approach protein characterization. 
By probing the vibrational modes of functional groups within the protein structure, 
FTIR provides a unique fingerprint that can be used to identify and differentiate between 
different protein species. This has proven particularly useful in the identification and 
classification of microorganisms, where FTIR has emerged as a powerful alternative 
to traditional methods [2]. In the current state of the field, FTIR has been successfully 
applied to the analysis of a wide range of proteins, from simple peptides to complex 
macromolecular assemblies. The technique’s sensitivity to intra- and intermolecular 
interactions has enabled researchers to gain insights into protein folding, aggregation, 
and conformational changes, all of which are crucial for understanding protein func-
tion and stability. The growing use of FTIR spectroscopy pertains to the examination of 
molecular details, protein folding, and protein conformation utilizing reaction-induced 
FTIR difference spectroscopy from protein active sites during enzyme reactions [26, 27].

Reaction-induced FTIR difference spectroscopy provides information on vari-
ous minute structural alterations, proton transfer processes, and hydrogen-bonding 
interactions in proteins by analyzing their active sites. These details are frequently 
inaccessible by X-ray diffraction investigations [26]. Furthermore, the development 
of advanced data processing techniques, such as chemometric methods, has signif-
icantly enhanced the information that can be extracted from FTIR spectra. These che-
mometric approaches, including principal components analysis, partial least squares 
modeling, and discriminant analysis, have enabled researchers to extract meaningful 
patterns and relationships from the complex spectral data, facilitating accurate clas-
sification, quantitative analysis, and the identification of subtle structural features 
that would otherwise be difficult to discern [1]. Every compound’s infrared spectrum 
contains its own collection of absorption bands. Amide I and Amide II are distinc-
tive bands that can be seen in the infrared spectra of proteins and polypeptides. The 
amide bonds that bind the amino acids are the source of these. The amide’s C=O bond 
experiences stretching vibrations due to absorption linked to the Amide I band, while 
the N—H bond principally experiences bending vibrations due to absorption linked 
to the Amide II band. The positions of the Amide II and Amide I bands are sensitive 
to the secondary structure composition of a protein because the hydrogen-bonding 
between the various secondary structure elements involves both the N—H and the 
C=O bonds. The shape of the Amide I band has been systematically correlated with 
secondary structure content through studies using proteins with known structures. 
The secondary structure of proteins cannot be as well predicted by the Amide II 
band, despite its sensitivity to secondary structure content [28]. The absorption of 
peptide bonds dominates the infrared absorption spectra of proteins. The Amide I 
band formed by the peptide m(C=O) modes of the peptide backbone contributes in 
the 1680–1620 cm−1 range. The Amide II band formed by d(NH) modes contributes in 
the 1560–1520 cm−1 range. A protein’s tertiary structure determines its Amide I band; 
structures with helices, turns, or b-sheets have different m(C=O) mode frequencies, 
which correlate to various electrostatic interactions and hydrogen-bonding patterns 
of the peptide carbonyl groups in these structures. Thus, IR spectroscopy plays a 
major role in protein structural investigation, particularly when examining how 
temperature affects protein folding [26]. De Meutter and Goormaghtigh evaluated 
the contribution of amino acid chains in the spectral region of 1700–1500 cm−1. They 
also investigated the potential of FTIR to improve secondary structure prediction. 
They displayed FTIR spectrum for the cSP92 protein in both the amide I and Amide II 
spectral region as shown in Figure 3 [29].
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Despite numerous drawbacks, FTIR provides unique information by directly 
addressing the characteristics of water molecules, amino acids, and cofactors while 
being extremely sensitive to structural parameters and electrical interactions. This 
explains why experiments have been conducted to maximize its application and data 
interpretation. With a spatial and temporal resolution higher than that of the majority 
of the available crystallographic data, infrared spectroscopy offers a way to examine 
the structural features of proteins in solution. The ability to examine water molecules, 
side chains of amino acids, and cofactors in redox states—all of which are quiet in 
conventional spectroscopic methods—is exclusive to infrared spectroscopy [26].

2.3 Carbohydrates

FTIR spectroscopy is widely used in the analysis of carbohydrates, particularly 
in characterizing the structural and functional properties of starch, including its 
crystallinity, gelatinization, and retrogradation behavior. In a study conducted by 
Chakraborty et al. to investigate the cooking characteristics and digestion profiles of 
three commercially packaged japonica rice varieties: Nanatsuboshi (NS), Tsuyahime 
(TH), and Yumepirika (YP), FTIR was employed to assess the functional groups 
and molecular structure of starch granules in rice. FTIR spectra provide informa-
tion about various types of stretching vibrations, providing insights into chemical 
bonds within the molecules [30]. Figure 4 displays the distinct absorption bands that 

