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Abstract
Contemporary criminal investigations are based on the statements made by the victim and the eyewitnesses. They also rely 
on the physical evidences found in the crime scene. These evidences, and more particularly biological ones, have a great 
judicial value in the courtroom. They are usually used to revoke the suspect’s allegations and confirm or refute the statements 
made by the victim and the witnesses. Stains of body fluids are biological evidences highly sought by forensic investiga-
tors. In many criminal cases, the success of the investigation relies on the correct identification and classification of these 
stains. Therefore, the adoption of reliable and accurate forensic analytical methods seems to be of vital importance to attain 
this objective. Attenuated total reflection-Fourier transform infrared spectroscopy (ATR-FTIR) is a modern and universal 
analytical technique capable of fingerprint recognition of the analyte using minimal amount of the test sample. The current 
systematic review aims to through light on the fundamentals of this technique and to illustrate its wide range of applications 
in forensic investigations. ATR-FTIR is a nondestructive technique which has demonstrated an exceptional efficiency in 
detecting, identifying and discriminating between stains of various types of body fluids usually encountered in crime scenes. 
The ATR-FTIR spectral data generated from bloodstains can be used to deduce a wealth of information related to the donor 
species, age, gender, and race. These data can also be exploited to discriminate between stains of different types of bloods 
including menstrual and peripheral bloods. In addition, ATR-FTIR has a great utility in the postmortem investigations. More 
particularly, in estimating the postmortem interval and diagnosing death caused by extreme weather conditions. It is also 
useful in diagnosing some ambiguous death causes such as fatal anaphylactic shock and diabetic ketoacidosis.
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Introduction

The reliability of a criminal justice system relies on its abil-
ity to solve crimes in a timely and efficient manner. This 
endeavor is vital for establishing a successful law enforce-
ment policy by providing justice to victims and convicting 
criminals. Effective crime solving requires the intervention 
of competent team of forensic scientists and investigators. 
Those professionals must be able to perform a careful and 
meticulous examination of the crime scene to identify, 

collect, document and preserve all types of physical evi-
dences in a proper manner. They should also be able to cre-
ate hypotheses based on the available evidences to recon-
struct the crime scene in a realistic way. Solving crimes also 
requires the adoption of reliable and accurate forensic tech-
niques to ensure a precise and faultless analysis of the physi-
cal evidences and, by consequence, correct interpretation 
of the analyses results [1, 2]. Physical evidences collected 
from crime scenes are the essential foundations for criminal 
investigations. They include a wide range of items such as 
weapon, bullets and electronic devices. They also involve 
observations of environmental conditions in the crime scene 
such as the presence of smoke and the temperature level. 
Physical evidence also covers a wide range of biological 
evidences such as stains of body fluids, hair and tissues [1, 3, 
4]. Biological evidences, and more particularly stains of bio-
fluids, are of utmost importance in criminal investigations. 
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They can provide a wealth of information about the iden-
tity of the victim and the suspect. In addition, in certain 
homicide cases, biological evidences can help in predicting 
the cause of death and defining the postmortem interval. 
Therefore, sensitive detection and correct identification of 
biological evidences are essential for a successful outcome 
in criminal investigations [2, 5–11]. These tasks can only be 
achieved by adopting reliable and accurate analytical tech-
niques and working protocols. In this connection, vibrational 
spectroscopes are modern analytical techniques with promis-
ing applications in the analysis of biological evidences com-
monly found in crime scenes [12–14].

Vibrational spectroscopes, including Raman spectros-
copy and Fourier transform infrared spectroscopy (FTIR), 
are increasingly popular in forensic analyses. The character-
istic spectral data produced by these techniques are generally 
defined by the chemical structure of the analyte and by its 
molecular vibrations [15]. Raman spectroscopy is an optical 
sensing technique based on Stokes Raman scattering. It uses 
monochromatic laser beam as incident light. When laser hits 
the molecule being analysed, the molecule will absorb the 
energy of incident photons and, by consequence, will be pro-
moted to a higher vibrational state. The new vibrational state 
is transitional and the molecule will soon return to a lower 
state different from its original one. As a result, the molecule 
will emit light (photons) with a wavelength dependent on the 
energy difference between the transitional and the last vibra-
tional states of the molecule. This phenomenon is called 
inelastic light scattering or Stokes Raman scattering [16, 
17]. Raman spectroscopy is gaining increasing popularity 
in forensic analyses especially those related to biological 
evidences [18–20]. FTIR is based on the ability of vibrating 
molecules to absorb infrared (IR) electromagnetic radiation 
and convert it to molecular vibrations. Therefore, this tech-
nique uses IR radiation as incident light. The spectral data 
produced by FTIR demonstrate the IR absorption bands of 
the analyte. The IR absorption spectrum of a given molecule 
is generally defined by the chemical structure of the mol-
ecule and more specifically by the vibrations of its chemical 
groups. Hence, FTIR provides fingerprint recognition of the 
analyte based on the molecular vibrations of its functional 
groups [21–23]. FTIR, and more particularly ATR-FTIR, 
is gaining increasing importance in forensic investigations. 
This vibrational spectroscopic technique has a wide range 
of applications in the analysis of biological evidences and 
postmortem investigations. The combined use of ATR-FTIR 
and chemometrics in forensic analyses has been highlighted 
in multiple studies [24–31].

When using ATR-FTIR for detecting and identifying 
forensic evidences, the IR absorption spectrum of the analyte 
is usually compared with standard chemometric models. The 
comparison process enables the analyst to reach a decision 
with a defined limit of confidence. Therefore, chemometrics 

provide the statistical basis and the degree of confidence for 
the ATR-FTIR-based analyses. More precisely, chemomet-
rics are the statistical tools used to develop the ATR-FTIR 
standard models and to define the prediction errors for each 
type of forensic evidences. Multiple chemometric tests can 
be used for this purpose depending on the problem under 
consideration. Among those pattern recognition techniques, 
principal component analysis-linear discriminant analysis 
(PCA-LDA) and Partial least squares-discriminant analysis 
(PLS-DA) are the most popular [14]. The current system-
atic review aims to cast light on the potential applications 
of ATR-FTIR in forensic investigations. We reported here 
the vast majority of studies which investigated the use of 
ATR-FTIR in the analysis of biological evidences and in 
the postmortem investigations. We discussed in detail the 
use of this technique in the detection and classification of 
stains of body fluids. The main focus has been given to the 
ATR-FTIR-based analyses of blood and semen stains which 
are commonly found in crime scenes. We also reviewed in-
depth the use of ATR-FTIR in the estimation of postmortem 
interval and in the prediction of the death cause. For better 
understanding of this review, we will start with a concise 
presentation focused on molecular vibrations and FTIR.

Molecular vibrations and absorption 
of electromagnetic radiation

Consider a molecule composed of covalently linked atoms. 
The molecule as a whole can move in three-dimensional 
space in two distinct types of motions: a translational 
motion and a rotational one. The translation motion allows 
the molecule to move in three directions or axes (x, y, and 
z). Meanwhile, the rotational motion allows the molecule 
to rotate around any of these three axes [32]. When zoom-
ing inside the molecule itself, we can say that the chemical 
bonds within the molecule are not rigid, which makes the 
molecule itself flexible. Therefore, atoms within the mol-
ecule are subject to periodic vibrational motions that make 
the angles and the distances between the atoms changes con-
tinuously while the mass center of the molecule remains 
stable. These internal periodic motions are generally called 
molecular vibrations. In the scientific literature, they are also 
named fundamental vibrations or normal modes of vibration 
[32–36].

