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ABSTRACT 
 

Fourier Transform Infrared (FTIR) spectroscopy and Raman 
Microspectroscopy (RMS) are vibrational techniques which have been 
revealed in the last ten years as excellent tools to study and characterize the 
chemical composition of several types of materials/compounds in the 
different physical states. They have the advantage to be label-free, making 
them objective and reliable approaches within chemical, biological, and 
biomedical research fields. Moreover, the coupling of last generation 
spectrometers with optical microscopes, makes it possible to collect in a few 
minutes and on the same sample, a great amount of information about the 
macromolecular composition and the distribution of the most relevant 
biomolecules (such as proteins, lipids, carbohydrates, and nucleic acids) 
within the analyzed sample. In fact, each macromolecule shows specific 
vibrational modes corresponding to transitions from adjacent vibrational 
energy levels, which are reported as peaks in the IR and Raman spectra: the 
position, width, and intensity of each peak let obtain a complete information 
on the molecular composition and structure of the sample. 

The aim of the present PhD project was to exploit the potential of IR 
and Raman spectroscopies, in terms of spatial resolution and possibility of 
obtaining morpho-chemical information, to deepen physiological 
mechanisms, related to environmental issues, of wild and laboratory model 
fish species. In particular, the study was focused on: (i) the optimization of a 
fixation protocol for Raman analysis of fish embryos; (ii) the spectroscopic 
evaluation of the effects caused by emerging pollutants, such as 
perfluoroalkyl compounds, on the development of the embryos of the fish 
model Danio rerio, and (iii) on the possible correlation between the fishing 
area and the structural organization and the macromolecular composition of 
Xiphias gladius oocytes, with a particular focus on the Zona Radiata. The 



advantage of using these spectroscopic approaches respect to routine 
methodologies (including histology, immunohistochemical and biomolecular 
assays) relies on the unique possibility given by FTIR and RMS, to provide 
on the same sample and at the same time, punctual information correlating 
the structural features with the macromolecular composition.  

 
The objectives, methods and results of each chapter are listed below. 

 
1.  A new methodological set up for spectroscopic studies on fish embryos. 
 
Aim: defining a specific fixation protocol to analyze Zebrafish embryos by 
Raman Microspectroscopy. Methods: Zebrafish embryos were collected from 
1 until 5 days post fertilization (dpf), and immediately fixed using 
paraformaldehyde 4%, Bouin’s fixative, and formol. Embryos were first 
submitted to a visual inspection by stereomicroscope and then analysed by 
the XploRA Nano MicroSpectrometer (Horiba Jobin-Yvon) with a particular 
focus on the yolk region. A x100 long working distance objective and the 532 
nm diode laser were used to acquire spectra along the Z axis, going from the 
surface to 300 µm in depth. Raman spectra were acquired 3 times for 10 
seconds in the spectral range 400–1800 cm−1, opportunely pre-processed and 
analyzed (OPUS 7.5, Bruker Optics, Ettlingen, Germany). Results: The 
Raman analysis carried out on zebrafish embryos, evidenced that the 
protocol employing formol resulted the optimal one, in term of maintenance 
of morphological features and quality of Raman spectra. 

 
2. Metabolism alterations in fish embryos exposed to emerging 

environmental contaminants: what can we learn from molecules 
vibrational changes? 

 



Aim: monitoring the effects of PFOS and PFOA on the embryo development 
of Danio rerio, by the exploitation of Raman Microspectroscopy. Methods: 
Zebrafish embryos were exposed to PFOS and PFOA (0.02 !M, 0.2 !M, and 
2 !M; Sigma Aldrich, St. Louis, MO) from 2 to 5 dpf and then fixed in Formol 
(formaldehyde:glutaraldehyde 3:1). The yolk region of zebrafish embryos was 
analysed by the XploRA Nano MicroSpectrometer (Horiba Jobin-Yvon). A 
x100 long working distance objective and the 532 nm diode laser were used 
to acquire spectra along the Z axis, going from the surface to 300 µm in depth. 
Raman spectra, acquired 3 times for 10 seconds in the spectral range 400–
1800 cm−1, were opportunely pre-processed and analyzed (OPUS 7.5, Bruker 
Optics, Ettlingen, Germany). Results: The histological analysis suggested 
that PFOA and PFOS can cause alterations in the morphological features of 
2-5 dpf zebrafish embryos. Moreover, the comparison between Raman 
spectra of all the treated samples and control ones evidenced that these 
perfluorinated compounds can alter the yolk composition and uptake.  
 
3. New insights from FTIRI on Xiphias gladius reproduction: a correlation 

between oocytes morpho-chemical features and the fishing area  
 
Aim: highlighting the morphological and macromolecular changes of Zona 
Radiata in relation to the fishing area. Methods: Ovary samples from 
swordfish females caught in the central (Sardinia and Sicily) and western 
Mediterranean Sea (Balearic Islands) were submitted to histological (H&E 
staining) and spectroscopic analysis by using a Bruker INVENIO-R 
interferometer coupled with a Hyperion 3000 Vis-IR microscope and a 
bidimensional Focal Plane Array (FPA) detector. IR maps (164 × 164 µm2; 
4096 pixel/spectra) were acquired in transmission mode on the Zona Radiata 
(ZR) of vitellogenic (VTG) and mature (MAT) oocytes (4000–900 cm−1 MIR 
range; spatial resolution ∼2.56 µm; spectral resolution 4 cm−1; 256 scans). 



Results: Differences in the macromolecular composition and morphology of 
the Zona Radiata of swordfish caught in the different areas were observed 
suggesting a relation between the physiological features and the fishing 
area. 
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INTRODUCTION 

 

 

1. VIBRATIONAL SPECTROSCOPY: 
THEORETICAL PRINCIPLES 

 
Vibrational spectroscopy is a well assessed analytical tool for the 

characterization of the chemical composition of compounds/matter. It is used 
to analyse a wide variety of samples, in small quantities and in different 
physical states. By the analysis of the interaction between the 
electromagnetic radiation and the chemical bonds, it let identify the 
functional groups within a molecule.  

The electromagnetic radiation is a wave-like and particle-like 
phenomenon (Figure 1.1). It is created when an atomic particle, such as an 
electron, is accelerated by an electric field, causing it to move. The movement 
produces oscillating electric and magnetic fields, which travel at right angles 
to each other in a light energy package called photon. Photons travel in 
harmonic waves at the fastest possible speed, ∼ 2.99 ∙ 10! 	) *⁄  in vacuum, 
which is the speed of light. Waves have some given characteristics, such as 
frequency, wavelength, and energy. Each photon carries a quantum of 
energy, whose value is directly related to the frequency of the 

electromagnetic radiation (equation of Plank): ! is the frequency of the 

electromagnetic radiation (measured in hertz, number of waves per second), 
and h is the Planck’s constant (6.63x10-34 J s) (Equation 1.1). 

 

 " = ℎ! = !"
#                                             Eq. 1.1 
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Figure 1.1. The electromagnetic radiation. Representation of the whole 
electromagnetic spectrum indicating the correspondence between frequency and 
wavelength (https://www.cyberphysics.co.uk/topics/light/emspect.htm).  

 
The term vibrational spectroscopy includes infrared (IR) and Raman 

spectroscopies. Both are considered non-destructive label-free techniques as 
they do not require complex procedures regarding sample preparation, they 
not require added labels or dyes and they do not destroy the sample during 
the preparation and acquisition. They provide complementary information 
on the chemical composition of the sample, since they rely on different 
physical phenomena. In fact, the interaction between matter and the 
electromagnetic radiation can occur in different ways: absorption 
(transmission or reflection), as in the case of IR spectroscopy, and scattering, 
i.e. Raman spectroscopy. Infrared spectroscopy better identifies the 
asymmetric vibrations of polar groups, while Raman spectroscopy the 
symmetric vibrations of non-polar groups (Pavia et al. 2013). 
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Vibrational spectroscopy is mainly used for qualitative determination, 
even if quantitative analyses can be performed, too. The chemical compounds 
that can be identified and analysed are various, from organic and inorganic 
chemistry to pharmacology, toxicology, biomedicine, and even forensic and 
cultural heritage. Moreover, both IR and Raman spectrometers can also be 
coupled with visible microscopes, enabling the possibility to spectral map 
non-homogeneous samples, combining morphological and spectral 
information (Griffiths et al. 2007; Larkin 2011; Nyquist et al. 1971; Stuart 
2005).  

The vibrations observed in molecules are defined fundamental. They 
are quantized in specific energy levels, and they can be divided into two main 
categories: internal and external vibrations. Internal vibrations occur within 
a single molecule, while external ones arise between two or more units of 
molecules, and are also called lattice or crystal vibrations. 

Internal vibrations can be classified as stretching (,) and bending 
(-)	vibrations. A change in the inter-atomic distance along the bond axis is 
called stretching; in case of geminal bonds, there is a symmetric and 
asymmetric stretching, respectively if the length of the bonds varies in the 
same way, or in an alternate way (Figure 1.2A). Conversely, when the motion 
involves changes in bond angles, the vibration is called bending. There are 
two types of bending vibrations: in-plane (ip) and out-of-plane (oop) (Figure 
1.2B). The first occurs in the plane of the molecule and it can be anti-
symmetric and symmetric, named respectively rocking and scissoring. The 
out of plane-bending shows changes in the bond angles across the plane of 
the molecule: these vibrations are called wagging and twisting. 
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(A) 

 
(B) 

 
Figure 1.2. (A) Symmetric and asymmetric stretching vibrations with changes 
along the interatomic bond axis. (B) In-plane (rocking and scissoring) and out-of-
plane (wagging and twisting) bending vibrations 
(https://teaching.shu.ac.uk/hwb/chemistry/tutorials/molspec/irspec1.htm). 

 
 

1.1 Infrared spectroscopy 

The infrared range of the electromagnetic spectrum is embraced 
between the visible and microwave regions and includes the spectral region 
from 25 µm to 1 mm, which corresponds to the wavenumber range 12.500 – 
5 cm-1. It can be furtherly split into Near-IR (NIR) from 12.500 to 4.000 cm-

1, Mid-IR (MIR) from 4.000 to 400 cm-1, and Far-IR (FIR) from 400 to 5 cm-1 
(Figure 1.3).  

 

 
Figure 1.3. IR spectral ranges: NIR, MIR and FIR regions (Fox 2020).  
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All the regions of the electromagnetic spectrum can be described by a 
corresponding energy value E; the relationship between this energy and the 
frequency of the electromagnetic radiation itself is described by the above 
defined equation of Plank (Equation 1.2): 

" = ℎ! = !"
#                                             Eq. 1.2 

It is possible to convert the frequency  !	into wavenumbers  /	0 , the units 

employed in IR spectroscopy, by the relationship (Equations 1.3).   
" = ℎ&'̅                                                  Eq.1.3 

where the wavenumber is measured in cm-1 and c is the light speed 
(2.99•108 m/s). From this relation it is evident that an increase in energy 
corresponds to an increase in wavenumbers. 
  