Figure 3. 
Different components of the cSP92 protein FTIR spectrum in the amide I and Amide II spectral regions. (A) 
Shape of α-helix, β-sheet, and other structures. (B) Shapes of the amino acids contributing to the amide I 
spectrum. (C) The shape of the amino acids contributes to the Amide II spectrum [29].
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correspond to the functional groups in the starch molecules, including the hydroxyl 
(O − H) stretching [3550–3200 cm-1], carbonyl (C=O) stretching [1650–1580 cm−1], 
and glycosidic linkage (C − O − C) stretching vibrations [1300–1000 cm−1]. The 
degree of double helix formation in amylopectin was indicated by the IR absorbance 
ratios at about 1045/1022 cm−1; native starch samples had higher values than ret-
rograded samples. Additionally, the absorbance at 1022/995 cm−1 showed a greater 
degree of order after retrogradation, suggesting that retrogradation can lead to the 
reordering of amylose and amylopectin chains, forming a highly stable network 
within the starch granules [30]. Thus, FTIR can also show how different processing 
techniques like cooking or retrogradation can alter the structural integrity and chemi-
cal composition of starch, affecting its thermal properties and stability, which can in 
turn influence its cooking properties and nutritional quality.

FTIR can be employed to analyze the chemical changes in starch granules before 
and after enzymatic hydrolysis by α-amylase [31, 32]. Notable changes can be observed 
in the absorption peaks associated with chemical bonds between the hydrolyzed and 
native starches. A comparative study of FTIR spectra of native and hydrolyzed rice and 
potato starches by Kowsik and Mazumder revealed changes in chemical composition of 
starch granules. The analysis showed that when compared to hydrolyzed starch, native 
rice starch had a lower peak intensity, indicating that α-amylase action was respon-
sible for the structural changes particularly in the amorphous regions. These results 
were confirmed by another study by Govindaraju et al. to characterize corn and rice 
starch using various microscopic and spectroscopic techniques. FTIR spectral analysis 
revealed the appearance of sharper peaks and new bands in hydrolyzed starch that 
were absent in native starch, indicating that α-amylase activity can alter the chemical 
bonds and reduce the crystallinity of the starch granules [32].

Similar studies by Govindaraju et al. involved the use of FTIR spectroscopy to 
characterize the starch extracted from 10 rice varieties indigenous to Assam, India. 
The study attempted to determine how variations in the amount of amylose affected 
the physicochemical characteristics of starch. A comparison of the FTIR spectra 
of native and hydrolyzed starch, as shown in Figure 5, revealed marked variations 
in the fingerprint region (920–1120 cm−1), specifically in the amylose-amylopectin 
regions of hydrolyzed starch molecules. These alterations showed that, in addition 
to degradation in the amorphous region, hydrolysis can cause amylolysis, alterations 

Figure 4. 
(a, b) FTIR spectra showing the functional bonds in native starch and retrograded starch obtained from the three 
rice varieties [30].
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in the double helix structures, and disturbances in the ordered arrangement within 
the crystalline portion of the starch. As shown in Figure 5(d), certain varieties also 
exhibited a negative relationship between total amylose content and starch hydrolysis, 
suggesting that starches with lower and intermediate amylose content hydrolyze more 
effectively than those with high amylose content [33]. FTIR spectra can therefore 
provide insights into how hydrolysis affects the structure and composition of starch at 
a molecular level.

2.4 Nucleic acids

When analyzing the structural characteristics of nucleic acids, FTIR or IR spectros-
copy has frequently been employed as a supplemental or preferred technique to X-ray 
crystallography, NMR, and Raman spectroscopy. In particular, FTIR studies have been 
used to describe the dynamics of DNA conformational changes and the molecular 
geometry when various parameters are applied, including temperature, pH, hydration, 
concentration, and interactions with metal ions. The ability to get sample data from 

Figure 5. 
(a) FTIR spectra of native starch granules, (b) FTIR spectra of hydrolyzed starch granules, (c) and (d) 
Represents the fingerprint regions in the FTIR spectra of native and hydrolyzed starch granules, respectively [33].
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samples with small volumes and in abroad range of physical states (solutions, gels, 
hydrates, films, and crystals) is another benefit of infrared spectroscopy [34].

A popular analytical-biomedical technique for biomolecular characterization, 
biomarker extraction, and medical diagnosis is attenuated total reflectance (ATR) 
Fourier transform infrared (FTIR) spectroscopy, particularly when combined with 
chemometrics. The exceptional sensitivity of ATR-FTIR spectroscopy allows it to 
simultaneously record the proteome, lipidome, and metabolome without the need 
for further chemicals or markers. It was feasible to distinguish between metainflam-
matory illnesses by filtering the factors that are most related to the cfDNA (Cell-free 
DNA) of blood plasma based on the characterization of DNA amplicons using ATR-
FTIR spectroscopy. The sensitivity and specificity of chemometric modeling for the 
identification of patients with MetS in blood plasma were 100%. Furthermore, the 
findings of Mateus Pereira de Souza et al., direct future research to test the variable 
selection approach in additional metainflammatory disorders and broaden its applica-
tion to other systemic inflammatory conditions like cancer, a disease that can be used 
for screening, risk assessment, prognosis, and therapeutic cure verification and is fre-
quently linked to elevated cfDNA in the bloodstream. As displayed in Figure 6, they 
presented the FTIR-ATR spectra for blood plasma at different concentrations [34].