The normal modes of vibrations involve two cardi-
nal types of vibrational motions that are generally named 
as stretching and bending. Stretching can be defined as a 
periodic change in the distance between two bonded atoms. 
More precisely, it can be described as a periodic change in 
the bond’s length between the two atoms. This normal mode 
of vibration can be further classified into symmetric stretch-
ing and anti-symmetric stretching. To elucidate these two 
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subclasses, let us consider the water molecule H–O-H. This 
molecule has a nonlinear structure with two single covalent 
bonds between the oxygen atom and the hydrogen atoms. 
In the symmetric stretching, the length of the single bonds 
increases and decreases simultaneously. In other words, the 
hydrogen atoms move to and away from the oxygen atom in 
a simultaneous way. While in the anti-symmetric stretch-
ing, one hydrogen atom moves towards the central oxygen, 
meanwhile the other one moves away from it. Bending can 
be described as a periodic change in the angles between two 
bonds while the bonds’ length remains stable. Bending is 
also divided into four subclasses including rocking, scis-
soring, wagging, and twisting. To clarify these vibrational 
motions, let us consider the ethylene molecule H2C = CH2. 
In this molecule, a double covalent bond exists between the 
two central carbon atoms. Meanwhile, each carbon atom 
shares two single bonds with two hydrogen atoms. Rocking 
occurs when the two hydrogen atoms move clockwise or 
anticlockwise simultaneously and in the same plane around 
the central carbon atom. Therefore, the length of the sin-
gle bonds remains stable. In addition, in exception to the 
previous bending rule, the angle between the two hydrogen 
atoms also remains unchanged. Scissoring happens when the 
hydrogen atoms move towards each other or away from each 
other in one plane. While in wagging, the hydrogen atoms 
move towards each other or away from each other out of 
planes. Finally, in twisting, a hydrogen atom moves forward 
while the other moves backward simultaneously and out of 
plane. Thus, in scissoring, wagging and twisting, the angle 
between the single bonds changes while their length remains 
constant [33, 36, 37].

The number of the normal modes of vibration that can be 
observed in a molecule varies depending on the number of 
atoms in the molecule (N) on the one hand, and on the mol-
ecule linearity on the other hand. As a rule, there are 3 N-5 
normal modes of vibration in linear molecules. Meanwhile, 
3 N-6 vibrational motions can be described in nonlinear 
molecules. This difference is due to the fact that nonlinear 
molecules, such as  H2O, have two identical bending modes 
that happen at the same frequency. Thus, no energy differ-
ence can be observed between them [35, 36].

For a given molecule, each normal mode of vibration 
requires a defined level of energy. Therefore, a molecule 
can vibrate in a particular mode if it absorbs the energy 
necessary for it. This energy might be in form of heat or 
electromagnetic radiation. When the molecule is provided 
with high level of energy, it will vibrate at a higher fre-
quency (faster) or at higher vibrational level. The level of 
energy required to incite a particular mode of vibration 
in a molecule varies depending on three factors. The first 
one is the mode of vibration itself. For example stretching 
requires a higher level of energy when compared with bend-
ing. The second factor is the type of bonds involved in the 

vibration. Generally, single bonds are weaker than double 
ones and, therefore, they require a lower level of energy to 
vibrate. Finally, the masses of atoms involved in the vibra-
tion are also a defining factor of the level of energy needed 
to induce this vibration [34, 36]. The vibration frequency 
is also dependent on these factors. In addition, it is highly 
influenced by other ones related to the environment of the 
vibrating atoms. More precisely, the presence of a functional 
group in the vicinity of the vibrating atoms, and the type of 
this group, can influence the vibration frequency. Besides 
that, the electric charge of the surrounding atoms can also 
affect it. Moreover, the involvement of vibrating atoms in 
hydrogen bonds with neighbouring atoms is also a decisive 
factor. It should be noted that hydrogen interactions reduce 
the vibration frequency by weakening the strength of the 
bond involved in the vibration [38, 39].

Molecular vibrations have a frequency range between 
 1013 and  1014 Hz approximately. A vibrating molecule can 
interact with the oscillating electromagnetic field of a light 
wave in a frequency-dependent manner. The strongest inter-
actions are observed when the electromagnetic frequency 
of the light wave is very close or identical to the vibration 
frequency of the molecule [40]. The outcome of this interac-
tion is the absorption of the electromagnetic radiation by the 
vibrating molecule which converts it into molecular vibra-
tions. It is important to outline the fact that only molecular 
vibrations associated with a change in the dipole moment in 
the molecule can absorb electromagnetic radiation [41]. The 
electromagnetic spectrum involves seven types of radiations 
that can be arranged in increasing energy level (increasing 
frequencies) as the following: radio wave, microwaves, IR 
radiation, visible light, ultraviolet light, X-rays, and gamma 
rays. Among these, the IR radiation is the only type that 
can interact with vibrating molecules. The IR spectrum is 
divided into three regions: far IR, mid IR and near IR. It 
should be noted that molecular vibrations can be incited by 
the absorption of mid-IR radiation. This phenomenon can be 
attributed to the fact that mid-IR radiation has a frequency 
range between  1013 and  1014, which matches the above-men-
tioned frequencies of molecular vibrations. In other words, 
mid-IR radiation has the suitable energy levels to excite a 
molecule to move from a vibrational energy level to a higher 
one. It should be added that the vibrational IR radiation is 
usually measured by the number of waves per centimeter (or 
frequency in wavenumber). This later is the reciprocal of 
the wavelength in centimeters. Therefore, the frequencies of 
vibrational IR radiation in wavenumber range between 4000 
and 400  cm−1 [34, 36].

Finally, it is important to emphasize the fact that each 
functional group has a defined range of vibration frequencies 
and absorbs a defined region (band) of IR frequencies. The 
IR absorption band for each functional group is dependent 
on the chemical bonds and the masses of atoms in this group. 
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Besides that, it is influenced by the hydrogen bond interac-
tions and the neighbouring functional groups [34, 38, 42, 
43]. This can be clearly exemplified by the IR absorption 
bands of the functional groups of amino acids. For exam-
ple, the IR absorption band of the stretching vibration of 
the group C = O in the side chain of Glutamic acid in water 
is 1712–1788  cm−1 [38]. In the meantime, the same group 
(C = O) in Glutamine has a stretching vibration IR absorp-
tion band of 1668–1687  cm−1 [38]. In conclusion, the IR 
absorption spectrum of a chemical compound is defined pri-
marily by its functional groups and by the molecular vibra-
tions of these groups. Therefore, this spectrum can be used 
as identifying fingerprint for this compound [43–47].

Principles of FTIR

FTIR is a vibrational spectroscopic technique based on the 
ability of vibrating molecules to absorb IR electromagnetic 
radiation and transform it into molecular vibrations. To 
absorb IR radiation by a vibrating molecule, the vibration 
must be associated with a change in the dipole moment in the 
molecule. In FTIR spectroscopy, the molecule to be analysed 
is formulated into a test sample and, thereafter, is exposed 
to vibrational IR spectrum between 4000 and 400  cm−1. As 
a result, the molecule absorbs certain IR frequencies and 
moves from a lower vibrational state to a higher one. The 
IR frequencies absorbed by the molecule are defined by the 
characteristic molecular vibrations of its functional groups. 
It is important to mention that FTIR measures the amount 
and the frequencies of IR radiation absorbed by the mol-
ecule to produce an absorption spectrum. In this spectrum, 
the vertical axe represents the percentage of IR radiation 
transmitted through the sample being analysed. While the 
horizontal axe represents the IR frequencies range to which 
the sample was exposed (400–400  cm−1). It should be added 
that most functional groups absorb IR frequencies between 
3500 and 1500  cm−1. The IR absorption spectrum is highly 
specific for each molecule and it is defined by the functional 
groups present in the molecule. Therefore, it can be used for 
identification and quantification purposes. More precisely, 
FTIR provides fingerprint recognition of the molecule based 
on the molecular vibrations of its functional groups [21, 22, 
34, 37, 41, 48].