The harmonic approximation 

The vibration between two molecules can be expressed by the Hooke’s 
spring law. The potential energy U of the vibration depends on the constant 
k and the distance x from the equilibrium position (stretching or compression 
of the spring) (Equation 1.4).  

 ) =	 $% *+
%                                      Eq. 1.4  

The classical harmonic oscillating spring model can absorb energy at 
any given wavelength. However, in the case of chemical bonds, IR vibrations 
must follow the rules of quantum mechanics; hence, the vibrational motion 
is a quantized function, allowing only certain transitions (Equation 1.5): 

   "& = ,- +	$%/ 	ℎ!	                                  Eq. 1.5 

In the Equation 1.5, , is the frequency of the vibration, n is the 

quantum number (0, 1, 2, 3, etc...) and h is Planck’s constant. 1" =	 #$ ℎ, is the 

lowest energy level,  1# =	 %$ ℎ,	 the next lowest and so on (Figure 1.4). 
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Figure 1.4. The harmonic oscillator model in which the quantized fundamental 
vibrations are shown (http://hyperphysics.phy-
astr.gsu.edu/hbase/quantum/hosc.html).  

 
A vibration between two atoms can only compress or stretch to a 

certain limit before colliding or breaking the bond. The Hooke’s equation is 

changed to include the reduced atomic mass 0 = , '!'"
'!(	'"

/, the force of the 

bond k, and the frequency of the vibration (Equation 1.6): 

! = 	 $%*1
+
,                                   Eq. 1.6 

The 1st selection rule declares that vibrations are IR allowed, only if the 
molecular dipole moment changes during the vibration itself. As regards the 
2nd selection rule, only vibrational transitions from one level to the next are 
allowed; moreover, the most frequent transition is from the fundamental 
state to the first excited one and, hence, the molecule will absorb an amount 
of energy equal to 1# −	1" = ℎ,	. This means that energy is quantized from 
the fundamental vibration bond between two atoms in a molecule, which is 
essential for the harmonic approximation of the energy.  
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Sometimes, even transitions of 2ℎ, or 3ℎ, are observed: these 
transitions are called overtones and have lower intensity than the 
fundamental vibration. Moreover, when the vibrating bonds are coupled to a 
central single atom, some absorptions at high wavenumbers can be observed, 
named combination bands. The vibrational coupling is influenced by several 
factors: coupling between stretching or bending vibrations occurs when there 
is a common atom or bond between the two vibrating groups; the stronger is 
the coupling, the better the energy of the coupling groups approaches to the 
anharmonic approximation energy value; no coupling is observed when the 
groups are separated by two or more bonds.  

 

The Lambert-Beer’s law 

Infrared spectroscopy is ruled by the Lambert-Beer’s law, which is the 
fundamental law of absorption spectroscopy. Lambert’s law states that the 
fraction of the incident light absorbed is independent by the intensity of the 
source. Beer’s law shows that the absorption is directly proportional to the 
number of absorbing molecules. Combining the two laws, the Lambert-Beer 
law is expressed as follows (Equation 1.7) (Smith 2011):  

  2 = 	3&4                                               Eq. 1.7 

where 6 is absorbance (dimensionless), 7 is the concentration of the 
sample, 8 is the path length travelled by the light through the sample and 9 
is the absorptivity or extinction coefficient (given in units concentration per 
path length). The absorptivity 9 is a fundamental physical property specific 
for the molecule/bond under investigation. For quantitative analysis 
absorbance is applied as it is proportional to concentration. For qualitative 
studies, transmission T can be employed: it gives a directly readable output-
signal ratio as difference between sample and no-sample in the pathway of 
the IR beam, according to Equation 1.8: 

5 = 	 --#		                                                Eq. 1.8 
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where T is transmittance, I the intensity of the light passed through the 
sample, and I0 the intensity of the incident light. The relationship between 
absorbance and transmission is described by Equation 1.9: 

2 = 	−4785                                              Eq. 1.9 
This relationship can also be observed in Figure 1.5. If all the light goes 

through a sample without any absorption, absorbance is zero, and percent 
transmittance is 100%; if all the light is absorbed by the molecules of the 
sample, the percent transmittance is zero, and absorption is 2. Usually, all 
spectra are conventionally shown in transmittance (%T).  
 

 
 

Figure 1.5. The relationship between Absorbance and Transmission as explained 
by Equation 1.9 
(http://websites.umich.edu/~chem125/softchalk/Exp2_Final_2/Exp2_Final_2_pri
nt.html). 

 

IR instrumentation 

IR spectrometers are composed by several optical components, 
including the light source, the interferometer, and the detector. The scheme 
of a FTIR spectrometer is shown in Figure 1.6. The red line shows the optical 
pathway of the IR beam in the spectrometer, through the interferometer, 
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reflected off the mirrors, through the sample compartment (and the sample) 
to the detector.  

 

 
Figure 1.6. Schematic of a FTIR spectrometer with two detectors  
(https://www.researchgate.net/publication/232441996_Polyoxometalates_Immobi
lized_onto_Mesoporous_Organically-Modified_Silica_Aerogels_for_Selective_ 
Oxidation_Catalysis_of_Anthracene/figures?lo=1). 

 

Light sources 

IR instruments need light sources which can provide radiant energy in 
the infrared region of the electromagnetic spectrum. There are several 
conventional light sources, such as the Globar source, the Nernst glower and 
ceramic filaments. Globar is a silicon carbide rod, which typically reaches 
temperatures in the range 1200-1800 K (Smith 2011). The Nernst glower is 
a very small cylinder made of fused oxides, such as zirconium oxide and 
yttrium oxide, electrically heated at around 1300K; its special feature is that 
it does not oxidize.  
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There is also an unconventional very performant light source, which is 
represented by Synchrotron radiation: it is generated by radially accelerated 
electrons in dedicated circular buildings named synchrotrons. Synchrotron 
radiation has a very high brilliance, letting obtain high quality spectra, with 
a resolution limit of about 3 :m, near the diffraction limit. It is applied in 
several techniques, such as X-ray diffraction, crystallography and imaging, 
small angle scattering.  

 

Interferometer 

Modern IR spectrometers have at their core a Michelson 
Interferometer, which substitutes the old monochromator. The 
interferometer splits a beam of light into two beams and ensures one of the 
light beams travels a different path than the other (called Optical Path 
Difference, OPD, denoted by -) (Smith 2011).   

 
 
 

Figure 1.7. Schematic of the Michelson interferometer where the arrows show the 
optical pathway for the IR beam 
(https://stackoverflow.com/questions/29657480/how-to-fourier-transform-an-
interferogramm-to-an-ir-spectrum-using-r). 
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The interferometer, represented in Figure 1.7, consists of two mirrors 
located at a straight angle each other and oriented perpendicularly, with a 
beamsplitter placed at the summit of the straight angle and directed with a 
45° angle to each of the two mirrors. The beamsplitter splits the incident 
beam in two equal parts: the former goes through the beamsplitter to the 
translating mirror, while the latter is reflected to the fixed mirror. Both the 
fixed and translating mirrors reflect the incident beam and work at the same 
time. The two beams are then recombined and transmitted to the detector. 
When both the mirrors have the same distance from the beamsplitter, the 
distance travelled by the two light beams is the same, and this is called Zero 
Path Difference (ZPD), ∆. The relationship between mirror displacement 
with optical path difference is given by Equation 1.10:  

9 = 2∆                                            Eq.1.10  
 
 

 
Figure 1.8: Destructive and constructive interference pattern for light travelling 
in an interferometer (https://en.wikipedia.org/wiki/Wave_interference). 

 
If an optical path difference is introduced between the two light beams, 

by moving the translating mirror away from ZPD position, the light 
reflecting from the translating mirror is travelling more than the light 
reaching the fixed mirror. Light travels a specific wavelength < in addition, 
giving a constructive wave pattern, and creating an intense light beam 
leaving the interferometer. The amplitudes of light are additive, so the 
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amplitudes of the two light beams travelling between the two mirrors is 
greater than the single beams. 

9 = -<										=ℎ>?>		- = 0, 1, 2, 3, …              Eq. 1.11  
Where ZPD corresponds to = = 0, constructive wave pattern takes 

place, if OPD is equal to multiples of <. However, if ZPD is #& < out of phase, 

OPD will recombine to give #$ <, and a destructive wave pattern signal is 

generated (Figure 1.8), following from Equation 1.12:  

 9 = ,- + $
% </ 									=ℎ>?>		- = 0, 1, 2, 3, …      Eq. 1.12 

In IR spectroscopy the interferogram observed is a multitude of 
amplified wave pattern. A typical interferogram is showed in Figure 1.9A. 
The centerburst is ZPD and it is the highest spike which can be observed in 
the interferogram: it is caused by the addition of all constructive wave 
amplitudes. The destructive wave pattern is observed in the wings, where 
the amplitudes delete each other, giving weak or no signal. This is the 
originally observed signal in Fourier Transform InfraRed (FTIR) 
spectroscopy: when the signal reaches the detector, it is mathematically 
transformed using Fourier Transform, from a function of mirror path 
differences to a function of wavelength/wavenumbers, giving birth to the 
well-known IR spectrum made of a series of subsequent peaks (Figure 1.9B).  
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(A) (B) 

 

Figure 1.9: (A) Interferogram collected of the background, with OPD as a function 
of voltage. ZPD is the highest amplitude of constructive waves 
(https://en.wikipedia.org/wiki/File:FTIR-interferogram.svg). (B) FTIR spectrum 
and its interferogram (inserted) collected in transmission mode. The Cooley-
Tukey algorithm transforms the interferogram into a readable IR spectrum 
(https://stackoverflow.com/questions/29657480/how-to-fourier-transform-an-
interferogramm-to-an-ir-spectrum-using-r). 

 

Detector 

When the interference reaches the detector, it produces an 
interferogram, which is the sum of sinusoidal waves. Each wave contains 
information about the wavenumber of a given infrared peak and amplitude 
information about the peak intensity at a specific mirror position (Smith 
2011). So, the temperature fluctuations in voltage are measured by the 
interferogram by the detector and result as a function of OPD. Its 
transformation into transmittance occurs by applying the Fourier 
transformation (FT), a function of wavenumbers. Joseph Fourier, a French 
mathematician, first developed the FT in the 19th century and then, in the 
1960, the Cooley-Tukey algorithm was designed: it is the IR spectroscopy 
algorithm applied nowadays.  

Several detectors can be employed, depending on the nature of the 
sample and the type of acquisition. The most widespread detector is a 
pyroelectric bolometer named DTGS (Deuterated TriGlycine Sulphate). The 
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changes in the amount of infrared radiation reaching the detector are 
registered, causing a temperature change in the DTGS element itself. This 
impairment can be quantified because the change in temperature causes a 
modification in capacitance which can be measured by a voltage gap by the 
detector element. The DTGS detector is cheap, simple, and stable, even if 
less sensitive and slower than other detectors available.  It is used for the 
analysis of homogeneous samples. 