Given that many people now live permanently exposed to radiation in areas 
contaminated by radionuclides following the Chernobyl disaster and many more, 
research on genome damage and changes to the structure of DNA isolated from low-
dose gamma-irradiated tissue is of great interest. Researchers attempted to compare 
the data on DNA from weak gamma-irradiated tissue and the data on RNA molecule 
modification isolated from cancer tissues because genetic defects cause a variety of 
disorders, including tumors. Significant variations in the FTIR spectra of the DNA 
from breast cancer tissues were previously observed, demonstrating the high sensitiv-
ity of vibration spectroscopy to DNA conformational state [35].

The paper presented FTIR data for DNA collected from gamma-irradiated epididymis 
cells of rats that were victim to the Chernobyl accident exposure and also for RNA isolated 
from brain tumor cells. Based on the FTIR spectroscopy data, as shown in Figure 7, they 
concluded that modification of sugars, bases, and rearrangement of the H-bonds took 
place in irradiated DNA as well as the tumor RNA. The FTIR data also helps create a 
library on RNA and DNA samples from different tumor and normal tissues [35].

Figure 6. 
ATR-FTIR spectra with minimum and maximum normalization for the variability of the spectrum for DNA 
amplicons and blood plasma. (A) Total spectrum 4000–650 cm−1. (B) Biofingerprint spectrum (1800–900 cm−1) 
[34].
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Figure 8. 
(a–d) The FTIR spectra of adenine, thymine, cytosine, and guanine prior to and following irradiation with 
30 keV argon ions, respectively [36].

Figure 7. 
FTIR spectra for tumor RNA collected from rats (In the 3800–2400 cm−1; region: 1-reference 3; 2 - near-tumor 2; 
3 – tumor 6) [35].
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Huang et al. presented the FTIR spectral regions for the different nucleotide base 
pairs found in DNA (shown in Figure 8). Last, Zucchiatti et al. presented an ideal 
method for breaking down cellular RNA that largely preserves the vibrational contri-
butions of the other cellular macromolecules while having little effect on the integrity 
of the cell membrane. They were able to get the first FTIR spectra of intact hydrated 
B16 mouse melanoma thanks to the protocol’s design of cells deficient in RNA and to 
emphasize its in-cell diagnostic spectral characteristics. By performing FTIR analysis 
of extracted ds-DNA, ss-cDNA, RNA, and isolated nuclei to supplement the cellular 
results, they confirmed that the spectral component centered at about 1220 cm−1 is a 
good qualitative and semiquantitative marker of cellular DNA because it is not sig-
nificantly impacted by cellular RNA removal. On the other hand, the band centered at 
around 1240 cm−1, which is typically ascribed to RNA, is simply a qualitative indicator 
of it because other macromolecules with a variety of phosphate groups, like phospho-
lipids and phosphorylated proteins, greatly affect its intensity. However, it was demon-
strated through Figure 9 that the spectral contribution with a center of approximately 
1120 cm−1 is the most trustworthy measure of changes in cellular RNA levels that has a 
stronger correlation with metabolic activity within cells [37].

Additionally, it has been studied how variations in solvent composition, pH, tem-
perature, ligand binding, and exposure to lipids, RNA, DNA, and other substances 
in solution (such as medications) affect the secondary structure of proteins using the 
FTIR analysis. Further research is required to apply molecular modeling based on 
energy minimization to present appropriate structural models for protein–RNA and 
protein–DNA interactions. FTIR spectroscopy has proved to be an important tool 
in identifying the protein binding sites in the minor or major groove of nucleic acid 
duplexes as well as for identifying the structural variations of protein and DNA and 
RNA complexes [38].

3.  Conclusion

FTIR spectroscopy has proven to be an invaluable tool in biomolecular research, 
offering precise, nondestructive insights into the structural and functional properties of 
biomolecules such as lipids, proteins, carbohydrates, and nucleic acids. Its versatility in 

Figure 9. 
ATR-FTIR spectra of RNA, ss-DNA, and ds-DNA isolated from asynchronous B16 mouse melanoma cells [37].
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analyzing biomolecules across various environments has led to widespread applications 
in medical diagnostics, pharmaceutical research, biofuel production, and food science. 
Despite challenges such as spectral overlap, water interference, and the need for exten-
sive spectral libraries, advancements in computational analysis are addressing these limi-
tations, enhancing FTIR’s analytical capabilities. The future of FTIR spectroscopy lies 
in integrating chemometric techniques, refining spectral interpretation, and improving 
diagnostic precision. Additionally, the development of high-resolution FTIR techniques, 
and multi-spectroscopy approaches, such as combining FTIR with Raman spectroscopy, 
will further expand its applicability. Continued research in optimizing sample prepara-
tion methods and expanding spectral databases will facilitate more accurate biomolecu-
lar identification. With ongoing technological advancements, FTIR spectroscopy is set to 
revolutionize biomolecular analysis, bridging the gap between fundamental science and 
real-world applications.
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Chapter 7

UV-Visible Spectrophotometry: 
Introduction, Quantification, 
Equipment and Biotechnological 
Applications
Mariana C. Minchiotti

Abstract

The UV-Vis spectroscopy is very useful to determine molecules or aggregates with 
chromophore groups. These groups are regions that have double or triple bonds that 
can absorb energy to promote the electrons of these molecular orbitals to excited states. 
Then, these electrons will return to their basal level releasing the absorbed energy. 
These energetic transitions are all different depending on the double or triple bonds and 
the environment (if they present auxochromes or if there is a conjugated system). This 
allows to identify different molecular aggregates, complexes or molecules. In this way, it 
is possible to follow enzymatic reactions in real time or concentration of chelates formed.