The earliest version of IR spectroscopy was a rudimen-
tary spectrophotometer based on the use of a dispersive 
device named monochromator. This device separates the IR 
spectrum into continuous bands with defined wavelengths. 
Therefore, the tested sample is sequentially exposed to IR 
radiation with defined frequencies and its absorption is 
measured. The absorbance spectrum of the sample is then 
developed basing on the collected spectral data. The cur-
rent version of IR spectroscopy (FTIR) was developed in the 

years 1960s. This version consists of an IR radiation source 
that produces an IR beam with a defined wavelength. It also 
comprises a detector and a computer system. In addition, 
this version includes an interferometer that substitutes the 
dispersive monochromator used in the old version [36, 37]. 
The interferometer used in FTIR was originally developed 
by Albert Abraham Michelson. It is composed of a beam 
splitter and a configuration of a stationary mirror and a mov-
ing one. When the moving mirror changes its position in a 
scanning movement, a continuous change in the wavelength 
of the IR beam will be produced. As a result, the sample 
being tested will be exposed to IR beam with continuously 
changing wavelength and its absorbance will be recorded. 
The spectral data are then processed by the computer sys-
tem to obtain the IR absorbance spectrum of the sample 
being tested. More precisely, the stationary mirror and the 
moving one with its scanning motion allow two identical 
IR beams, which have travelled two different distances, to 
recombine and generate a new beam with a continuously 
changing wavelength. By consequence, the tested sample 
will be exposed to an IR beam with a frequency defined by 
the scanning motion of the moving mirror [22, 23, 37].

ATR-FTIR is the standard technique for FTIR measure-
ment. In this technique, an ATR crystal with a low criti-
cal angle (or a high refractive index) is used as a sample 
support. ATR crystals are usually made of IR transparent 
materials such as zinc selenide (ZnSe), germanium (Ge) or 
diamond. The IR radiation penetrates the sample to reach the 
ATR crystal where it will be totally reflected. Total internal 
reflection of the IR radiation occurs only if the angle of the 
incident IR beam is greater than the critical angle of the 
ATR crystal. Other modalities of FTIR have also been devel-
oped. These include transmission FTIR, photoacoustic FTIR 
(FTIR–PAS) and diffuse reflection IR Fourier-transform 
(DRIFT) [22, 36, 49, 50].

ATR‑FTIR and forensic investigations

Two categories of forensic evidences can be distinguished 
in each criminal investigation. The first one is called direct 
evidences and it is based on the declarations made by the 
witnesses and the victim [3]. The second category is named 
physical evidences and it involves various types of items, 
electronic devices and even photograph of the crime scene 
[1]. This category also entails a wide range of biological 
evidences such as hair, tissue and stains of body fluids that 
might belong to the victim or to the culprit [1, 3]. Physi-
cal evidences usually found in the crime scene are of vital 
importance in criminal investigations. They are considered 
as conclusive evidences by jurors in the courtroom [2, 5, 51]. 
Besides their role in guiding the investigation, they can pro-
vide indisputable identification of the culprit, or exonerate 
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an innocent suspect. In addition, the declarations of the vic-
tim, suspects and witnesses can be affirmed or revoked by 
these evidences. In many criminal cases, physical evidences 
can be irrefutable proof on whether an offence has occurred 
or not.

ATR-FTIR is a universal and highly accurate analyti-
cal method that can be used for a quick in situ screening 
and identification of a wide range of materials and stains 
in criminal investigations [11]. This technique has several 
advantages over other techniques used in forensic analyses. 
Firstly, FTIR spectroscopy is a small sized handheld appa-
ratus that can be easily transported and used in various types 
of work fields. It can be used to directly identify and dis-
criminate between stains of body fluids in crime scenes [52, 
53]. In contrast to other analytical methods, ATR-FTIR does 
not require any specific preparations to be carried out on the 
sample prior to testing. Besides that, only a small amount 
of the test sample is needed to perform the measurement. 
Moreover, no necessary reagents are required for the ATR-
FTIR–based analysis. It should be added that ATR-FTIR is a 
nondestructive technique that does not cause any alterations 
in the tested sample. This fact means that the sample can still 
be used in further forensic analyses after being examined by 
ATR-FTIR spectroscopy [52, 54, 55].

ATR‑FTIR and analysis of biological evidences

Biological evidences are the most important type of evi-
dences that can be recovered from the crime scene. They can 
provide a valuable source of information about the identity 
of the victim and the culprit [56]. This type of evidences 
involves biotissue, epithelial cells, hair, and bones. In addi-
tion, body fluids such as blood, semen, vaginal fluid, urine, 
sweat, and saliva are also biological evidences of a great 
judicial value [57]. ATR-FTIR is a reliable and cost-effective 
analytical method capable of identifying and differentiating 
between stains of all body fluids [53, 54, 58]. The differ-
ences between ATR-FTIR spectra of various types of bio-
fluids were firstly reported in 2011 by Elkins and colleagues 
[54]. This observation was further confirmed by Orphanou 
et al. in 2015 [59]. Nevertheless, the decisive discrimina-
tion between body fluids using ATR-FTIR was demonstrated 
in 2018 by Takamura and co-workers. They showed that 
ATR-FTIR can be used to discriminate between stains of 
five body fluids including blood, semen, urine, saliva and 
sweat. Three types of samples were used in this study. The 
first one involved spots of body fluids on glass slides which 
were incubated at room conditions overnight. The second 
type involved spots of body fluids on glass slides which were 
incubated at ambient room conditions for different periods 
ranging from 1 day up to 8 months. Besides that, fourteen 
other samples, such as milk, soy sauce, toothpaste, cotton 
cloth …etc., were also included in the study and treated in 

the same manner as the previous two types. The ATR-FTIR 
spectra generated from the spots of all the tested samples 
were subjected to a chemometric analysis using PLS-DA. As 
a result, the author developed a dichotomous model based 
on Q-statistics testing to discriminate between these spec-
tra. The proposed model demonstrated a high discrimina-
tion power between the spectra of the spots of body fluids 
incubated at the room temperature overnight. It also suc-
cessfully differentiated between the spectra of spots aged 
1 day or more. In addition, the spectra of all nonbody-fluid 
samples were successfully excluded by the model. These 
results highlighted the potential application of ATR-FTIR in 
differentiating between stains of various types of body fluids 
[53]. Therefore, extensive researches have been carried out 
to further investigate the use of this technique in the forensic 
analysis of stains of blood, semen, vaginal secretions, and 
urine.

Blood

Blood is considered the most informative biological evi-
dence that can be recovered from crime scenes. Besides 
being a source of DNA, blood can be used to obtain valuable 
information about the age, gender, and race of the person 
from whom it originated [11, 55, 60]. Therefore, sensitive 
and accurate detection of bloodstains is of extreme impor-
tance in forensic investigations. Commercial kits used in 
routine for forensic identification of human bloodstains are 
based on the detection of primate hemoglobin by immunoas-
says. However, hemoglobin of animal sources can interfere 
in these tests causing false positive results (Table 1) [61]. 
Differentiation between human and animal bloodstains is 
of paramount importance in criminal investigations of traf-
fic accidents and more particularly hit and run incidents. 
Moreover, the previous immunological tests are destruc-
tive. This fact makes impossible the use of bloodstains in 
further analyses. ATR-FTIR has emerged as an accurate 
and nondestructive analytical method for the detection and 
differentiation between stains of blood of different species. 
The potential applications of this technique in the forensic 
analysis of bloodstains have been outlined in several studies 
[52, 55, 58, 60, 62–66]. Here below, we presented a detailed 
review of these studies based on the type of information that 
can be deduced from the analysis.