In the case of instruments equipped with Vis-IR microscopes, the MCT 
(Mercury-Cadmium-Telluride) detector is usually used (Figure 10A). It is 
more expensive respect to the DTGS, since it needs to be cooled using liquid 
nitrogen, but it has the great advantage of allowing to analyse non-
homogeneous samples, such as tissues and cells, by acquiring the IR 
spectrum on selected areas of ca. 10x10 :m. It is usually applied for single 
point investigations. In case of hyperspectral imaging analysis, the most 
used detector is the FPA (Focal Plane Array) (Figure 10B): it is a focal plane 
array, detector, also working at liquid nitrogen temperature, which let 
acquire simultaneously 4.096 spectra, allowing to perform imaging maps of 
the sample. Each array has a 164•164 µm-side acquired area, 4096 
pixel/spectra, and a spatial resolution of 2.56 µm for each pixel.  
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 (A) (B) 

Figure 1.10: Images of MCT (A) and FPA (B) acquisition systems 
(https://www.bruker.com/it/products-and-solutions/infrared-and-raman/ft-ir-
microscopes/what-is-ft-ir-imaging.html).  

 

1.2 Raman spectroscopy 

IR and Raman spectroscopies are usually considered complementary 
tools, due to the rule of mutual exclusion, which states that in a symmetric 
molecule with a centre of inversion, normal vibrational modes cannot be both 
infrared and Raman active. In contrast to IR spectroscopy, Raman 
spectroscopy uses a monochromatic light source to exploit the phenomena of 
the inelastic scattering, to investigate the chemical content of a sample 
(Bonnier and Byrne 2012). Raman spectroscopy has the advantage of 
allowing to investigate a wide variety of samples, in every condition, also 
hydrated, due to the weak contribution of water in the Raman spectrum, and 
with no need of preprocessing protocols (Byrne et al. 2016; Cheng et al. 2004).  

Raman spectroscopy is based on light scattering, which can be seen as 
the redirection of light when a wave interacts with an obstacle. The 
interaction between the sample and the wave causes the electrons inside the 
molecule to be perturbed in a periodical way and with the same frequency 
(>") because of the electric field of the incident wave which forms an induced 
electric dipole moment. The scattered light is the result of the disturbance of 
the electronic cloud which is then propagated. Two categories of scattering 
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processes can be distinguished: the elastic and the inelastic scattering 
(Figure 1.11). The elastic scattering occurs at the same frequency (>") of the 
incident wave and it is called Rayleigh scattering. Conversely, the inelastic 
scattering of light has a different frequency (>) compared to the incident light 
and it is known as Raman scattering. The inelastic scattering was observed 
as a frequency shift in the spectrum of scattered light compared to incident 
light, and it was experimentally observed in 1928 by Raman and Krishnan 
(Raman et al. 1928). Because of this, this frequency shift is today known as 
the Raman shift and can be calculated by the Equation 1.13: 

∆(&F.$) = 10./ , $
#%&'()*)(+,

− $
#-*.*,

/                      Eq. 1.13.  

∆ is the Raman shift, <'()*+,+*-. is the wavelength of the excitation 
source and </,0,.	is the corresponding Raman wavelength. 

 
 

 
 

Figure 1.11. Light scattering by an induced electric dipole 
(https://integratedoptics.com/Raman-Spectroscopy). 

 
The Raman effect can be explained as the interaction of the incident 

radiation of the electric field E with a molecule, which induces an electric 
dipole moment P (Figure 1.12) (Equation 1.14).  

H = I"                                         Eq. 1.14 
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where P is the dipole moment, ? is the electric polarizability of the 
molecule and E is the amplitude of electrical field caused by the incident 
electromagnetic wave. Polarizability is an intrinsic property of the 
molecules, and it depends only on the electronic structure and the nature of 
the chemical bonds of the molecule.  

Raman scattering can be simply described using the classical 
electromagnetic theory. First, polarization and scattering intensity have 
linear dependence on the laser intensity. Second, only vibrations which 
change the polarizability of the molecule are Raman active. The changes in 
frequency, or Raman shifts, can be positive or negative with respect to the 
laser frequency. In fact, besides the Rayleigh scattering in which no energy 
exchange occurs between light and the surface of the sample, light can be 
scattered by the molecule with higher frequencies (anti-Stokes Raman 
scattering) and lower frequencies >" − >* (Stokes Raman scattering): the 
former produces outgoing scattered photons with an increase in frequency 
>" + >*, while the second one photons with a decrease in frequency >" − >* 
(Turrell 1996; Turrell et al. 1996) (Figure 1.12). More in detail, as regards 
the anti-Stokes scattering, the molecule is on an excited vibrational state, 
and it will relax back to the ground state gaining energy. Conversely, in the 
Stokes scattering, the molecule is on the ground state and must be excited to 
a virtual state by the radiation; it is subjected to a relaxation to a vibrational 
level at a ground state, with the result of an energy loss.  
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Figure 1.12. Jablonski energy diagram for Raman scattering 
(https://bwtek.com/raman-theory-of-raman-scattering/).  

 
As regards the proportion between the amount of elastic and inelastic 

scattering, only a small of part (10-6 of scattered photons) of incident photons 
undergo inelastic scattering. The ratio between the Stokes and anti-Stokes 
scattered light depends by the population of the vibrational ground and 
excited states and can be calculated using Boltzmann’s equation 
(Winefordner 2005):   

!123456
!7829:123456

= "";#"9";$"9
#
%
$
<=9
4>?                         Eq. 1.15 

where T is the absolute temperature and A@ is the Boltzman constant. 
Equation 1.15 shows the proportionality of Raman intensity with the fourth 
power of the frequency. The intensity of the Raman signal is increased by 
several orders of magnitude due to the resonance regime, (Czernuszewicz 
and Zaczek 2011; Okada et al. 2012) so that it is possible to provide the 
presence of certain analytes in very small concentration (Turrell, Delhaye, 
and Dhamelincourt 1996).   
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Raman instrumentation 

A typical Raman microspectrometer, as described in the image, 
consists of several components (Approach et al. 2005; Winefordner 2005) 
(Figure 1.13).  

 

 
 

Figure 1.13. Schematic diagram of a Raman microspectrometer 
(https://courses.lumenlearning.com/labmethods/chapter/part-of-a-raman-
spectrometer/). 

 

Light source  

The intensity of the Raman scattered light is proportional to #
A!. 

Because of this, Raman spectroscopy lasers are in the visible range of 
electromagnetic wave (400-660 nm). In fact, this allows higher efficiency of 
the CCD (Charge Coupled Device) detectors used for the detection of the 
Raman scattered light. The main disadvantage connected to the use of visible 
lasers in the case of Raman measurements of biological samples is the high 
probability to excite fluorescence emission, resulting in photo-sensibilization 
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or to damage the sample, degrading cells and tissues (Puppels et al. 1991). 
In addition, fluorescence emission can give place to a large background signal 
that can make the Raman spectrum unreadable. The Raman 
microspectrometer spatial resolution achieved is also based on the 
wavelength of the laser. Using confocal configuration, the resolution in the 
sample plane (i.e. normal to laser beam), is (Diaspro 2002):   

%&,(,)*+,*)-. ≈ /,012
3.5. , %6,)*+,*)-. ≈

1,072
(3.5.)B             Eq. 1.16  

where <  is the wavelength of the laser and N.A. is the numerical 
aperture of the objective. 

 

Sample illumination and signal collection  

The latest generation Raman spectrometers are equipped with optical 
microscope objectives which allow efficient light collection in case of 
microscopic samples investigation. These objectives are a key component of 
the Raman microspectrometer and allow the possibility to focus the laser to 
a small spot maximizing the collection of the signal, increasing spatial 
resolution. The numerical aperture (N.A.) is an important defining 
parameter for a microscope objective and it describes the ability of an optical 
system to gather light. It is expressed by the Equation 1.17:  

J. 2.= - LM- I                                     Eq. 1.17 
where n is the refractive index of the medium between the sample and 

the objective, and ? is the half angle of the cone of light. Raman objectives 
can be dry objectives (with n=1), where the maximum achievable half angle 
is 720°, with a calculated yield in N.A. of 0.95 (Puppels et al. 1991), or 
immersion objectives. Immersion objectives can be water or oil immersion 
objectives; the former is used more than the latter because oil can give rise 
to Raman bands that can overlap the Raman bands of the sample. As usual, 
immersion objectives are designed for higher light collection efficiency and 
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for observation of biological samples through a cover slip glass with a 
different refractive index.  

 

Monochromators 

Dispersive Raman spectrometers spatially separate the scattered light 
into light with different wavelengths, that are then throw simultaneously to 
an CCD detector. The schematic description of a Czerny –Turner 
monochromator is shown in Figure 1.14. It is made up by two concave 
mirrors, which collimate the Raman scattered light, and a reflective 
diffraction grating; the diffracted image is collected by the second mirror and 
focused on the CCD detector. 

 
 
Figure 1.14. Schematic description of Czerny-Turner monochromator. 
(https://www.tec5usa.com/product/plane-gratings/)  

 
The choice of a Raman microspectrometer must take into account many 

parameters:  the flux of light (Φ) passing through the spectrometer, the focal 
length of the mirrors and the diffraction grating efficiency. Equation 1.18 
defines the wavelength for grating maximum efficiency:  

<0 =
%1
' LM- N0                                  Eq. 1.18 
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where B@ is the angle between the face of the grooves and the plane of 
grating, m is diffraction order and <@ is the distance between the grooves. 
Linear dispersion describes the spread of the wavelength domain within the 
plane of focusing mirror, and it is defined by the Equation 1.19 (Stimson et 
al. 1952):   

:2
:& =

)*;<
=+,                                        Eq. 1.19 

where C is the angle of the diffracted light corresponding to the 
wavelength <, E is the focal length of focusing mirror, A is the diffraction order 
and = is groove density of the grating. The linear dispersion is inversely 
correlated to both the focal length and/or the groove density of the diffraction 

grating. Higher dispersion results in a smaller CAC( and gives a better spectral 

resolution, and an increased spread-out of the spectral domain on the CCD. 
Consequently, this leads to smaller spectral coverage by the CCD. 

 

Detector  

The CCD is the most used detector (Figure 1.15). It is a bidimensional 
detector where each element, called pixel, collects a different band of the 
spectrum. It works like the IR detectors, recording and manipulating the 
electric signal and converting it into a digital value. Each detector has a 
limited number of pixels (256, 512, or 1064), a much lower quantity than the 
number of spectral features to detect.  
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Figure 1.15. Description of the light path inside the Raman spectrometer 
(https://www.sas.upenn.edu/~crulli/TheRamanSpectrophotometer.html).   

 
The selection of the CCD detector is very important, because it will 

determine the sensitivity, the spectral coverage, and the speed of the 
acquisition, which depends on the laser wavelength used for the excitation 
of the sample and on the characteristics of the spectrometer type. CCD 
performances are influenced by several parameters, such as the format, 
quantum efficiency, readout noise, dark current and dynamic range.  