Keywords: UV-Vis radiation, energy absorption, chromophores, orbitals, 
electronic transitions

1.  Introduction

The electromagnetic spectrum (Figure 1) comprises all of the electromagnetic 
radiation or photons (based on the wave-particle duality theory) that a substance can 
absorb or emit. The band between wavelengths from 200 to 780/800 nm corresponds 
to the UV-Vis radiation, and it is equivalent to the energy needed to excite an electron 
from one atomic or molecular orbital to another. Radiation, when it behaves as a wave, 
has a discrete amount of energy associated with it (energy quanta), and as a particle, it 
interacts with matter to transfer energy that is inversely proportional to the wavelength. 
Thus, the equations relating energy, wavelength, and frequency are as follows:

 E .hν=   (1)
where h is Planck’s constant (6.62 × 10^-34^ Js) and ν is the frequency (s^-1^).
 c /ν λ=   (2)
where c is the speed of light (3 × 10^8^ m/s) and λ is the wavelength (m).
 E .c /h λ=   (3)
where h is Planck’s constant, c is the speed of light, and λ is the wavelength.

In general, molecules with double and triple bonds are the ones that absorb the 
UV-Vis radiation, but other molecules without these types of molecular orbitals can 
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also absorb it (Table 1). This energy absorption, provided by these wavelengths 
(between 200 and 780/800 nm), occurs because the electrons forming these bonds 
can be promoted to their antibonding level and immediately release the absorbed 
energy to return to their ground state. The energy associated with wavelengths 
between 200 and 400 nm (UV) ranges from 300 to 600 kJ/mol (70/140 kcal/mol), 
and the energy corresponding to wavelengths between 400 and 800 nm ranges from 
150 to 300 kJ/mol (35/70 kcal/mol) [1]. Some examples of the UV-Vis energy absorp-
tion are presented in Table 1. Note that in cases of one or more isolated double bonds, 
the absorbed energy corresponds to approximately the same wavelength (*1). The 
absorbed radiations shift toward higher wavelength values as the π (pi) cloud becomes 
more extensive, as the energy difference to transfer an electron from a conjugated π 
orbital to the conjugated* π* orbital (antibonding or excited conjugated π) decreases 
(*2). In the case of trimethylamine, there is no π bond, but energy absorption is 
associated with the transition of electrons from the energy level (n) of the nitrogen’s 

Figure 1. 
Electromagnetic spectrum.

Chemical compound Absorbed wavelength Type of electronic transition

1-Pentene*1 176 nm π  π*

1,4-Pentadiene*1 178 nm π   π*

1,4-Hexadiene*1 180 nm π   π*

1,3-Pentadiene*2 223 nm conjugated π   conjugated* π*

β-Carotene*2 466 y 496 nm (peaks) conjugated π   conjugated* π*

Trimethylamine*3 227 nm n   σ*

Benzeneazophenol*4 450 nm π   π* y n   π*

Benzeneazoresorcinol*4 480 nm π   π* y n   π*
1 compound with isolated double bond/s
2 compound with conjugated double bonds
3 compound without double bond
4 compound with auxochromes

Table 1. 
Chemical compounds, the absorbed wavelengths and the electronic transitions taking place.
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free electrons to the antibonding level of the single bond (σ*), as this absorption 
becomes zero when the substance is in an acidic medium (*3). Lastly, the difference in 
wavelength at which the azo dyes (*4) indicated in Table 1 absorb radiation is due to 
the fact that the second one has an additional phenol group, which contributes more n 
electrons, so less energy is needed to transfer them to the π* orbital (Figure 2).

These electronic transitions can be explained by the Molecular Orbital Theory 
(MOT), which states that isolated atoms do not exist (with the exception of noble gases) 
and that almost all of them are found forming molecules or polyatomic aggregates. This 
is because, when two atoms bond, the total potential energy decreases (Figure 3).

Bond formation reactions are exothermic, and everything in nature tends toward 
its lowest energy state.

Let us consider, for example, what happens when two oxygen atoms bond to form 
an oxygen molecule. The unpaired electrons of one oxygen atom form two bonds with 
the other oxygen atom (one sigma (σ) bond and one pi (π) bond) (Figure 4).

Figure 2. 
Difference between the two azo dyes from Table 1.

Figure 3. 
Representation of the relative energy of the free atoms and of the molecule that they form.
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If we represent the hybrid atomic orbitals of the last energy level of each oxygen 
atom mentioned in the previous paragraph to form molecular orbitals through their 
relative energies, we can propose the representation in Figure 5.