Detection and discrimination between bloodstains 
of different species

The use of ATR-FTIR in the analysis of bloodstains for 
forensic purposes was firstly reported by De Wael and 
colleagues in 2008. They showed that vibrational spec-
troscopes, including Raman and ATR-FTIR, can be used 
to detect blood microparticles recovered from clothes of 
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homicide suspects. However, the author concluded that 
the spectra generated from human and animal bloodstains 
cannot be differentiated by visual examination [62]. Later 
on, it has been demonstrated that ATR-FTIR can detect 
bloodstains on different types of fabrics with an impressive 
sensitivity. The highest sensitivity levels were observed 
in case of bloodstains on cotton fabric (0.0010 µg) and 
polyesters (0.0066 µg) [67].

Despite the conclusion made by De Wael and his team, 
research continued to investigate the potential use of ATR-
FTIR in differentiating between stains of bloods of different 
species. Multiple studies used ATR-FTIR in combination 
with chemometric to achieve this purpose [52, 63, 64, 66]. 
In 2015, Mistek et al. showed that ATR-FTIR spectroscopy 
can be used jointly with PLS-DA to differentiate between 
bloodstains prepared from human and animal bloods. 
This combined use demonstrated an accuracy of 100% in 
discriminating between stains of bloods of three species 
including human, dog and cat [52]. Later on, these findings 
were validated by the same research team on a wider group 
of species. The team tested stains of bloods of twelve spe-
cies including human, domestic and wildlife animals [66]. 
The potential application of ATR-FTIR in discriminating 
between stains of bloods of different species was further 
confirmed in a relatively recent study carried out in 2018. 
Six species, including human and domestic animal, were 
included in this study. It has been demonstrated that ATR-
FTIR in combination with chemometrics is able to differ-
entiate between stains of bloods of all the tested species 
with high accuracy. In addition, the study showed that ATR-
FTIR can identify bloodstains kept in outdoor conditions as 
blood after a period of 107 days [64].

In a recently published work, Sahrma et al. investigated 
the use of ATR-FTIR in the detection of bloodstains more 
closely and in conditions mimicking those usually encoun-
tered in crime scenes. In addition, the author examined the 
ability of this analytical method to discriminate between 
bloodstains and stains of other biofluids. As a result, it has 
been demonstrated that ATR-FTIR can differentiate between 
bloodstains and stains of other body fluids used in the study 
with an accuracy of 100%. Besides that, this analytical 
method has also showed 100% specificity in discriminating 
between bloodstains and stains of other substances that look 
like blood such as tomato ketchup, red wine and red lipstick. 
Concerning the detection sensitivity, stains of dilutions of 
blood as high as 1:64 could be detected by ATR-FTIR. Fur-
thermore, 15-day-old bloodstains have been successfully 
detected by this technique. However, this analytical method 
has failed to detect bloodstains after washing and chemical 
treatment. These data highlighted the potential of ATR-FTIR 
as a nondestructive method for in situ analysis of bloodstains 
[63]. Table 1 demonstrates the advantages and limitations 

of this technique compared to the standard forensic methods 
used in the detection of bloodstains.

Interestingly, analysis of blood samples of animals of 
different species by visible light spectroscopy generates 
different spectra. Therefore, a recent study compared the 
performance of this technique with that of ATR-FTIR. Using 
PCA-LDA for chemometric analysis of spectra, the study 
demonstrated that ATR-FTIR has a higher discrimination 
power than visible light spectroscopy [68].

Estimation of the age of bloodstains

Precise evaluation of the age of bloodstains is very informa-
tive in criminal investigations. It can help investigators in 
defining the time when a crime was committed or when 
an accident had happened. This information can reduce 
the number of suspects and narrow the investigation. It 
can also assist the police forces in defining the chronologi-
cal sequence of events. Besides its ability to discriminate 
between stains of blood of different species, the potential use 
of ATR-FTIR in estimating the age of bloodstains has also 
been explored in multiple studies [29–31, 69, 70]. The ear-
liest reports indicated changes in the ATR-FTIR spectra of 
bloodstains over time [69, 70]. These reports were validated 
by Lin and co-workers who used ATR-FTIR in combination 
with chemometrics to study the age of bloodstains incubated 
in conditions which mimic the crime scene conditions. The 
study pointed out that ATR-FTIR jointly with chemometric 
is an excellent tool to discriminate between fresh bloodstains 
(aging up to 1 day) and old ones (aging more than 1 day) 
[31]. In a relatively recent study, stains prepared from bloods 
of animal and human donors were incubated for a period of 
175 days in indoor conditions. The stains were examined 
by ATR-FTIR every 24 h during the first week and every 
7 days during the remaining time. The obtained spectra 
were analysed by three advanced chemometrics tests. The 
multiple linear regression test (MLR) produced the most 
accurate model for estimating the age of bloodstains. Using 
this model, the age of bloodstains could be estimated with an 
error of ~ 3 ± 1 days from their actual age [30]. Although the 
chemometric models developed in the study did not predict 
the actual age of the bloodstains with a high accuracy, the 
result obtained by the MLR model remains encouraging and 
subject to improvements in future studies.

Discrimination between different types of human 
blood

In criminal cases involving rape and sexual assault, defining 
the biological origin of bloodstains is of crucial importance 
for establishing the facts and verifying the claims made by 
the victim. In this connection, discriminating between men-
strual and venous bloods seems to be a decisive step. The 
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biochemical methods used in this type of analyses, such as 
immunochromatography and Real-Time PCR, are sophis-
ticated and can only be carried out in a forensic laboratory 
[71, 72]. To overcome these challenges, some researchers 
explored the potential use of ATR-FTIR in differentiating 
between stains of various types of blood [55, 58, 73, 74]. 
The earliest study that examined the difference between 
ATR-FTIR spectra of stains of menstrual and venous bloods 
was carried out in 2017. The study reported that a peak at 
1039  cm−1 can be used to differentiate between the spectra 
of these two types of blood. This peak is generally observed 
in the spectra of stains of menstrual blood. The peak is 
attributed to phosphoric acid normally present in this type 
of blood. The report also concluded that the intensity of 
this peak varies depending on the porosity and knit of the 
fabric carrying the stain [58]. This remark was examined 
more profoundly later in 2020. Sharma et al. investigated 
the ability of ATR-FTIR in combination with chemomet-
rics to discriminate between menstrual blood and peripheral 
blood, and between menstrual blood on the one hand and 
vaginal and seminal fluids on the other hand. It has been 
demonstrated that ATR-FTIR jointly with PCA-LDA can 
discriminate with 100% accuracy between menstrual blood 
and all other types of body fluids included in the study. The 
same result was obtained in case of substances that look like 
blood [73]. These results have been recently confirmed by 
Mistek-Morabito et al. who demonstrated that ATR-FTIR 
jointly with PLS-DA can differentiate between menstrual 
and peripheral blood with 100% accuracy [74].