The coupling of a Raman spectrometer with an optical microscope, let 
observe and acquire specific areas of interest. In fact, by the fine regulation 
of X and Y axis, it is possible to map zones which can be in the range of few 
to hundreds of µm2, according to the laser and the objectives, which are 
usually 10x, 20x, 50x, 80x and 100x. Moreover, it is also possible to scan the 
sample in depth (i.e. in the Z-axis). Hence, the choice of the proper laser and 
objectives let obtain a profile of a layered sample (Figure 1.16). 
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Figure 1.16. A schematic diagram of a modern Raman spectrometer (Chou et al. 
2017).  

 

1.3 Biological applications of Infrared and Raman 

spectroscopies 

Vibrational techniques are widely applied in life sciences. In fact, the 
possibility to study non-homogeneous biological samples, such as cells and 
tissues, in a non-invasive, label-free and highly specific way makes these 
techniques very interesting from a scientific point of view. Moreover, spectral 
information on biological samples can be obtained both in transmission and 
reflection modes, by performing single point or hyperspectral imaging. 

It is noteworthy that, even if biological samples are composed by 
several complex macromolecular components, each of them presents well 
evident absorption peaks in specific and different ranges of the spectrum.  
Hence, the analysis of IR and Raman peaks in terms of position, intensity 
and width provides relevant information on the chemical composition of the 
sample, allowing the identification and characterization of functional 
groups, bonding types and molecular conformations of the most important 
biological molecules, such as proteins, lipids, carbohydrates, and nucleic 
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acids (Barth 2007; Lyng et al. 2007; Mantsch et al. 1996; Pilling et al. 2016; 

Stuart 2005; Stuart 2006). This spectral approach can be used to detect 
biochemical alterations in tissues and cells, if affected by pathologies or when 
treated with external agents, and hence to identify the spectral markers 
which can be ascribable to a specific pathology or alteration (Larkin 2011; 

Owens et al. 2014).   
The IR spectrum of a biological sample with the identification of the 

main peaks and their biochemical attributions is showed in Figure 1.17.  

 
 

 
 
 
 
 
 
 
 
 
 

 
Figure 1.17. IR spectrum of a biological sample. The main peaks attributable to 
the most relevant biomolecular components are indicated together with the 
vibrational modes and the biological meaning 
(https://www.nature.com/articles/nprot.2014.110). 
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Due to the huge amount of data deriving from the vibrational analysis, 
it is usually necessary to apply statistical post-processing procedures, 
including multivariate and univariate analyses (Bonnier et al. 2012; Byrne 

et al. 2016; Walsh et al. 2009). Moreover, since IR vibrational modes of 
chemical bonds require frequencies which differ from each other for only few 
cm-1, IR bands are often composed by several underlying bands; hence, the 
analysis of the spectra needs curve fitting procedures, to identify all the sub-
bands, in terms of position, area, height and half-band width. 

IR spectroscopy, as said before, through the application of a continuous 
range of frequencies, allows the assessment of the interaction between 
matter and electromagnetic radiation. Specifically, the most used range is 
the mid-IR region (4000–400 cm-1) in which it is possible to detect the 
fundamental vibrations, mainly stretching and bending, of biomolecules.  

The possibility of exploiting IR spectroscopy on non-homogeneous 
biological samples is due to the coupling of IR spectrometers with visible 
microscopes. The investigation of the sample by the television camera allows 
to identify the areas of interest, which will be investigated by the IR 
spectrometer. Depending on the detector adopted for the analysis, we can 
find Fourier Transform InfraRed Microspectroscopy (FTIRM) and Fourier 
Transform InfraRed Imaging (FTIRI) spectroscopy. The former, usually 
carried out on cellular samples (Giorgini et al. 2011; Notarstefano et al. 2021; 

Sabbatini et al. 2013), is exploited by using a MCT detector and allows a 
single point analysis with a spatial resolution of ca. 10 µm. Conversely, 
FTIRI is more suitable for the investigation of tissue samples: by the FPA 
detector, it is possible to achieve IR images 164x164 µm size, composed by 
4096 spectra with a spatial resolution of 2.56	µm; a multivariate statistical 
analysis is usually performed on IR images, using proper programs with 
statistical tools which can discriminate or highlight differences or 
similarities among the given spectra (Lasch et al. 2004; Wang et al. 2008). 
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This hyperspectral imaging analysis can lead to the detection of subtle 
biochemical changes caused by specific pathologies, both benign and 
malignant, very useful for early diagnosis in life sciences (Akbari et al. 2011; 

Anastassopoulou et al. 2009; Carnevali et al. 2017; Conti et al. 2009; Fabian 

et al. 2006; Giorgini et al. 2018; Lyng et al. 2015; Movasaghi et al. 2008; 

Notarstefano et al. 2022). FTIRI has also the advantage of enabling the 
analysis of large sample areas in short time, allowing the identification of 
pathological areas present in the tissue (Baker et al. 2014; Gazi et al. 2007; 

Giorgini et al. 2015; Krafft et al 2006) For FTIRI analysis, tissue samples, 
deriving from biopsy or surgical excisions, must be 5-10 µm thick, so the light 
can pass through the sample.   

As for FTIR spectroscopy, also Raman spectrometers are usually 
coupled with visible microscopes, thus enabling applications of Raman 
MicroSpectroscopy (RMS) to study the biochemical features of biological 
samples such as cells and tissues (Butler et al. 2016; Chan et al. 2008; 

Matthäus et al. 2008; Naumann 2001; Romeo et al. 2006). As already 
mentioned, Raman spectroscopy relies on the light scattering phenomenon 
produced by a monochromatic visible light (Keating et al. 2013). Moreover, 
the main advantage of Raman spectroscopy is that the sample does not 
require to be dried before the analysis. In fact, RMS can be exploited on cells 
and tissues under physiological conditions because water does not affect the 
acquisition in a negative way, as happens with IR spectroscopy (Notingher 

et al. 2003).   
One of the several biological topics on which FTIR and RMS have been 

successfully applied is represented by reproductive biology. Many works 
have been published about, ranging from human to animal reproduction. 
More in detail, female gametes coming from oviparous and mammal species 
have been biochemically characterised by applying vibrational techniques 
(Giorgini et al. 2014; Giorgini et al. 2012). FPA-FTIR has been exploited to 
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investigate the effects induced by aging on human oocytes: IR images were 
acquired on single oocytes, focusing on the different morphological and 
quantitative distribution of lipids, proteins, and nucleic acids (Gioacchini et 

al. 2014). As concerns RMS, female gametes have been studied in few cases, 
focusing on the architecture of oocytes belonging to different species, on the 
different maturation stages during oocyte maturation, on mice oocytes 
subjected to aging phenomena, or on the structure of zona pellucida of 
oocytes (Bogliolo et al. 2012; Bogliolo et al. 2020; Davidson et al. 2013; 

Heraud et al. 2017; Rusciano et al. 2010; Wood et al. 2008).  
Vibrational techniques have been also applied to study both 

commercial and wild fish species as well as fish models. Recently, some 
studies have been published on FTIRI analysis of the effects of different 
feeding regimes on liver and gut samples from Rainbow trout (Oncorhynchus 

mykiss), Gilthead Seabream (Sparus aurata), and Siberian sturgeon 
(Acipenser baerii) (Randazzo et al. 2021; Randazzo et al. 2021; Zarantoniello 

et al. 2021). Zebrafish (Danio rerio) is considered as a tool for developmental 
biologists since 1970s, thanks to its transparent embryos and rapid 
organogenesis. In this framework, ovary sections and single oocytes of 
zebrafish have been analysed by FTIRI, to investigate the oocyte maturation 
processes through specific spectroscopic features related to the distribution 
and macromolecular composition of vitellogenin and lipovitellin. FTIRM was 
also exploited to evaluate the effects of food additives, such as Lactobacillus 

rhamnosus and melatonin on zebrafish liver and gonads (Gioacchini et al. 

2012; Gioacchini et al. 2014; Giorgini et al. 2010). As regards wild fish 
species, the different maturation stages of swordfish oocytes have been 
analyzed for the first time in 2019, by coupling FTIRI data with histological 
analysis. The morphological, topographical, and biochemical distribution of 
the most relevant biocomponents, such as lipids, proteins, and 
carbohydrates, was evidenced, highlighting the differences among 
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previtellogenic, vitellogenic, mature and atretic follicles. In addition, cortical 
alveoli, yolk vesicles, oil droplets and Zona Radiata have been outlined to 
complete the study (Carnevali et al. 2019).  
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2. ENDOCRINE - DISRUPTING CHEMICAL 
CONTAMINANTS  

 

Nowadays, the presence of chemicals must be considered ubiquitous all 
over the world: they can be found in every man-made product, from personal 
care and health products, to clothes, merchandises, and every day-use good, 
from engineering to infrastructures goods. The chemical industry is one of 
the main economic sectors with major expansion perspective, according to 
the Organization for Economic Co-operation and Development (OECD) 
Environmental Outlook to 2030. It is estimated that about 75% of worldwide 
chemical output is produced by OECD countries, with a long-term increasing 
trend in Asian countries like India and China, too (OECD environmental 
outlook to 2030 2008). A category of compounds has come to the fore in the 
last decades: the endocrine-disrupting chemicals, worldwide known as 
EDCs. They are a group of molecules, chemically miscellaneous by activity 
and composition, applied and used in a wide range of items, and found to be 
cause of disease, morbidity, and health impairment in human and animal 
populations worldwide. The European Union defined them as “exogenous 
substance that causes adverse health effects in an intact organism, or its 
progeny, secondary to changes in endocrine function”. Recent studies predict 
lifelong effects in terms of outcoming diseases, due to the exposure of these 
compounds (Trasande et al. 2016; Trasande et al. 2015). Therefore, it is 
necessary to monitor, evaluate and assess as soon as possible the hazardous 
effects related to the exposure to EDCs, with the development of new 
methodologies or with the improving of the existing ones. There are nearly 
85,000 man-made chemicals in the world, and people get in touch with many 
of them every day. Only about 1% of them have been studied for safety; and 
about 1000 of these chemicals may be EDCs, if we base on their similarity 
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with existing EDCs. The most common EDC types and product categories 
are brominated flame retardants (BFRs), polychlorinated biphenyls (PCBs), 
phthalates, bisphenol A (BPA), pesticides and herbicides and per- and 
polyfluoroalkyl compounds (PFCs) (https://www.endocrine.org/topics/edc/ 
what-edcs-are). 

 

2.1 Polyfluorinated and perfluorinated compounds 

The polyfluorinated compounds (PFCs) are environmentally persistent 
compounds with a long carbon backbone, partly (poly-) or fully (per-) 
fluorinated, presenting either a carboxyl, alcohol, or sulfonate terminal 
group (Conder et al. 2008). Along with all the previous presented classes of 
substances, thousands of chemicals are included in this family of compounds. 
The most represented are the perfluorosulfonates (PFSAs), which comprise 
the perfluorooctane sulfonate (PFOS), and the perfluorocarboxylic acids 
(PFCAs), including perfluorooctanoic acid (PFOA) (Figure 2.1) (Lindstrom et 
al. 2011). PFCs are manmade chemicals with an extreme stability and 
unique physico-chemical features, making them very useful for several 
applications: they are used as oil and water repellents and in water and stain 
proof coatings of commonly used products, aqueous film forming foams, and 
thermally stable lubricants (Lehmler 2005; Lindstrom et al. 2011).  
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Figure 2.1. Generic structures for polyfluorinated compounds (Lindstrom, Strynar, 
and Libelo 2011). 