The sp2 hybrid orbitals of each atom with an unpaired electron overlap colinearly to 
form a σ molecular orbital, and the atomic p orbitals join in parallel to obtain a π bond 
(Figure 5). Each atom is left with two pairs of paired free electrons at level 2 (two). 

Figure 5. 
Representation of two oxygen atoms with their hybrid atomic orbitals and the O2 molecule that they form with 
their molecular orbitals.

Figure 6. 
Representation of the oxygen molecule (O2) using the Lewis model.

Figure 4. 
Oxygen atom unhybridized on the left and oxygen atom with sp2 hybridization on the right. Available from: 
https://bio.libretexts.org/@api/deki/files/28998/figure-02-01-07.jpeg; https://bachilleratoenlinea.com/educar/file.
php/49/carbonhibridizado-sp.jpg
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In this way, we usually find the oxygen molecule represented according to Lewis’s 
formula (Figure 6):

Each bonding molecular orbital has its antibonding level. The electronic transi-
tion from a ground π (pi) bonding level to the π* (excited pi) antibonding level 
requires a certain amount of energy supplied by the UV-Vis radiation. The same 
occurs for transitions of free electrons (level indicated as n) to π*. However, as can 
be seen in the diagram in Figure 7, transitions of free electrons to the σ* (excited 
sigma) level require a little more energy, and the transition from σ to σ* requires 
even more energy, so this type of radiation cannot cause these latter transitions to 
occur (Figure 7).

Radiation with higher energy than UV-Vis can break sigma bonds, generating 
undesirable reactions capable of destroying cells, causing disease and even death. 
It is well known that people working in certain health sectors must take precau-
tions to protect their bodies and avoid prolonged exposure to these high energy 
radiations.

For the reason showed in this diagram (Figure 7), the possible electronic transi-
tions when a molecule is irradiated with wavelengths from the UV-Vis spectrum are 
from n to π*, from π to π*, and in some cases, electronic transitions from n to σ* can be 
observed, as in trimethylamine (Table 1).

Figure 7. 
Electronic transitions between levels. n  π*, n   σ*, π   π*, y σ   σ*.
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The regions of molecules with double or triple bonds are called chromophore 
groups. If next to these chromophore groups are functional groups such as amines 
(-NH2), alcohols (-OH) or phenols (arilic groups -OH) that have free electron 
pairs, they can make transitions from n to π* (as the π* region is very close) when 
irradiated with the UV-Vis radiation, so they are called auxochromes (they help 
to reinforce the color). Thus, when a substance presents auxochromes, radiation 
absorption will occur at a longer wavelength as transitions from n to π* occur with 
less energy, observing a shift in absorbance toward red. An auxochrome only 
behaves as such if it is bonded to an atom that is forming a double or triple bond. If it 
is further away from the atom forming these bonds, it may or may not absorb radia-
tion of these wavelengths depending on the energy it needs to achieve a transition 
from n to σ* in the specific molecule.

The presence or absence of conjugated double bonds should also be taken into 
account. These alternating double bonds present a crowding of electrons that are 
in resonance and require less energy than an isolated double bond to jump to the 
conjugated* π* antibonding level. Nevertheless, not only these chromophores or 
auxochrome groups absorb the UV-Vis energy radiation. Certain metals can also 
absorb the UV-Vis energy radiation, for example, transition metals (except those 
with nd0 or nd10 configurations). They are characterized by the colors that they 
present as they have partially occupied or empty d orbitals and can show transi-
tions of valence electrons to these empty or half-filled orbitals, which, when 
returning to the ground levels, release energy that can be captured by the human 
eye, thus appearing colored.

Another detail to keep in mind is that the wavelength at which a substance 
absorbs in the visible spectrum corresponds to the complementary color that it shows 
(Figure 8). For example, a compound that absorbs in the red color will appear green. 
It is better to say that if it appears in the green colors (between yellowish green and 
bluish green), it is because it is absorbing radiation between reddish orange and red-
dish violet.

Chlorophylls a and b are a good example of this phenomenon, and they appear in 
the green color range even though they absorb at other wavelengths (Figure 9).

Figure 8. 
Complementary colors.



125

UV-Visible Spectrophotometry: Introduction, Quantification, Equipment and Biotechnological...
DOI: http://dx.doi.org/10.5772/intechopen.1007147

2.  Quantification

Beer’s law can determine the concentration of substances that absorb radiation in 
the UV-Vis wavelengths, which indicates that radiation absorbance given at a specific 
wavelength is directly proportional to the concentration of one particular solution of 
a compound.

 A .c.l= ξ   (4)
where A is absorption or absorbance, ξ is the molar absorptivity or extinction 

coefficient of the substance [ξ = molar absorptivity units: M−1.cm−1], c is the concen-
tration of the substance [M] and l is the path length of light passage [cm].