Interestingly, ATR-FTIR together with chemometrics also 
demonstrated a great potential in differentiating between 
stains of postmortem and antemortem bloods. In 2017, 
Takamura and co-workers used an innovative chemometric 
method, named multivariate spectral processing, to analyze 
spectra of stains of postmortem and antemortem bloods. 
The analysis allowed the development of a differentiation 
model that demonstrated a high accuracy in discriminating 
between stains of the two types of blood. The discrimina-
tion process was based on three steps. Firstly, ATR-FTIR 
spectra of bloodstains deposited on different types of fabric 
substrates were measured. Thereafter, the signal due to the 
fabric substrate was extracted from the bloodstains spectra. 
In the final step, the signal obtained after the extraction was 
analysed by the previous model to define whether the origin 
of the stains is postmortem or antemortem blood [65].

Phenotype profiling

Homicide criminal investigations require phenotype pro-
filing of the victim by a certified professional. This pro-
cess involves physical examination of the victim’s corpse 
or skeleton by a forensic anthropologist to determine the 
victim’s age, race, and gender. However, this task becomes 

challenging if the corpse of the victim is physically absent 
[75]. Therefore, researchers studied phenotype profiling of 
subjects basing on the analysis of their bloodstains by ATR-
FTIR [55, 60]. They relied on the fact that the biochemical 
content of blood, and more particularly its content of pro-
teins, lipids, glucose and other metabolites, varies depending 
on age, gender, and ethnicity [76–78]. In a relatively recent 
study, stains prepared from bloods of donors of different age 
groups, including adults, adolescents and newborns, were 
dried overnight and examined by ATR-FTIR. The obtained 
spectra were then analysed by PLS-DA. As a result, a dif-
ferentiation model has been developed. The model demon-
strated 92% accuracy in classifying donors according to their 
age groups [60]. Finally, in 2019, Mistek et al. described the 
development of other models based on PLS-DA analysis of 
ATR-FTIR spectra of stains of bloods collected from Cauca-
sian, African American, and Hispanic donors. These models 
demonstrated a high level of accuracy in classifying donors 
according to their ethnicity and gender [55].

Semen and vaginal fluid

Semen is considered the most valuable forensic evidence in 
criminal investigations of rape and sexual assault. The pres-
ence of a suspect’s semen in the crime scene is deemed to be 
irrefutable evidence of his presence and that an ejaculation 
occurred. However, it proves neither the occurrence of sex-
ual intercourse, nor the non-consensual sex act. These facts 
remain to be established by forensic experts [79]. Detection 
of semen in a crime scene can be performed by examination 
with UV light. Seminal stains fluoresce when exposed to 
UV light at a wavelength of 455 nm. Semen detection can 
also be performed by biochemical methods such as analysing 
the activity of alkaline phosphatase by colorimetric methods 
(Table 1) [80]. ATR-FTIR has been proven to be an effi-
cient method for detecting semen stains and discriminating 
between them and stains of other body fluids [27, 28, 81, 82]. 
When used in combination with chemometrics such as par-
tial least square regression (PLSR) or PCA-LDA, ATR-FTIR 
can discriminate with 100% accuracy between semen stains 
and stains of other body fluids including vaginal secretions. 
In addition, this technique can also differentiate between 
semen and non-biological substances that look like semen 
[81]. Furthermore, it has been demonstrated that ATR-FTIR 
can be used as a reliable tool to detect semen stains depos-
ited on fabric substrates and dried at room conditions for 
3 h. It can also detect semen stains even when they are in 
a mixed state with urine and saliva. ATR-FTIR spectra of 
seminal stains are distinguished by two peaks at 1635.8  cm−1 
and 1537.8  cm−1. These two peaks can still be observed even 
when semen is mixed with equal volume of the previous 
body fluids [28]. It should be noted that ATR-FTIR can also 
detect semen stains on highly absorbent napkin. However, 
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in case of mixed samples of urine and semen, urine could 
be detected in most cases, while semen was detected only in 
a few ones. In addition, in case of mixed samples of semen 
and vaginal fluid, visual discrimination between the spectra 
of these two types of body fluids is impossible [27]. Further 
investigations have been carried out using ATR-FTIR and 
chemometric to study the ability of this analytical method to 
detect semen in mixed stains of semen and vaginal secretions 
[81]. Table 1 demonstrates the advantages and limitations 
of this technique compared to the standard forensic methods 
used in the detection of semen stains.

Concerning species identification basing on ATR-FTIR 
analysis of semen stains, species including human, bull, rab-
bit, and dog could be identified with 100% accuracy using 
ATR-FTIR jointly with PLS-DA. Species identification by 
this analytical method can be achieved even in case of azoo-
spermia [83].

Defining the age of seminal stains can be very informa-
tive in criminal investigations of rape and sexual assault. 
Therefore, the time-dependent changes in the ATR-FTIR 
spectra of seminal stains have been investigated to explore 
the potential of this technique in estimating the age of semen 
stains [84, 85]. These changes have been divided in two 
phases basing on the speed of water evaporation. However, 
since water evaporation varies depending on the substrate 
porosity, estimation of the age of seminal stains must be 
studied using various substrates [85]. Zha and colleagues 
used ATR-FTIR to estimate the age of seminal stains depos-
ited on three types of substrates including tissues, glass and 
cellulose fibers within a period of 6 days after deposition. 
PLSR-based analysis of the spectral data demonstrated that 
this technique can predict the age of seminal stains within 
this period with a prediction error of 1 day approximately 
[84].

Besides semen, vaginal fluids are also considered valu-
able evidence in criminal investigations of rape and sexual 
assault. Identification of vaginal fluids in the crime scenes 
of such cases is always sought by forensic investigators. In 
contrast to other body fluids, no characteristic proteins can 
be identified in the vaginal secretions. This fact makes the 
detection of vaginal fluids in a crime scene a difficult task 
[86]. In a proof of concept study, Sharma et al. investigated 
the use of ATR-FTIR in conjunction with chemometrics 
in this type of analyses. As a result, this analytical method 
succeeded in detecting the stains of vaginal fluids depos-
ited on all the nonporous substrates used in the study. How-
ever, detection of the stains deposited on porous substrates 
revealed to be challenging. In addition, the author proposed 
a PCA-LDA classification model. The model demonstrated 
100% accuracy in discriminating between the stains of vagi-
nal fluids and the stains of all other fluids and substances that 
look like it which were included in the study [24].

Urine

Urine is a widely used biofluid in forensic investigations, 
more particularly those involving doping and drugs intoxica-
tion. Compared to blood, urine is considered the biological 
sample of choice in such cases. This can be ascribed to the 
fact that drugs’ metabolites can be found at higher concen-
trations in urine rather than in blood. In addition, collection 
of urine samples is a simple process that does not require 
the intervention of a trained nurse. Furthermore, repeating 
the sampling process for confirmation purposes is also easier 
in case of urine [87, 88]. The potential application of ATR-
FTIR in the detection and quantification of doping agents 
in urine samples has been investigated [89, 90]. Terbutaline 
and its precursor bambuterol are tow drugs used in asthma 
treatment in more than 25 countries [91]. These two drugs 
are classified as doping agents by the World Anti-Doping 
Agency [92]. Detection of these two drugs in the urine sam-
ples can be performed by gas chromatography jointly with 
mass spectrophotometer [93, 94]. However, these techniques 
are costly and can be operated only by skilled.

forensic scientists. In 2020, Algethami et al. explored the 
potential use of ATR-FTIR in combination with chemomet-
rics in this type of analyses. It has been demonstrated that 
this technique can detect and quantify these two drugs in 
volunteers’ urine with a high level of accuracy [89]. Moreo-
ver, MT-45 is a synthetic opioid that has been developed in 
the years 1970s by a Japanese pharmaceutical company to 
be used as an alternative painkiller for morphine. However, 
the use of this drug as an illicit psychoactive drug has been 
reported in the USA and Europe [109, 110]. McKenzie et al. 
have demonstrated that ATR-FTIR can be used to identify 
MT-45 metabolites in the urine samples of mice. In addition, 
this technique has been successfully used to detect these 
metabolites in the urine samples of two human addicts who 
were confirmed of having ingested MT-45 [90].