 

The two most studied PFCs are PFOS and PFOA, which have the 
following chemical formulas: C8F17SO3- and C8F15COO-, respectively (Suja et 
al. 2009). These compounds do not break down when they are released into 
the environment, and they continue to accumulate over time, in a 
bioaugmentation chain. PFOS is toxic and extremely resistant to 
degradation, having long half-lives in animals and in humans (half-life of ~4 
years). His continuous exposure may cause adverse health effects, resulting 
mainly in decreased body burdens, who produces adverse outcomes. PFOS 
has already been included among the Persistent Organic Pollutants (POPs) 
by the Stockholm Convention (Secretariat of the Stockholm Convention. The 
new POPs under the Stockholm Convention. 2011), while PFOA is still under 
evaluation for inclusion in the POPs list (Stockholm Convention on 
Persistent Organic Pollutants (POPs) 2017).  
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2.2 Distribution and uptake of poly and 

perfluorinated compounds 

The distribution of PFCs is ubiquitous. Although their moderate water 
solubility, they have been found in surface water and groundwater. In Italy, 
PFAs were found in drinking water, and serum analysis brought to the 
identification of PFAs levels in blood: those levels reflected the actual period 
of exposure, going from months to years, and were related to a slow decrease 
in body weight (Ingelido et al. 2018). In particular, PFOA has been detected 
in high concentrations in USA (Tennessee and Ohio River, ~500 ng/l), in 
Germany (Alz River, ~56 µg/l) and in ocean waters (~100 pg/l) (Loos et al. 
2008). PFOS has been detected in all the tested animal species, tissues, and 
locations (Houde et al. 2011). In the last 10 years, since the problem has 
emerged, many studies have been conducted in the aquatic system, to 
achieve data about the contamination of PFCs in the aquatic biota. A wide 
range of regions and habitats has been tested and analyzed to evaluate the 
possible risk of intake of these chemicals by humans: PFCs present in water 
move up the food chain until fishes to humans, providing one of the principal 
sources of dietary PFOS exposure (Figure 2.2).  
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Figure 2.2. Potential major exposure pathways of PFAS to humans (Sunderland 
et al. 2019).  

 
Studies have been conducted in Sweden, in the Lake Vattern, showing 

a median intake from seafood of 2.7 ng/kg body weight, in Italy, in Lake 
Maggiore, suggesting the presence of PFOS in all the analyzed muscles of 
Coregonus lavaretus and Perca fluviatilis (Berger et al. 2009; Squadrone et 
al. 2014). The total exposure to PFOS resulting from research carried out in 
2008 arises in a daily exposure of 60 ng/kg body weight for persons who 
assume an average amount of fish or 200 ng/kg body weight for those who 
assume large amounts of fish; considering PFOA, the daily uptake was 
estimated at 2 ng/kg body weight/day, and 6 ng/kg body weight/day for those 
who eat larger amounts of fish products (Perfluorooctane sulfonate (PFOS), 
perfluorooctanoic acid (PFOA) and their salts Scientific Opinion of the Panel 
on Contaminants in the Food chain. 2008). 
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2.3 Bioaccumulation and toxicology of poly and 

perfluorinated compounds 
Among the EDCs, PFCs are the latest discovered and still under study. 

PFCAs and PFASs belong to the PFCs class of compounds and present a 
fluorinated carbon backbone terminated by a carboxylate or sulfonate, 
respectively. They are mainly present in the environment in the anionic 
form, because of their low acid-dissociation constant (pKa) values. In 
addition, the simple linear configuration seems to be the most detected 
isomer form in biota, determining a slow elimination rate (Loveless et al. 
2006) and higher exposure concentrations (Conder et al. 2008). 
Perfluorinated molecules are partly hydrophilic and partly lipophilic, due to 
their molecular structure: they possess a variably long lipophilic core linked 
to a carboxylate or sulfonate hydrophilic functional group, making them 
amphiphilic, as shown in Figure 2.1. Because of this duality, perfluorinated 
molecules resulted from several studies to possess a proteinophilic nature, 
showing the capacity to bind to serum albumin and other cytosolic proteins 
(Han et al. 2003). In addition, other studies disclosed that protein-rich 
tissues, mainly liver and blood, are the principal reservoir of perfluorinated 
molecules in humans (Houde et al. 2006; Martin et al. 2003). Given their 
amphiphilic nature, PFASs present a good mobility in water environments 
too. Their bioaccumulation potential is related to chemicals’ kinetic behavior, 
which depends on: (i) fast oral absorption (> 90% in 0.25–1.5 h); (ii) binding 
to both plasma and liver proteins, which represent the bioaccumulation 
reservoir; (iii) lack of biotransformation; (iv) very slow urinary excretion with 
renal resorption (Loos et al. 2008). Oral uptake of PFOS and PFOA is rapid 
and complete: when using a radioactively labelled PFOS and PFOA, 95% and 
93% of the administered dose resulted to be resorbed by male rats within 24 
h (Stahl et al. 2011). Considering metabolism, still no data have been 
reported for PFOA and PFOS, and excretion is the only way these molecules 
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can be eliminated from the organism with. The binding to proteins results in 
binding to albumin: the consequence is a low rate of glomerular filtration, as 
far as albumin is not subjected to this process. The half-time of PFOS is, 
thus, more than 90 days in rats, while the half-life for PFOA is much shorter: 
2-4 hours for female rats and 4-6 days for male rats (Lau et al. 2007).  

Acute, subacute and subchronic toxicity studies have been performed 
in rats for both PFOS and PFOA. They demonstrated a moderate acute 
toxicity, with a lethal dose with 50% lethality (LD50) for PFOS of 251 mg/kg 
body weight and for PFOA of 430 to 680 mg/kg body weight per day (Stahl et 
al. 2011). Subacute and/or subchronic toxicity studies showed the insurgence 
of a variety of primary effects which vary on the animal species: hypertrophy 
and vacuolization of the liver, reduction of serum cholesterol, reduction of 
triglycerides in serum, reduction in body weight gain or body weight, and 
increased mortality (Lau et al. 2007). Several main disease categories are 
found to be linked to PFCs exposure: alteration of cholesterol levels, 
disruption of thyroid function, harming of liver and kidney function, 
alteration of the immune response, raising risk of ulcerative colitis, harming 
of reproductive health, increasing risk of birth defects, decreasing infant 
birth weights, developing of tumors and cancer 
(https://www.endocrine.org/topics/edc/what-edcs-are). As just said, the 
effects produced by PFOS and PFOA include developmental toxicity, when 
the mother animal was exposed during pregnancy. Due to their capacity to 
mimic fatty acids, PFCs can affect our biology interfering with the hormone 
systems. One of the main effects of PFOS and PFOA is the alteration of the 
thyroid gland function, due to a decrease of the T4 concentrations with 
respect to control animals, or to the competition between PFCs and the 
thyroid hormone transport protein transthyretin, and the influence of the 
neuroendocrine system, resulting in food intake and body weight reduction, 
ovarian cycle affection, corticosterone concentration increase, and leptin 
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concentration in blood serum decrease (Figure 2.3) (Olsen et al. 2007; Yu et 
al. 2009). 

 
Figure 2.3. Effects of exposure to per-and polyfluoroalkyl substances on human 
health (Fenton et al. 2021). 

 

In addition to thyroid hormone, PFCs can alter the biosynthesis of 
gender-specific steroid hormones: male rats have been tested with the 
administration of PFOA for 14 days, and the results were the reduction of 
serum and testicular testosterone, and an increase in estradiol levels in blood 
serum (Lau et al. 2007). Steroid hormones are not only involved in the 
gametogenesis, but it also regulates cell proliferation, which is involved, 
when deregulated, in carcinogenesis. Actually, PFOA resulted to trigger the 
promotion of carcinomas in liver of rainbow trout, in an estrogenic driven 
pathway; in fathead minnow, it caused an increase in vitellogenin and 
estrogen receptor b in male liver, and a degeneration of the ovaries in 
females. Recently, in vitro studies of cell lines treated with single and mixed 
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PFAS revealed the ability of these compounds to trigger proliferation using 
a non-classic estrogenic receptor signaling pathway (Weiss et al. 2009).  

Having an affinity in binding proteins, many effects have been widely 
observed in liver in several species. The presence of PFCs, fatty acids-
mimick, is correlated with an increase in the production of enzymes for fatty 
acid recovery, ketone bodies formation, and a decrease in protein synthesis 
for liponeogenesis. This can be partly correlated with the occurrence of liver 
tumours. In in vitro hepatocells, PFOA and PFOS administered in doses 
from 50 to 200 µmol/L gave rise to the production of reactive oxygen species 
(ROS), to the alteration of the membrane potential of the mitochondria and 
to cell apoptosis. In addition, the activity of the superoxide dismutase, 
catalase, and glutathione reductase was increased (Hu and Hu 2009). A more 
recent study displayed that PFOS and PFOA did not damage DNA and their 
effects were not dose-dependent (Eriksen et al. 2010).  

Water compartment is important not only for humans, but also for 
fishes. PFCs are usually searched in drinking water, or in fish species, since 
PFCs can reach humans through these sources (Stahl et al. 2011). PFOS was 
shown to be more toxic than PFOA in studies of freshwater organisms such 
as water flea, water snails, shrimp, and planaria. The lowest LC50 for fish is 
a 96-h LC50 of 4.7 mg/L to the fathead minnow Pimephales promelas (Stahl 
et al. 2011). Despite all these data, PFCs and their effects are poorly 
characterized by using the vibrational techniques. On the other side, FTIRM 
and RMS are widely applied in life sciences to study the biomolecular 
composition and building of cells (Giorgini et al. 2014; Lyng et al. 2015; 
Matthäus et al. 2008). FTIRM has been used to evaluate the injury occurred 
in liver and ovary, caused by the administration of EDCs or other chemicals, 
or by biological processes (e.g. aging). All these options have been exploited 
by the groups headed by Giorgini and by Carnevali, using human (Gioacchini 
et al. 2018; Gioacchini et al. 2014), zebrafish (Carnevali et al. 2010; 
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Gioacchini et al. 2014; Giorgini et al. 2010; Giorgini et al. 2012; Santangeli 
et al. 2017; Santangeli et al. 2018) Sparus aurata (Carnevali et al. 2017), 
Fundulus and heteroclitus (Lombardo et al. 2012; Lombardo et al. 2014) as 
model.  
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3. ZEBRAFISH (Danio rerio): A LABORATORY 
ANIMAL MODEL 

 

Zebrafish (Danio rerio) is a freshwater fish, traditionally popular 
inhabitant of home aquariums (Engeszer et al. 2007; Rosenthal et al. 2002). 
It originates from South Asia, where it evolved around 320 million years ago, 
and, thus it uses to live in tropical areas, populating slow-moving water 
basins such as rivers and small streams or small pools and rice paddles 
(McClure et al. 2006). Its behavior is different from wild to laboratory 
conditions, as it happens for many species. Wild zebrafish is considered an 
eurythermic species, with a high adaptability to physical-chemical variations 
of the environment: it is shown to well tolerate temperature fluctuations in 
the range 16.5-38.6°C (López-Olmeda et al. 2011), and water pH values from 
5.5 to 9 (Ribas et al. 2014), together with electrolyte concentration variations 
(OECD guideline for testing of chemicals: Fish, Short-term Toxicity Test on 
Embryo and Sac-fry Stages 1998). Laboratory conditions, on the contrary, 
are set in a tight range, maintaining in the optimal range of values for a 
tropical fish: temperature is kept in a 26-28°C range, with a pH going from 
7 to 8 (Avdesh et al. 2012; Lawrence et al. 2012).  