In addition, transmittance is defined as the percentage ratio between the initial 
intensity (I0) incident through the solution and the intensity transmitted (It) detected 
by the sensor of the spectrophotometry equipment, that is

 0 tT = I / I x 100   (5)
where T is the transmittance, I0 is the incident radiation and It is the transmitted 

radiation.
Absorbance (A) is the difference between incident and transmitted radiation. Thus:
 A = log1 / T   (6)
When the intensity of the transmitted radiation is equal to the intensity of the 

incident radiation, the transmittance (T) is 100% and the absorbance (A) of the 
solution is zero. Beer’s law is valid for dilute solutions because if their concentrations 

Figure 9. 
The maximum absorption of chlorofills are found at wavelengths from 400 to 450 nm (blue color) and from 650 to 
700 nm (red color). The wavelengths they reflect give them the green color.
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increase, interference and dispersion phenomena would appear. It is necessary to 
make a standard curve with known concentrations of the substance under study to be 
able to determine the concentrations of the sample.

If there are two or more components in the solution to analyze, it must consider 
that if they absorb at the same wavelength, the final absorbance is the result of the 
sum of them. Therefore, the construction of a calibration curve to determine the 
extinction coefficient for each component at each wavelength is necessary. If one 
of these components is the solvent of the solution, it is possible to execute a blank 
analysis in it in order to discard its absorbance value off the measurement.

3.  UV-Visible spectrophotometry equipment

UV-Visible spectrophotometry equipment generally includes a radiation source of 
different wavelengths, filters, a monochromator, a detector, and a data processor, as 
synthetically represented in Figure 10.

The UV-Vis spectrophotometers are classified as scanning or diode array. The first 
one has a tungsten and deuterium lamp to cover the entire spectral range, while the 
latter has a single xenon lamp that covers the same spectral range as the scanning ones. 
Another difference is that the first ones keep the lamps permanently operating during 
the use of the device, which results in a shorter lifespan. Diode array spectrophotom-
eters only turn on the lamp during actual measurement, so they have a lifespan of 
up to 10 years [2]. In our laboratory, we have a Hewlett-Packard HP 8452 diode array 
spectrophotometer, which can perform multiple simultaneous measurements at dif-
ferent wavelengths and provides automatic statistical treatment of the obtained data, 
which constitutes a significant advantage over conventional spectrophotometers.

The sensitivity of an instrumental method is conditioned by the response of the 
equipment and can denoted by the detection limit. One of main causes of instru-
mental error is noise, which is an arbitrary fluctuation in the output signal from the 
detector, so the detection limit will be determined by the capacity of the spectropho-
tometer. In general, the detection limit is the value at which the signal is equal to three 
times the noise in the measurement. For example, if the average sum of photonic and 
electronic noise is 0.0005 units of A (instrument signal without placing sample in the 
radiation place), the detection limit can be estimated in 0.0015 absorbance units [2].

Figure 10. 
Representation of a spectrophotometer.
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It is possible to use plastic cuvettes for that substances that absorb at visible 
light. But it is needed to have quartz cuvettes for the measurements at the UV 
radiation. An appropriate cleaning technique for the cuvettes must be consid-
ered. There is a lot of literature about this topic, and it depends on the substance 
involved in the analysis.

Regarding sample preparation, any type of suspended particle should be 
avoided because it can cause light scattering. Sample concentration has got to be 
taken in consideration. An absorbance value above four units causes interference 
and dispersion phenomena. For this reason, it is necessary to prepare dilute solu-
tions to maintain linearity.

4.  Biotechnological applications of the UV-Vis spectrophotometry

In this section, three scientific works show the use of the UV-Vis spectrophotom-
etry to obtain the results of the research. Finally, one practice is presented in which 
the UV-Vis spectrophotometry is widely used.

4.1  Determination of gold concentration obtained from electronic scrap samples

Valuable metals such as copper, gold, silver, platinum, and palladium contained 
in printed circuit boards (PCBs) from waste electrical and electronic equipment 
(WEEE) were recovered using alternative hydrometallurgical methods that are less 
harmful to the environment than those used in mining activities [3]. The recovered 
gold was extracted from the solution using methyl isobutyl ketone (MIBK), which is a 
selective extractor for this metal with which it forms a chelate or complex that absorbs 
the UV-Vis radiation. A standard curve was made by dissolving pure gold (99.66% 
purity) in aqua regia (three parts hydrochloric acid and one-part nitric acid, both 
concentrated). The dissolved gold was extracted with the organic solvent MIBK, and 
solutions of different concentrations were prepared. Absorbance readings were taken 
at 332 nm using a Hewlett-Packard HP 8452 UV-Vis spectrophotometer with a diode 
array system with 2 nm resolution (Figure 11).

Figure 11. 
Direct absorbance of standard curve.
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The graph in Figure 11 was created based on the direct absorbance measurements 
taken from solutions with different concentrations of gold in MIBK. Figure 12 shows 
the direct absorbance at 332 nm of one of the solutions prepared to create the stan-
dard curve at 332 nm.

Often, working with the second derivative of absorbance is preferred to resolve 
peak overlap and reduce interference effects such as scattering or absorption by other 
compounds that may affect quantitative analysis [4]. This approach results in a profile 
like the one observed in Figure 13.

The standard curve (Figure 14) was made from the data collected from the second 
derivative of the gold solutions at different concentrations.

Figure 13. 
Derivative 2 of direct absorbance from Figure 12.