Other biological evidences

Hair is one of the most important biological evidences 
commonly found in crime scenes. Discrimination between 
human and animal hair is usually performed by microscopic 
examination. Although this method is considered as the ref-
erence method for forensic hair analysis, errors might occur 
due to the examiner’s incompetence. Therefore, analysis of 
mitochondrial DNA has been proposed as a validation and 
confirmation method. However, analysis of mitochondrial 
DNA is a destructive method that can be performed in a spe-
cialized forensic laboratory only [111]. Interestingly, ATR-
FTIR in combination with chemometrics demonstrated a 
high accuracy in discriminating between animal and human 
hairs. Therefore, this technique was also proposed as a fast 
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and nondestructive confirmatory test besides microscopic 
examination [112].

ATR‑FTIR and postmortem investigations

The purpose of forensic postmortem investigations, includ-
ing forensic autopsy, is to establish the identity of the 
deceased person and to define his gender, age, and race. 
Forensic autopsy has also been for the purpose to estimate 
the postmortem interval (PMI) and to determine the cause of 
death [113]. Earlier in this review, we described the use of 
ATR-FTIR in phenotype profiling of subjects basing on the 
analysis of stains of blood and semen. Here below, we will 
cast the light on the application of this universal analytical 
method in the evaluation of PMI and in the prediction of the 
death cause.

Estimation of PMI

Defining the time interval since death is a frequent task in 
criminal investigations. Accurate estimation of PMI can 
provide valuable insight into the chronological sequence of 
events. It can also help in reducing the number of suspects 
and verifying the witnesses’ statements. Estimation of PMI 
can be performed by various methods including physical 
examination (ex. cold body, rigor, lividity….etc.), molecu-
lar method (ex. DNA degradation) and others (Table 1.). 
Despite the multitude of these methods, PMI estimation 
remains a challenging task for forensic pathologists due to 
the limitations associated with each one of them (Table 1) 
[99, 114–117]. To overcome these limitations, the potential 
use of ATR-FTIR in PMI prediction has been investigated 
in several studies [25, 26, 103–106]. Table 1 demonstrates 
the advantages and limitations of this technique compared 
to the standard forensic methods used in PMI estimation.

PMI prediction using soft tissues

The postmortem decomposition of organs and tissues is 
a natural process that occurs in all organisms after death. 
This phenomenon is generally associated with biochemi-
cal changes in the composition of tissues as they gradually 
decay. From a scientific standpoint, these changes should 
be reflected in variations in the ATR-FTIR spectra of the 
degrading tissues [118, 119]. Therefore, in the aim of 
exploiting this technique in PMI estimation, ATR-FTIR has 
been used to study the postmortem biochemical changes in 
the lung, liver, kidney and adipose tissues [25, 26, 103, 104].

ATR-FTIR was firstly used to investigate the decomposi-
tion process in the lung tissues of rats. The time-depend-
ent variations observed in the spectra of the lung tissues 
indicated the potential use of this technique in PMI deter-
mination [104]. Later on, this observation was confirmed 

by Wang et al. who used ATR-FTIR and chemometrics to 
study the postmortem biochemical changes in the liver tis-
sues of rats. The author used three groups of rats which were 
scarified and incubated in environmentally controlled condi-
tions at different temperatures. Samples of liver tissues were 
removed from each group at defined intervals and examined 
by ATR-FTIR. Concerning the group of rats which was kept 
at 20 °C, PLS-DA-dependent analysis of spectra collected 
from this group allowed the development of a chemometric 
model. The developed model divided these spectra in three 
time-dependent groups: 120–168 h, 48–96 h and 0–24 h. 
The model demonstrated a 90% accuracy in PMI prediction 
[103]. Another model was developed basing on the analysis 
of kidney tissues of rats during a period of 72 h after death. 
The model demonstrated an adequate accuracy in PMI pre-
diction [120].

Furthermore, ATR-FTIR was also used to study in vitro 
the decomposition process of adipose tissues collected from 
human cadavers. The tissues were incubated in environmen-
tally controlled conditions at a temperature of 25 °C for a 
period of 14 days. Samples were removed from the tissues 
every 2 days and analysed by ATR-FTIR. Chemometric 
analysis of the obtained spectra indicated a time-depend-
ent increase in the concentration of free fatty acids due to 
the hydrolysis process occurring in these tissues. To better 
mimic the in vivo conditions, the postmortem biochemical 
changes in adipose tissues were also studied in vivo in a 
mouse model. A group of mice were scarified and kept in 
the same controlled conditions for the same period of time. 
Samples of adipose tissues were collected from the mice at 
defined intervals and analysed by ATR-FTIR. As a result, 
a PLS model has been proposed for PMI determination. 
The model demonstrated a relatively accurate PMI estima-
tion with a prediction error of 2 days approximately [26]. It 
should be noted that the rate of the postmortem degradation 
of adipose tissues is highly influenced by the ambient tem-
perature. Therefore, ATR-FTIR in combination with chemo-
metrics was used to study this process at two temperatures: 
25 °C and 5 °C. As a result, two temperature-related models 
have been developed to predict PMI. The prediction error 
varied depending on the model, or more precisely depend-
ing on the incubation temperature [25]. Finally, it should 
be noted that estimation of PMI by ATR-FTIR using soft 
tissues is not affected by the cause of death [120]. However, 
humidity and temperature seem to play a considerable role 
in this process [25, 121].

PMI prediction using body fluids

Two body fluids, including the vitreous humor (VH) and the 
pericardial fluid (PF), were investigated to explore the pos-
sibility of using them in PMI estimation [105, 106]. VH is 
a gelatinous fluid occupying the posterior cavity of the eye 
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between the retina and the lens. The privileged site of this 
body fluid makes it well protected against microbial activi-
ties. In addition, VH is characterized by the absence of many 
conventional enzymes usually found in other body fluids. 
For these reasons, VH is resistant to decomposition after 
death and can be used as an alternative to blood and urine in 
postmortem forensic analyses [122, 123]. In a study carried 
out in 2018, Zhang and co-workers explored the potential 
use of VH in PMI determination. The author investigated the 
variations in the ATR-FTIR spectra of VH in rabbits during 
48 h after death. As a result, the study proposed three chem-
ometrics models. The artificial neural network (ANN) model 
demonstrated the highest level of accuracy with a prediction 
error of 2 h. These data suggest that analysis of VH by ATR 
-FTIR might be useful in PMI prediction [105]. In addition, 
PF has also been the main focus of some research groups 
who investigated its potential use in PMI estimation [106, 
124, 125]. The earliest studies indicated that the postmortem 
changes in electrolytes concentrations in PF could be used to 
predict PMI [124, 125]. In 2017, Zhang and co-workers used 
ATR-FTIR to further explore the biochemical changes in 
rabbits’ PF during 48 h after death. The variations observed 
in ATR-FTIR spectra were attributed to the time-dependent 
protein degradation. In addition, the chemometric analysis 
of these variations allowed the development of two models. 
The nu-support vector machine (nu-SVM) model showed 
the highest level of accuracy with a prediction error of 2.5 h 
approximately [106].