Feeding too is influenced by the living environment. Zebrafish is an 
eutyphagous omnivore: in wild conditions its diet is made of zooplankton and 
insects, and even of phytoplankton, filamentous algae, and invertebrate 
eggs, as results from gut analysis (Spence et al. 2008). In aquariums, 
zebrafish is provided with different kinds of food, depending on its 
developmental stage: larvae, juveniles and adults need specifically 
formulates diets, in the shape of microparticles or dried feeds (Lawrence 
2007). In addition, there is a difference in the fish placement for feeding 
between the wild and the in captivity one: wild zebrafish feeds in the water 
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column, while in captivity ones do not seek for food in the bottom of the tank, 
thus causing the accumulation of uneaten food and, consequently, a decrease 
in water quality (Spence et al. 2008).  

 

3.1 Zebrafish anatomy 

Zebrafish owes its name to the dark blue and silvery vertical stripes 
flanking its body (MacRae et al. 2003). Males and females differ from each 
other in body size and livery colour: males display darker blue stripes with a 
pink tint in between and are leaner than females, whose abdomen is often 
whiter and more protruded, especially before laying eggs (Figure 3.1)  

 

 

 
Figure 3.1. Comparison between male and female Zebrafish [from 
ourmarinespecies.com]. 

 

Zebrafish is a small fish belonging to the Cyprinidae family, to the 
Rasborinae subfamily and to the genus Danio (MacRae et al. 2003; Ribas et 
al. 2014). It reaches a maximum length of 3-5 cm.  Considering the anatomy 
of zebrafish, and of fishes in general, they possess most of the tissue/organ 
types of mammals except breast, prostate and lung (Spitsbergen et al. 2003). 
The digestive apparatus of zebrafish consists of the intestine, which is 
located in the abdominal cavity, and is formed by a long tube that folds twice 
(Menke et al. 2011). It is not possible to distinguish stomach, small intestine, 
or large intestine even if the morphology of the mucosa columnar epithelial 
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cells and the number of goblet cells (responsible for nutrient absorption) 
possesses differences, suggesting functional differentiation. Liver is formed 
by three lobes not well organized in lower structures, and lies along the 
intestine; like in mammals, it is responsible of the homeostatsis of the body 
and of carbohydrates, proteins, lipids, and vitamins metabolism (Figure 3.2).  

 

 
Figure 3.2. Zebrafish anatomy [from sciencephoto.com].  

 

3.2 Zebrafish reproduction 

Although zebrafish are not of economic importance as a source of food, 
they have become increasingly important in research studies as model 
systems: they are particularly important in developmental biology, 
biomedicine, and neurophysiology. Zebrafish has many important features 
that make it one of the most exploited animal model, such as short life cycle 
compared to other farmed fish species: it reaches reproductive competence 
at 3 months (Figure 3.3) (Ribas et al. 2014; Ulloa et al. 2011).  
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Figure 3.3. Zebrafish life cycle. Representative events separating different stages 
are shown. hpf, hours post-fertilization; dpf, days post-fertilization (Ribas et al. 
2014). 

 

Zebrafish, as said before, shows a sexual growth dimorphism: there are 
differences in body-size, shape and pigmentation between the male and 
female, making it easy to distinguish them in adult specimens. Whereas the 
zebrafish female tends to be larger in size with a rounded and whitish in 
colour belly, zebrafish male is slenderer, with a golden appearance on its 
belly. Males also have a golden appearance on their pelvic and ventral fin, 
while adult females have a small genital papilla located in front of the anal 
fin (Parichy et al. 2009). Zebrafish females have an asynchronous ovary, thus 
meaning that they have oocytes at different maturation stages at the same 
time in the ovaries (Clelland et al. 2009). Reproduction of zebrafish depends 
on temperatures and food availability. For this reason, wild animals have a 
spawning season once a year, in the late summer period, when temperatures 
are high and food abundant (Talling et al. 1998). On the contrary, in 
laboratory conditions, in a constantly monitored environment, maintained at 
set temperature and with constant fish supply, females are able to spawn 
every 10 days (Niimi et al. 1973). Since light stimulates the fish to mate, in 
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the wild zebrafish usually spawn short after daybreak (Oecd Guideline For 
Testing Of Chemicals: Fish, Short-term Toxicity Test on Embryo and Sac-fry 
Stages 1998). Each time zebrafish spawns, hundreds of eggs are produced. 
The clutch in captivity is more frequent than in wild, and even larger in 
dimensions and number of eggs (Ribas et al. 2014; Spence et al. 2008).  

 
Figure 3.4. A schematic representation of the embryonic developmental stages of 
zebrafish. The cycle starts at the top with a fertilized single stage. The embryos 
develop quickly to a 14-somite stage within 16 h. After 24 h, the complete body plan 
of the embryo has been established meaning that all organs are present. Two days 
after fertilization, the embryos hatch and become free swimming. Zebrafish are 
adult at 3 months of age and fertile (Willemsen et al. 2011).  

 

Zebrafish embryogenesis is rapid, with embryos developing and 
becoming larvae within four days after fertilization (Kimmel et al. 1995). In 
zebrafish ́ embryogenesis seven periods have been detected, each of one 
occurring during the first 72 hours post fertilization (hpf) (Kimmel et al. 
1995). Organogenesis starts during the first 24 hpf, and by 96 hpf most 
organs are fully developed (Delvecchio et al. 2011; Stern et al. 2003). 
Hatching phase marks the end of the embryogenesis, and it usually takes 
place throughout the third day of development, about 72 hpf (Kimmel et al. 
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1995) (Figures 3.3 and 3.4). In the 24 hours following the hutch, the early 
larvae drain almost all the yolk sac’s content, the swim bladder inflates, and 
the larvae starts to swim actively around: they are able of swimming and 
seeking for food independently (Kimmel et al. 1995). The larval stage lasts 
up to 14-20 days, with a total length of approximately 5 mm; then, some 
changes occur transforming the larvae in juvenile fish, about 4 weeks after: 
the gut tube shifts to a more ventral position, the scale starts developing and 
the pigmentation patterns emerge (Ledent 2002; Parichy et al. 2003). At 
about 3-4 months of age, both wild and captivity-grown zebrafish reach 
reproductive maturity, with similar sizes (Lawrence et al. 2012).  

 

3.3 Zebrafish as laboratory animal model 

Zebrafish was recognized as a tool for developmental biologists in the 
1970s. From the 1990s, it was used for the first vertebrate large scale 
mutagenesis screening, yielding thousands of mutations, some of which 
summed up human diseases (Chakraborty et al. 2009). Several unique 
advantages make zebrafish a convincing tool for drug discovery and 
developmental studies, not only for fish but also for humans. First, zebrafish 
is characterized by high fecundity, producing large numbers of embryos: each 
mature female can produce 200-250 eggs per mating. In captivity, mating is 
not seasonal, allowing a huge egg production. In addition, maintenance and 
husbandry costs are considerably lower than those for mammals. Second, 
embryogenesis is rapid. As mentioned before, the whole-body structure of the 
embryo is established by 24 hpf and most of the internal organs like heart, 
liver kidney and intestine are totally developed by 96 hpf (Westerfield 2000). 
Third, zebrafish larvae are transparent: this means that all the cells, organs 
and tissues can be easily in vivo visualized and real-time investigated (Eisen 
1996; Fishman 1999). Fourth, genetic tools are available for zebrafish, such 
as whole genome sequenced, transcriptomic profile of several organs and 
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large-scale mutagenesis (Driever et al. 1996; Haffter et al. 1996). Fifth, 
zebrafish embryos can be used in toxicology studies to screen compounds 
detrimental effects by using only small volumes. Compounds can be directly 
added to water, and they are ingested and absorbed by embryos once they 
are able to swallow. Thus, little amounts of expensive metabolites or new 
targeted drugs or toxic substances can be rapidly evaluated. Compound 
screening, target identification, target validation, assay development and 
drug toxicity study can be performed, due to the given reproducible effects. 
Sixth, zebrafish share a largely conserved physiology and anatomy with 
mammals, allowing the translation from a system to the other. Seventh, 
there is a high degree of conservation between human and zebrafish genomes 
(approximately 75% similarity). This allows genetic analysis on a great 
number of genes to be performed, thanks to its complete genome sequence 
(Genome, Map, and Expression http://www.ncbi.nlm.nih. gov/ 
genome/guide/zebrafish/; Howe et al. 2013). In addition, zebrafish has a high 
similarity degree with most of the fish species, and it can be used to replace 
fish species of economic importance in the biology of reproduction processes 
studies (Dahm et al. 2006; Weltzien et al. 2004).  
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4. SWORDFISH: A VULNERABLE FISHERIES 
RESOURCE 

 

Swordfish is an epipelagic and large fish: reaching maximum weights 
of 500 kg and lengths of nearly 4.5 m, swordfish is one of the largest species 
of bony fishes (Figure 4.1). In the Mediterranean Sea, individual fish rarely 
weigh more than 230 kg, but can weigh up to 320 kg in the Atlantic Ocean 
(Nakamura et al. 1998). The maximum age for this species is estimated at 
10 years in the Mediterranean (Alıçlı et al. 2012), but some studies have 
shown that swordfish can live up to 15 years. Swordfish is one of the open 
ocean’s fastest and strongest predators and an important fishery species 
everywhere it lives. It belongs to the Xiphioidei suborder, to the Xiphiidae 
family and to the Xiphias gladius Linnaeus genus.  

 
Figure 4.1. Drawing of an adult swordfish (Xiphias gladius) (ICCAT 2007) By Wendy 
Williams, Fisheries and Oceans, Canada.  