Figure 12. 
Direct absorbance at 332 nm from a gold solution in MIBK.
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As observed in the standard curves of both direct absorbance and second deriva-
tive, there is linearity with concentration as showed in Figures 11 and 14. However, 
linearity is lost at concentrations higher than 0.61 mM, which is in agreement with 
what was previously stated regarding Beer’s law being applicable to dilute solu-
tions where dispersion phenomena or interferences due to molecular aggregation 
is avoided. This proved the UV-Vis absorption spectrophotometry method is quick, 
reliable and economical compared to other methods used for gold quantification 
in different samples, such as atomic absorption spectrophotometry or inductively 
coupled plasma mass spectrometry (ICP-MS).

4.2  Determination of phospholipase A2 enzyme activity

Phospholipids are amphiphilic substances and can form emulsions in different 
types of solvents. The grouping that phospholipids adopt in these emulsions will 
depend on the polarity of the solvent and the concentration of the amphiphilic agent. 
Because the geometry of phospholipids is cylindrical, they spontaneously organize 
according to their concentration in the dispersing medium. For example, in water, 
when the excess cannot be accommodated in a monolayer or remain monodispersed, 
it causes the phospholipid molecules to form micellar aggregates, unilamellar or 
multilamellar vesicles enclosed in bilayers as shown in Figure 15 [5].

Figure 14. 
Negative of second derivative vs. aurum concentration.

Figure 15. 
Phospholipid aggregates in the aqueous phase depending on concentration.
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When phospholipase A2 (PLA2) attacks the phospholipid, it produces a lyso-
phospholipid that has greater hydrophilicity, making this enzyme widely used in the 
food and pharmaceutical industries [6]. The sn-2-lysophospholipids, products of the 
hydrolysis mediated by the PLA2 enzyme, have a conical shape, which leads them to 
self-organize into micelles. These micelles are smaller than those formed by phospho-
lipids (Figure 16), resulting in greater emulsifying power.

A method for recording the change in the hydrolysis reaction of phospholipids 
mediated by PLA2 is to study the behavior of the system in response to 340 nm 
radiation. Large aggregates (unilamellar and multilamellar vesicles) scatter radiation 
more than small aggregates (micelles). This scattering of radiation is recorded by the 
spectrophotometer as apparent absorption. It is “apparent” because is not absorbed 
by the molecules but rather is deflected by the aggregates, preventing it from reaching 
the spectrophotometer’s detector. In this hydrolysis, the measurement of the change 
in absorbance with respect to reaction time leads to a negative slope value ∆A/∆t, 
which represents the level of activity developed by the enzyme. In this method, 
enzymatic activity is defined in terms of the rate of decrease in turbidity measured at 
340 nm. Specifically, one unit of PLA2 activity (U) is defined here as the amount of 
protein that produces a change of 0.001 absorbance units per minute under the assay 
conditions. The equation used for calculating activity in the expression of results is as 
follows:

 ( ) 4PLA2 activity A / t 6.10 U= ∆ ∆  (7)
where:
∆A is change in absorbance units at 340 nm.
∆t = (t2 – t1), where t1 is the initial reaction time (in seconds) at maximum A, and 

t2 is the final reaction time.
U = PLA2 units.
Thus, for example, an enzymatic activity of 80 U means a change of 0.08 absor-

bance units occurred in 1 minute of hydrolysis reaction. Based on the amount (mg) of 
protein applied, the specific PLA2 activity (U/mg) is obtained [7].

The A340 vs. t plots revealed an initial increase in absorbance up to a maximum 
value, after which it begins to decline if the extract exhibits PLA2 activity. This period, 
ranging from 30 to 60 seconds, occurs when proteins present in the enzymatic extract 
induce liposome aggregation, increasing apparent absorbance due to the reduction of 
mutually repulsive forces between like-charged particles by the presence of proteins. At 

Figure 16. 
Micelle formed by lysophospholipids on the left and micelle formed by phospholipids on the right.
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the tested substrate concentration, the increase in A during this lag period was less than 
0.05 absorbance units. The maximum A point is considered as At = 1 in the calculation 
of enzymatic activity. The negative slope, equal to -∆A/∆t from At = 1, showed a trend 
toward linear behavior in the absorbance measurement, although there are some irreg-
ularities caused by the presence of suspended particles, especially from ∆t = 60 seconds 
onward. Figure 17 represents a typical enzymatic activity measurement.

In the previous figure, the decrease in apparent absorbance is observed due to the 
disappearance of multi-lamellar aggregates and the appearance of smaller aggregates. 
After approximately 1 minute of reaction, suspended material begins to appear, 
which is related to the formation and subsequent precipitation of free fatty acids 
in the reaction medium. The direct and continuous mode of the method allows the 
observation of this phenomenon in real time and the detection of possible anomalous 
behaviors during the hydrolysis reaction.