PMI estimation using cartridges and bones

Cartridges and bones are more resistant to petrifaction and 
decay than soft tissues and body fluids. Therefore, ATR-
FTIR was used to study the biochemical changes in human 
annular cartridges during a period of 30 days after death. 
Analysis of spectral changes observed during this period 
allowed the development of a chemometric model for PMI 
determination. The modSel demonstrated a satisfactory PMI 
estimation with an approximate prediction error of 1.5 day 
[7]. In addition, ATR-FTIR was used to study the postmor-
tem mineral variation in human bones. Analysis of mineral 
content of samples of femur and humerus by this technique 
revealed a decrease in the crystallinity index and in the ratio 
between the two types of carbonate A and B. These tow 
markers have been proposed as a useful mean for PMI deter-
mination [107]. Further ATR-FTIR-based researches have 
been carried out on human bones to investigate their use in 
the long-term prediction of PMI [6, 126].

PMI estimation using entomological evidences

It is important to mention that PMI can also be determined 
basing on the analysis of entomological evidences that can 

be found in the crime scene. More precisely, this method is 
based on defining the age and the species of larvae found on 
the victim’s corpse to predict PMI. Despite being a historical 
method dating back to the thirteenth century, the principle 
of this method is still used in modern forensics. However, 
the inaccuracy of techniques used to determine the larvae 
age and species is the main limitation for this method [100, 
101]. In a proof of concept study, Pickering et al. demon-
strated that ATR-FTIR in combination with chemometrics 
can be exploited in the analysis of entomological evidences. 
ATR-FTIR was successfully used to identify the larvae spe-
cies and determine their life cycle stage with 100% sensitiv-
ity and specificity. By consequence, this technique can be a 
time-saving tool for a fast and reliable PMI estimation based 
on entomological evidences found in the crime scene [102].

Identification of the cause of death

Defining the cause of death is an essential step in deciding 
whether the death was a homicide, suicide or accident. In 
other words, the legal pathologist must be able to identify 
the direct cause of death and describe the circumstances that 
led to it to decide whether a crime had been committed or 
not. Occasionally, this task might be challenging especially 
in cases associated with multiple organ dysfunction. ATR-
FTIR revealed to be useful in such cases, more particularly 
in the diagnosis of weather related death and death caused 
by anaphylactic shock and diabetic ketoacidosis.

Postmortem diagnosis of weather related death

Extreme weather conditions might have severe conse-
quences on the human body. In the USA, 2000 weather-
related deaths had been reported every year between 2006 
and 2010 [127]. Death caused by extreme temperatures is 
generally ascribed to dysfunction of multiple organs in the 
human body. Therefore, forensic diagnosis of death due to 
hypothermia or hyperthermia is a challenging task to legal 
pathologists [108, 128–130]. In a proof of concept study, Lin 
and co-workers investigated the potential use of ATR-FTIR 
in the postmortem diagnosis of these two causes of death. 
The author used ATR-FTIR to examine plasmas of five 
groups of rats whose death was induced by lethal hypother-
mia, lethal hyperthermia, drowning, asphyxiation and brain 
injury. PCA-based analysis of spectral data generated from 
the rats’ plasmas allowed the identification of specific bands 
for each group. To predict the death caused by hypothermia 
or hyperthermia, two binary classification models had been 
developed using PLS-DA. The models demonstrated 100% 
accuracy in predicting the death related to these two causes 
when used to analyze the spectra of 42 unknown samples of 
rat’s plasma [131].
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The same research group also investigated the use of 
ATR-FTIR in the diagnosis of lethal hypothermia basing 
on the analysis of human pulmonary autopsies. The analy-
sis demonstrated that the pulmonary edema associated with 
fatal hypothermia is characterized by increased concentra-
tions of proteins with B-sheet conformation in the edema 
fluid. Therefore, this specific biomarker has been exploited 
in discriminating between fatal hypothermia and other 
causes of death. The study used pulmonary autopsies har-
vested from 54 cadavers with different death causes (includ-
ing 14 cases of hypothermia). PLS-DA-based analysis of 
spectral data generated from the previous autopsies allowed 
the development of a chemometric model. The model dem-
onstrated 100% accuracy in predicting fatal hypothermia as 
a cause of death after analysing the spectra of 8 pulmonary 
autopsies including 3 ones collected from fatal hypothermia 
cases [8].

Furthermore, it has been reported that ATR-FTIR can 
be used to diagnose the death caused by hypothermia and 
heatstroke in rabbits basing on the analysis of rabbits’ VH 
[9, 10]. Concerning lethal hypothermia, chemometric analy-
sis of spectral data generated from VH of hypothermic rab-
bits indicated a significant increase in the concentrations 
of glucose and nucleic acids. Therefore, a classification 
model was developed to predict the death caused by lethal 
hypothermia. The model demonstrated 100% accuracy in 
identifying hypothermia as the cause of death in unknown 
VH donors [10]. Finally, in heatstroke rabbits, the spectral 
changes observed in the rabbits’ VH were attributed to struc-
tural and compositional changes in a wide range of VH bio-
molecules. Thus, a prediction model was developed basing 
on the chemometric analysis of these spectral variations. 
The model demonstrated 100% specificity and sensitivity 
in diagnosing heatstroke as a cause of death in rabbits [9].

Postmortem diagnosis of other ambiguous death 
causes

The use of ATR-FTIR in the postmortem diagnosis of 
ambiguous death causes, such as fatal anaphylactic shock 
(FAS) and diabetic ketoacidosis (DKA), has been explored 
in a few studies [132, 133]. FAS is a severe systemic syn-
drome triggered by allergic reaction to some foods, drugs, or 
venoms. If untreated, this hypersensitivity immune reaction 
can be life threatening [134]. Diagnosis of death caused by 
FAS is an exceptionally difficult task. In such cases, forensic 
pathologists resort to excluding all other causes of death 
[135, 136]. To overcome this challenge, researchers inves-
tigated the possibility of using ATR-FTIR in the diagnosis 
of FAS. In a study published in 2018, Lin and colleagues 
examined the fluids of pulmonary edema due FAS by ATR-
FTIR. The study was performed using pulmonary autop-
sies harvested from 20 cadavers with different death causes 

including 8 cases of FAS. Analysis of the obtained spectral 
data revealed a significant increase in protein concentration 
in FAS cases. This increase was ascribed to the high level 
of proteins with α-helix structure. Meanwhile, the level of 
proteins rich in tyrosine was less than the normal range. 
Chemometric analysis of these spectral data allowed the 
development of a classification model. The model demon-
strated a satisfactory discrimination between the FAS cases 
and other cases included in the study. This proof of concept 
study highlighted the potential use of ATR-FTIR in the post-
mortem diagnosis of FAS [132].

Similarly to FAS, diagnosis of death caused by DKA is 
also challenging for legal pathologists. This can be attributed 
to the fact that the level of blood glucose decreases after 
death. The reason behind this decrease is the spontaneous 
short-term cellular activity observed after death. In addi-
tion, the medical reanimation process is usually associated 
with an increase in the level of blood glucose. Thus, blood 
glucose cannot be used as a reliable marker for postmortem 
diagnosis of DKA [137]. Therefore, researchers explored 
the use of ATR-FTIR for this purpose. Wu et al. analysed 
pulmonary autopsies collected from confirmed cases of fatal 
DKA and other causes of death by this analytical method. 
Chemometric analysis of obtained data pointed out the 
potential application of this technique in the postmortem 
diagnosis of DKA [133].

Moreover, in case of cadavers recovered from seawater, 
it is often challenging for forensic pathologists to decide 
whether the death was caused by drowning in sea or the 
corpse was thrown in water after death. This task becomes 
more difficult in case of decomposed cadavers. ATR-FTIR-
based analysis of pulmonary autopsies revealed that this 
technique, in combination with chemometrics, can discrimi-
nate between drowning and postmortem immersion with an 
accuracy up 100% [138].