 
Swordfish has a large-scale geographical distribution, and it uses to 

live in a wide variety of climates, from temperate to tropical and subtropical 
regions, between the latitudes 45° N and 45° S (Palko et al. 1981). It prefers 
to inhabit waters with sea surface temperatures (SST) ranging from 10°C to 
28°C, however, thanks to its thermogenic organ, this fish species tolerates 
can high environmental temperature variations, ranging from 4° to 28 °C 
(Abascal et al. 2015; Neilson et al. 2014). In addition, swordfish is highly 
migratory and capable of long-distance movements (Dewar et al. 2011; 
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Neilson et al. 2007; Sedberry et al. 2001). Swordfish migration is complex 
and multi-directional: it is characterized by seasonal patterns in the 
horizontal movement, mainly due to feeding and spawning, and daily 
vertical way behavior, with fish staying in the mixed layer at night and 
descending to high depths during the daytime (Abascal et al. 2015; Evans et 
al. 2014). Swordfish is an opportunistic predator that feeds on pelagic 
vertebrates and invertebrates. Its diet is mainly based on cephalopods, 
followed by teleost fishes (Chancollon et al. 2006; Gorni et al. 2012). Due to 
its worldwide geographical diffusion, the management of the swordfish 
fishery is very complex. In the Atlantic and Mediterranean regions, the 
International Commission for the Conservation of Atlantic Tunas (ICCAT) 
is the reference regional fisheries management organization, which manage 
the swordfish as three separate stocks, North Atlantic, South Atlantic and 
Mediterranean according to multiple lines of evidence including tagging. In 
the Mediterranean Sea, fishery has a long tradition towards swordfish. 
Unfortunately, this led to severe overfishing because of the combination of 
poorly effective measures and swordfish’s life history traits, such as 
spawning dynamics, larval recruitment, seasonal migration, long distance 
movements (Gorni et al. 2012). In 2016, a recovery plan was established by 
ICCAT. It included measures such as total allowable catches (TAC), fleet 
capacity limitations, closed fishing season, maximum number of hooks on 
longlines and a minimum size at catch (ICCAT 2017). 

 

4.1 Swordfish anatomy 

Swordfish’s most evident feature is its flattened bill that looks like a 
sword, as its name implies. Swordfish’s body is stout and rounded with large 
eyes. On the dorsal side, two fins are located: the first dorsal (back) fin is tall 
and crescent-shaped, while the second dorsal fin is much smaller. The 
absence of pelvic fins, teeth and scales, and a single pair of caudal keels are 
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peculiar features that distinguish swordfish from istiophorid billfishes 
(sailfish, marlins, and spearfishes) (Nakamura 1985). In addition, swordfish 
has a broad, crescent-shaped tail. Swordfish coloration is peculiar:  the back 
and flanks are brown-black, and they tend towards light brown on the 
ventral part; the first dorsal has a blackish brown membrane; other fins are 
brown or blackish brown (ICCAT 2007). The internal structure includes no 
branchiospines, large gills and the presence of a swim bladder. Swordfish, 
during the pre-adult phase, undergoes drastic changes in body shape: 
juveniles have a long, thin and snake-like body and show teeth and scales 
that disappear when the animal reaches adulthood (Figure 4.2) (Nakamura 
1985). Swordfish shows a sexual dimorphism of growth: males grow more 
slowly and reach a lower asymptotic (the size that the fish of a population 
would reach if they were to grow indefinitely) size than females. Growth is 
very rapid during the first year of the lifecycle and then slows down 
considerably. Studies have also concluded that Mediterranean swordfish 
reach a lower asymptotic size than Atlantic swordfish (Ehrhardt 1992; 
Megalofonou et al. 1995; Tserpes et al. 1995; Alıçlı et al. 2012). 
(A) (B) 

Figure 4.2. A. Dimensions of a juvenile swordfish (photo by Juan C. Lévesque)   
B. Morphological changes affecting the swordfish's body as it grows (ICCAT 2007 
n.d.; I. Nakamura 1985).  
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4.2 Swordfish reproduction 

The reproductive biology of Atlantic and Mediterranean swordfish has 
been studied. The measure of the gonad somatic index (GSI), oocytes and 
oocyte cytology, the distribution of eggs and aged young larvae and of the 
spawning areas have been characterized (Arocha 2007; Neilson et al. 2013). 
Swordfish is a sexually dimorphic and gonochoric species, but no external 
character distinguishes males from females (Palko et al. 1981). Female 
maturation, generally, occurs later and at a bigger size than the male, even 
if there are large differences in the maturation age, which takes place in a 
living-area dependent way (Arocha 2007; Neilson et al. 2013). Swordfish 
spawning is closely related to SST greater than 23- 24°C. As a consequence, 
given the strong dependence from the environmental conditions, spawning 
occurs in locations which show a distinctive seasonal pattern. In the 
Mediterranean Sea, spawning takes place in a short time-window, going 
from June to the end of August in three main areas, one for each region of 
the basin (eastern, central and western Mediterranean) between 35° and 40° 
N. More in detail, the three regions are: the Balearic Islands, the south of 
the Tyrrhenian Sea and the Strait of Messina and the Ionian Sea (Arocha 
2007). In addition, in the Eastern Mediterranean Sea, swordfish migrates 
towards the Eastern Levantine for spawning, concentrating in a region 
between the islands of Cyprus and Rhodes (Tserpes et al. 2001; Tserpes et 
al. 2008). In winter, Mediterranean swordfish migrates to Moroccan Atlantic 
waters and to the waters west of the Strait of Gibraltar (out to 15° W) 
reaching the eastern North Atlantic Sea, and then returns back to spawning 
grounds in the Mediterranean Sea (Pujolar et al. 2002). 

Males have an unrestricted lobular testis, (Uribe et al. 2015). The 
female swordfish has asynchronous ovaries, thus meaning that oogonia and 
oocytes at several stages of development are simultaneously present, 
showing a long spawning period (>90 days) (Arocha 2007). Ovary consists of 
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a thick muscle wall that surrounds ovigerous lamellae containing oogonia 
and oocytes. The female has an average production of 1.6 x 106 eggs in the 
Mediterranean Sea and of 3.9 x 106 eggs per female in the North Atlantic 
Ocean, with a diameter ranging from 1.6 to 1.8 mm (Idrissi 1986). The eggs 
are floating and transparent with a large oil droplet and a very small yolk.  

The different stages of oocyte have been described and characterized 
using regular histology (Abid et al. 2019; Arocha 2002; Corriero et al. 2004; 
Farley et al. 2014; Macías et al. 2005; Marisaldi et al. 2020; Poisson et al. 
Fauvel 2009; Young et al. 2003), immunohistochemistry, histochemistry 
(Corriero et al. 2004; Ortiz-Delgado et al. 2008), Fourier Transform Infrared 
(FTIR) Imaging spectroscopy (Carnevali et al. 2019), transmission (Minniti 
et al. 2005) and electron (Corriero et al. 2004) microscopy. Depending on 
their dimensions and of their internal structure and composition, oocytes can 
be distinguished in different classes. Oogonia (<15 µm) constitute the first 
step of development: they have a globular nucleus with finely dispersed 
chromatin, a single eccentric nucleolus and small basophilic granules. Then, 
oogonia enter into the first prophase of meiosis to yield pre-vitellogenic 
oocytes; they can be further divided in three classes: the chromatin nucleus 
stage (15-120 µm), the perinucleolar stage (100-190 µm), and the 
lipid/cortical alveoli stage (175-300 µm),these previtellogenic oocytes are 
characterized by a large nucleus with chromatin strands, a variable number 
of peripheral nucleoli and an increasing ooplasm basophily, a starting thin 
zona radiata of proteinaceous nature, placed between the oolemma and the 
follicular cells, and lipid droplets, composed by neutral lipids derived from 
triglycerides-rich serum lipoproteins, at the inner to peripheral part of the 
cytoplasm. The subsequent step is the vitellogenic stage (275-500 µm): in this 
phase oocyte growth is mainly due to uptakes of vitellogenin, vitamins and 
other elements that form the main component of the yolk globules. In this 
phase zona radiata increases in thickness and becomes evident, Finally, the 
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oocyte enters the maturation phase (900-1200 µm): the nucleus (germinal 
vesicle) migrates toward the animal pole, marking meiosis resumption, the 
lipid and yolk globules merge, and hydration process occurs. The last step is 
the hydrated phase (>1300 µm): extensive hydration and detachment of 
follicular cells occur, preceding ovulation. ovarian 

According to the histological criteria described in Table 4.1, the ovarian 
developmental classes of the swordfish are: immature, developing, spawning 
capable, regressing and regenerating.  

 
Table 4.1. Classification of the swordfish females according to the standardized 
terminology  (Brown-Peterson et al. 2011). 
 

Stage Histological features 

Immature 
(i.e. never 
spawned) 

Oogonia and previtellogenic oocytes present. No atresia. 
Thin ovarian wall, no muscle bundles and compact 
oocytes. 

Developing 
Previtellogenic, lipid stage and vitellogenic oocytes and 
some atresia can be present. No evidence of POFs or fully-
grown vitellogenic oocytes. 

Spawning 
capable 

Fully-grown vitellogenic oocytes and/or POFs present. 
Migrating-nucleus oocytes and hydrating oocytes can be 
present (actively spawning subphase). Some atresia of 
vitellogenic oocytes present. 

Regressing Vitellogenic oocytes and/or lipid stage oocytes. Extensive 
atresia (any stage) present (>50% of vitellogenic oocytes). 

Regenerating Oogonia and previtellogenic oocytes present. Muscle 
bundles and thick ovarian wall. 
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Abstract  

The aim of this study was to define the best fixation protocol for Raman 
microspectroscopy analysis of fish embryos.  The experiment was carried out 
on zebrafish (Danio rerio) embryos collected from 1 to 5 days post 
fertilization (dpf). Once collected, samples were properly treated and fixed 
by using, alternatively, paraformaldehyde (PFA, 4% solution), Bouin 
solution (picric acid, formaldehyde, acetic acid 15:5:1), and formol 
(formaldehyde:glutaraldehyde 3:1). Samples were then analyzed by optical 
microscopy and Raman Microspectroscopy. The analysis of optical and 
Raman data showed that among the fixatives tested, formol allowed both to 
better preserve the morphology, integrity, and transparency of the sample, 
and to reduce the contamination of Raman spectra in terms of peaks 
overlapping in the regions of interest.  
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Introduction 

Embryos’ developmental stages represent a crucial process, during 
which the starting evolution of the fish takes place in a very rapid and 
susceptible to environmental conditions way (Fleming et al. 2004). In 
particular, zebrafish embryos show interesting and peculiar features, such 
as a fully sequenced genome, with a high degree of similarity to the human 
one and an easy genetic manipulation, a rapid and external development and 
transparency, which make them optimal for a large number of toxicological 
and developmental studies (Horzmann et al. 2018; Kimmel et al. 1995; 
Teame et al. 2019). In addition to histological and biomolecular assays, 
conventionally applied for investigating the morphology and biological 
processes of cells and tissues (Romeo et al. 2006), Raman MicroSpectroscopy 
(RMS) has the advantage to provide a morpho-chemical information at a 
molecular level on the same samples and without needing any pretreatment 
or labeling (Mulvaney et al. 2000). In fact, Raman Microspectroscopy is a 
very interesting analytical tool widely applied for the analysis of non-
homogeneous biological samples (Mulvaney et al. 2000): the visual 
investigation let precisely characterize and target the areas of interest, while 
Raman scattering let provide the macromolecular fingerprint of the sample 
in the investigated area (Meade et al. 2010). Moreover, the analysis of 
Raman peaks in terms of position, intensity and width allows to characterize 
the bonding types and hence the functional groups within the analyzed 
sample (Larkin 2011).  