If an absorption spectrophotometer is used to perform turbidity measurements, 
the reading provided arises from the radiation transmitted by the solution. In the 
case of turbidimetric method using a spectrophotometer, it is an apparent absorp-
tion, because the non-transmitted radiation is mostly scattered. The intensity of 
radiation scattering increases with the inverse of the fourth power of the incident 
radiation wavelength, so it is advantageous to choose the lowest possible wavelength 
[4]. The developed turbidimetric method has proven to be very useful in controlling 
enzymatic activity during the purification stages of the PLA2 enzyme from soybean 
(Glycine max) and its subsequent biochemical characterization [8].

4.3  Determination of laccase enzyme activity

In this work, fungi with lignolytic activity were used for the bioremediation of 
contaminated effluents and soils and for improving the nutritional quality of food 
products. White-rot fungi produce laccase enzymes that are capable of oxidizing a 
wide range of substrates such as phenols, polyphenols and anilines. Laccases only 
require oxygen for the reaction and produce water as waste from the process. Phenols 
can interact with proteins producing turbidity and precipitates in wines and natural 
fruit juices. Phenolic substances can be oxidized by laccase enzymes, polymerized 
and then removed by clarification.

The dyes used in various industries and discharged into effluents are of synthetic 
origin and have aromatic molecular structures that make them stable and highly 

Figure 17. 
Absorbance at 340 nm of a typical assay.
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resistant to microbial attack. Lignolytic enzymes, due to their high oxidative power 
and low specificity, are capable of degrading a wide variety of environmental con-
taminants, including industrial dyes [9]. Decolorization assays were carried out by 
adding enzymatic extract with laccase activity to a dye solution. This decolorization 
was followed spectrophotometrically at different time intervals and at the maximum 
absorption wavelength of the dye. Figures 18 and 19 show the graphs obtained.

With the data obtained by spectrophotometry, other data such as decoloriza-
tion percentage and decolorization speed were calculated. Examples are shown in 
Figures 20 and 21.

Figure 19. 
Discolouration of dyes with extracts of laccase obtained from different strains of fungi.

Figure 18. 
Discolouration of different dyes.
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The laccase enzyme has also been used to eliminate dissolved oxygen in foods 
such as oils and sauces, thus preventing rancidity. Polyphenols are a natural source of 
antioxidants in fruit juices and are the main factors involved in the oxidative spoilage 
process (maderization), causing turbidity, color intensification, aroma, and flavor 
alteration due to polymerization. They can also form complexes with proteins, starch, 
and divalent metal ions. For this reason, it is necessary to reduce the phenolic content. 
Laccase oxidizes polyphenols, causes their polymerization, and in this way, they can 
be eliminated by centrifugation and ultrafiltration [10]. In the case of wine, sensory 
tests allowed concluding that the expected results were achieved in terms of clarifica-
tion, stabilization and improvement of its appearance and sensory characteristics 
when treatments with laccase enzyme were applied [11].

Figure 20. 
Spectrum of Remazol Brilliant Blue R (RBBR).

Figure 21. 
Percentage of discoloration vs. time on the left. Rate of discolouration on the right. Both with Remazol Brilliant 
Blue R (RBBR).
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Laccase activity was determined by the UV-Vis spectrophotometry in a simple 
manner on different substrates. From the analysis of the obtained data, other vari-
ables have been determined.

4.4  Protein quantification

It is very useful to measure protein concentrations (mg/ml) with the UV-Vis 
spectrophotometry applying Layne’s equation. This is a fast, accurate and widely 
accepted method. Proteins absorb mainly at 280 nm and nucleic acids do so at 260 nm 
(Figure 22). Thus, the formula to apply is as follows:

 [ ] 280 260Protein 1.55 A – 0.76 A=   (8)

where A280 is the absorbance at 280 nm and A260 is the absorbance at 260 nm.
The proteins absorb at 280 nm as a result of the tryptophan, tyrosine and phenyl-

alanine groups within its molecule. Layne’s equation corrects the protein concentra-
tion of nucleic acid contamination.

5.  Conclusions

The use of the UV-Vis spectrophotometry provides a range of possibilities in 
obtaining data that can be determined in a simple, quick and novel way. There are 
innumerable compounds or complexes that absorb in the band of these radiations 
since the vast majority contain double or triple bonds or atoms with free electrons that 
can promote electrons between energy levels n to π* (pi antibonding) or σ* (sigma 
antibonding) and from π (pi bond) to π* (pi antibonding). Thus, this instrumental 
method can be applied to determinate concentrations of many substances alone 
and even during a reaction, making possible to monitor appearing or disappearing 
components (Table 2). The subsequent analysis of the obtained data broadens the 
approach of investigations and the consequent deepening and innovation. It is an effi-
cient, clean, safe, precise and economical technique. The acquisition of equipment is 

Figure 22. 
PLA2 absorbance at 280 and 260 nm to apply Layne’s equation.
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the largest investment to be made and, to a lesser extent, quartz cuvettes for measure-
ments with UV wavelength radiation. The sample preparation is simple. It should be 
avoiding high concentration of substances and suspended particles.

Biotechnological uses of the UV-Vis spectrophotometry

Pigment or dye concentration

Protein concentration

Monitoring of enzymatic reactions

Monitoring of chemical reactions

Aggregates or metal chelate concentration

Table 2. 
Summary of examples where the UV-Vis spectrophotometry is used.
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