Conclusion

In this review, we explained the fundamentals of the normal 
modes of vibration and the ability of vibrating molecules 
to absorb IR electromagnetic radiation and convert it to 
molecular vibrations. We also briefly discussed the prin-
ciples of FTIR and the main advantages of this analytical 
method. In addition, we reviewed in depth the use of ATR-
FTIR in the analysis of biological evidences usually found 
in crime scenes with particular focus on body fluids. The 
data presented here demonstrate the potential applications 
of this nondestructive technique in detecting, identifying and 
discriminating between stains of different types of bioflu-
ids. Bloodstains are commonly found in crime scenes espe-
cially those involving homicide. In addition, blood is con-
sidered the most informative biological evidence in forensic 
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investigations. Spectral data produced by examining blood-
stains by ATR-FTIR can be used to deduce a wealth of infor-
mation related to the donor species, age, sex, and race. These 
data can also be used to estimate the age of bloodstains and 
to differentiate between those belonging to different types 
of blood including menstrual and peripheral bloods. Simi-
lar information can also be deduced from the IR absorption 
spectra of seminal fluid. Furthermore, we discussed in detail 
the potential applications of this analytical method in PMI 
estimation. We explained how ATR-FTIR can be used to 
predict PMI basing on the analysis of postmortem biochemi-
cal changes in adipose tissues, cartridges and VH. The ATR-
FTIR-based analysis of entomological evidences found in 
the crime scene is also useful in PMI estimation. Moreover, 
this review provided a comprehensive description about the 
use of ATR-FTIR in the diagnosis of weather related death 
and some ambiguous death causes such as FAS and DKA.

As it has been demonstrated above in the “ATR-FTIR 
and analysis of biological evidences” section, a considerable 
amount of research data related to the use of ATR-FTIR in 
the detection and discrimination between body fluids has 
been published in the past decade. These data constitute a 
solid base for the introduction of ATR-FTIR in the routine 
forensic practice to analyze stains of biofluids that can be 
found in crime scenes. However, the majority of the studies, 
which investigated the use of ATR-FTIR in PMI estimations, 
have been carried out on animal models or on limited num-
bers of human cadavers. Therefore, further studies involv-
ing a statistically significant numbers of human cadavers 
need to be performed before extrapolation on humans and 
before introducing ATR-FTIR in forensic practice for PMI 
prediction purposes. It should also be emphasized that com-
parative studies should also be carried out to evaluate the 
performance of this technique compared to the gold stand-
ard methods currently followed in forensic investigations. 
Besides that, it should be outlined that there is a dire need for 
a collective, if not international, agreement in the scientific 
community on the adoption of defined standard chemometric 
models for each type of analyses. Added to that is the need 
for standard chemometric models specific for defined envi-
ronmental conditions to be used in PMI estimation. Once 
such standard models have been developed and agreed, a 
suitable commercialization campaign by the manufacturing 
companies of ATR-FTIR might lead to the introduction of 
this technique in forensic investigations. Once introduced 
and its efficiency is proven in forensic practice, ATR-FTIR 
can then be considered whether it can be a standard forensic 
method or not.

It should be noted that the applications of ATR-FTIR in 
forensic analyses are not limited to these areas. Several stud-
ies have outlined the potential use of this technique in the 
analysis of other types of physical evidences. This includes 
analysis of vehicles’ coating and splinters of car bumpers 

which are commonly found in hit and run traffic incidents 
[139, 140]. ATR-FTIR is also useful in analysing traces of 
explosives [141, 142] and drugs [143–145], which might 
extend the use of this technique to airports and border check-
points. Interestingly, this vibrational spectroscopic technique 
has also found its way to other analytical fields. For example, 
ATR-FTIR is widely used in the pharmaceutical industry 
for quality control purposes. More precisely, it is used to 
determine the concentration of active pharmaceutical ingre-
dients in solid and semi-solid formulations. It is also used 
in biopharmaceutics to monitor drug release from pharma-
ceutical dosage forms. In addition, this analytical technique 
has demonstrated a great utility in identifying polymers and 
copolymers which are widely used in pharmaceutical formu-
lations [146–148]. Moreover, ATR-FTIR has been success-
fully used in bioimaging including tissue and cellular imag-
ing [149, 150]. The great potential of this technique in the 
medical diagnosis of diseases has also been demonstrated in 
multiples studies. ATR-FTIR has been successfully used to 
diagnose cancers such as ovarian and breast cancers [151, 
152]. It has also been used to diagnose metabolic diseases 
such as diabetes [153, 154], and infectious diseases such as 
coronavirus disease 2019 (COVID-19) and hepatitis B and C 
[155, 156]. It is important to mention that the wide range of 
applications of ATR-FTIR can hardly be summarized in this 
section. Nevertheless, we believe that this brief summary 
will give the reader a quick glance about the potentials of 
this outstanding analytical method.

Raman spectroscopy is another vibrational spectroscopic 
technique that has also demonstrated a great utility in foren-
sic analyses. The use of this optical sensing method in the 
detection and identification of stains of body fluids has been 
highlighted in multiple studies. Similar to ATR-FTIR, this 
technique can also be used to analyze stains of blood and 
semen and deduce important information related to donors’ 
race, gender and age [157–164]. Compared to Raman spec-
troscopy, ATR-FTIR can produce a stronger signal and, 
therefore, can detect lower concentrations of the analyte. In 
addition, ATR-FTIR–based analysis eliminates all nonspe-
cific interactions especially those caused by fluorescence. 
The main issue when using Raman as analytical method is 
interference due to fluorescence emitted by the analyte itself 
or by concomitant impurities. Moreover, when using Raman 
spectroscopy, increasing the laser power might expose the 
sample being analysed to overheating and deterioration. For 
this reason, ATR-FTIR seems to be less destructive than 
Raman spectroscopy and can ensure a better stability for the 
sample. However, although it is considered a nondestructive 
analytical technique, ATR-FTIR requires close contact with 
the test sample. It should be added that IR absorption spec-
tra can be interpreted easily, while Raman spectra are com-
monly less understood. When considering analyte in aqueous 
solutions, Raman spectroscopy seems to surpass ATR-FTIR 
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in this condition. The ability of water molecules to absorb IR 
radiation makes Raman-based analysis more precise than the 
spectral data produced by ATR-FTIR [165–167].

Finally, it is important to emphasize the fact that ATR-
FTIR is a universal analytical technique that offers many 
advantages over other analytical methods used in forensic 
analyses. The commercial availability of handheld ATR-
FTIR spectroscopy makes the use of this analytical device 
in crime scenes an easy task. In addition, this nondestruc-
tive analytical method provides fingerprint recognition of 
the analyte using minimal amount of the test sample. Exten-
sive researches have been carried out to investigate the wide 
range of applications of ATR-FTIR in forensic analyses. 
However, additional researches are needed to explore the 
potential use of this technique in the diagnosis of drug abuse 
and addiction. The ability of this analytical method to detect 
traces of stimulants and psychoactive substances in saliva or 
sweat samples would be a breakthrough in the lute against 
this type of modern crimes. In addition, the great utility of 
this technique in predicting some death causes such as dia-
betic ketoacidosis has opened the door for another field of 
applications that requires a substantial amount of researches 
and investigations. The astounding application of ATR-FTIR 
in medical diagnosis of metabolic and infectious diseases is 
also a vast scope for future researches that might extends 
over the next five decades.
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