Thanks to these peculiar features, RMS has the potentiality to become 
a gold standard for investigating developmental and toxicological issues 
related to fish embryos. In fact, this analytical tool let analyze the different 
compartments of the embryo, also achieving in dept information thanks to 
the possibility of working in a confocal way (Caspers et al. 2003). Up to date, 
only few papers are reported in this topic (Bennet et al. 2014; Høgset et al. 
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2020) RMS can be also exploited on hydrated samples, since water does not 
affect the Raman spectral profile, as it happens in the case of IR spectroscopy 
(Larkin 2011). However, even if the best practice should be to carry out the 
analysis on fresh specimens, immediately after their collection and without 
any pre-treatment like drying or staining, which could negatively affect both 
the sample and the spectra (Downes et al. 2010; Keating et al. 2013; Nabiev 
et al. 1994), this is not always possible. In these cases, to obtain reliable and 
objective data even after a few days from the collection of the sample, it is 
mandatory to define a fixation protocol that allows to maintain and preserve 
the collected specimens as much as possible keeping the original conditions. 
Previous studies dealing with the vibrational analysis of biological samples, 
reported the evaluation of Raman fixation protocols on healthy and 
neoplastic cells (Ali et al. 2013; Draux et al. 2010; Gelder et al. 2007; Mariani 
et al. 2009; Meade et al. 2010), mainly focusing on their effects on specific 
subcellular structures (cellular membrane, nucleic acids) (Srinivasan et al. 
2002; Wallach et al. 1979). 

In the present study, three widely used fixatives, i.e. PFA 
(paraformaldehyde 4% solution), Bouin’s solution (picric acid, formaldehyde, 
acetic acid, 15:5:1), and formol (formaldehyde and glutaraldehyde, 3:1), were 
tested on zebrafish embryos and larvae collected from 1 to 5 days post 
fertilization (dpf). Samples were analyzed by optical microscopy and Raman 
Microspectroscopy, to evaluate the best fixation protocol that met the 
following requirements: (1) preserving the morphology, integrity, and 
transparency of the sample, and (2) reducing the contamination of Raman 
spectra in terms of peaks overlapping in the regions of interest.  

 

Materials and methods 

Fixative solutions preparation  

The following fixative solutions were prepared.  
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(i) PFA 4% solution was obtained from paraformaldehyde powder, 95% 
purity (Sigma Aldrich, St. Louis, MO). Preparation was carried out as 
follows: 50 g of paraformaldehyde powder were dissolved in 500 ml of 
distilled H2O. 10 mL of 1 M NaOH were added, and the solution was gently 
stirred on a heating block at ~60°C until the powder was dissolved. 100 mL 
of 10xPBS were added and the mixture was cooled to room temperature. The 
pH was adjusted to 7.4 with 1 M HCl (~10 mL). Distilled H2O was then added 
to reach a final volume of 1000 mL. The resulting solution was filtered 
through a 0.45-µm membrane to remove any particulates and stored at 4°C.  
(ii) Bouin’s solution was prepared by combining 75 mL of saturated picric 
acid with 25 mL of formalin solution (formaldehyde 35%), and 5 mL of glacial 
acetic acid (100% acetic acid). The resulting solution was stored at 4°C. 
(iii) Formol solution was prepared by mixing 110 ml of formaldehyde 36,5% 
with 40 ml of glutaraldehyde 25%. To maintain a neutral pH, 11.6 g of 
sodium phosphate monobasic monohydrate and 2.7 g of sodium hydroxide 1 
M were added under stirring. Distilled water was then added to reach the 
final volume of 1000 mL. The checking of pH was set at 7.2, and the solution 
was then stored at 4°C.  
 

Sample collection 

Zebrafish (Danio rerio) adults were maintained in 100-L aquaria (static 
system), with oxygenated water under the following conditions: 28 °C, pH 
7.0, NO2 concentration < 0.01 mg/L, and NH3 concentration < 10 mg/L, with 
an administered photoperiod of 12 L/12D. During the spawning period, 
males and females were transferred to breeding tanks and from each 
breading tank (about 20–30 min after the onset of light), eggs were collected. 
Eggs were initially observed and counted under a stereomicroscope (Leica 
Wild M3B; Leica Microsystems, Nussloch, Germany) for the evaluation of 
fertilized eggs. Only fertilized eggs, that presented a well-developed 
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blastodisc at 3 h after fertilization, were transferred into 10 cm diameter 
Petri dishes containing E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 
CaCl2, and 0.33 mM MgSO4, to pH 7.0) and incubated at 28°C. A 
spontaneous mortality rate of 5–15±5% was observed. N. 20 embryos were 
withdrawn each day, from 1 dpf to 5 dpf. Once collected, samples were gently 
washed in deionized water and divided into 4 groups (N = 5): (A) fixation 
with PFA 4% solution; (B) fixation with Bouin’s solution; (C) fixation with 
formol solution, and (D) not fixed. The experiment was carried out in 
triplicate.  

 

Samples fixation  

Embryos of groups A-D were fixed as follows and stored at 4°C until 
measurements: (A) embryos were immersed in PFA 4% solution for 1 hour, 
washed three times with deionized water; (B) embryos were immersed in 
Bouin’s solution for 24 hours, washed in ethanol three times and then 
furtherly washed in deionized water just before measurements; (C) embryos 
were kept in formol solution and washed three times in deionized water just 
before measurements; (D) embryos were maintained in deionized water. 
On 2 dpf and 3 dpf embryos, the mechanical removal of chorion was 
performed after fixation procedure and soon before measurements.  
 

Optical microscopy analysis 

The visual investigation of fresh and fixed Zebrafish embryos (groups A-D) 
was performed by using the Stereomicroscope GZ 808 (Optech). The 
inspection was carried out in order to determine the developmental stage of 
the samples following Kimmel et al 1995 (Kimmel et al. 1995), and to 
evaluate the effects caused by the tested fixatives on maintenance degree. 
 

Raman Microspectroscopy analysis  
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RMS measurements were carried out at the ARI Lab of the Department of 
Life and Environmental Sciences by a XploRA Nano MicroSpectrometer 
(Horiba Jobin-Yvon). On each embryo, deposed onto glass slides, N. 20 
Raman spectra were collected at the depth of 100 "# within the central 
region of the yolk. To this purpose, the Z-profiling system was exploited 
together with a x100 long working distance objective (532 nm diode laser). 
The spectrometer was calibrated to the 520.7 cm-1 line of silicon prior to 
spectral acquisition. Raman signals were accumulated 3 times for 10 seconds 
in the fingerprint region 400–1800 cm−1. Raw spectra were preprocessed by 
multi-points baseline correction and vector normalization (OPUS 7.5, Bruker 
Optics, Ettlingen, Germany).  
 

Statistical analysis  

Preprocessed spectra were analyzed by Principal Component Analysis (PCA; 
OriginPro 2018b software, OriginLab Corporation, Northampton, 
Massachusetts).  

 

Results 

The photomicrographs obtained by the visual investigation of not–
fixed zebrafish embryos (group D) are showed in Figure 1. The morphological 
and physiological changes occurring during the development are well 
evident: with time, a general consumption of yolk is highlighted, 
accompanied by an elongation of the body. At 1 dpf, retina and skin start to 
pigment, together with the median fin fold which starts to develop; the heart 
starts beating. Blood circulation in arteries and veins starts at 2 dpf. At 3 
dpf, the mouth makes its appearance, even still not opening. By day 3, the 
morphogenesis of the hatched early larva is almost completed, and its growth 
continues rapidly. From day 4 pf, the early larva begins to actively swim 
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about, and at 5 dpf it starts moving its eyes and jaws, marking the beginning 
of the self-feeding period of zebrafish (Kimmel et al. 1995).  
 

       

     

Figure 1. Photomicrographs of 1 to 5 dpf Zebrafish embryos from group D.   

 
 The comparison of fixed samples (group A-C) with not fixed ones 

(group D) revealed that only formol fixative guaranteed the normal 
morphology. In fact, while PFA-fixed samples resulted more delicate in 
handling, less transparent and with altered morphological features, Bouin’s 
fixative allowed to maintain the morphology but gave samples a strong 
yellow colour due to the presence of picric acid. As an example, in Figure 2, 
the photomicrographs of 5 dpf zebrafish embryos not fixed and fixed 
alternatively with PFA, Bouin’s, and formol are reported.  
 

1 dpf 

2 dpf 

3 dpf 

4 dpf 5 dpf 
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Figure 2. Photomicrographs of representative 5 dpf-embryos fixed with (A) PFA, 
(B) Bouin, (C) formol, and (D) not fixed. 

 
In Figure 3, the Raman spectra of fixatives are reported. The 

following peaks were observed in all fixatives: 1725 cm-1 (stretching of C=O 
groups); 1450 cm-1 (bending of CH2 groups); 987 cm-1 (bending of OH groups); 
805 cm-1 (bending of CH2 groups), and 550 cm-1 (bending of C-C-O). Moreover, 
in Bouin’s fixative further peaks attributable to picric acid were identified: 
1550 cm-1 and 1330 cm-1 (stretching of NO2 groups); 1276 cm-1 and 1165 cm-1 
(stretching of benzene ring), and 890 cm-1 (stretching of C-N bonds).  

 

Figure 3. Raman spectra of PFA (blue line), Formol (red line) and Bouin (black 
line) fixatives. The main Raman peaks are reported above spectra. 

 

(A) (B) (C) (D)
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To evaluate the contamination due to tested fixation procedures, 
Raman spectra were also collected on the yolk region of 2-5 dpf fixed embyos  
(groups A-C) and compared with those of controls (group D) and Raman data  
were submitted to Principal Component Analysis (Figure 4A). A complete 
segregation was observed between the Raman spectra of Bouin-fixed 
samples (group B) and both PFA (group A) and formol (group C) ones along 
PC1 axis (explained variance 95.1%). Moreover, PFA (group A) and formol 
(group C) samples were split by PC2, with a lower percentage of variance 
(explained variance 1.4%). Noteworthy, embryos fixed with formol (group C) 
and control ones (group D) showed the lowest degree of dissimilarity. The 
analysis of loadings (Figure 4B) confirmed relevant spectral differences 
between Bouin’s fixed samples and PFA and formol ones (PC1 loadings), 
while no differences were observed between PFA and formol fixed samples 
(PC2 loadings).  

 

 

Group A
Group B
Group C
Group D

(A)
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Figure 4. (A) PCA scatter plot of spectra of 1 dpf-embryos not fixed (green) and 
fixed by using PFA (blue), Bouin’s fixative (black), and Formol (red). (B) PC1 and 
PC2 loading profiles; numbers corresponding to the highest peaks differences. 

 

Discussion 

Raman Microspectroscopy presents the great advantage to let acquire 
samples in hydrated conditions, since this technique is sensible to 
polarizable electron clouds and hence Raman spectra are not affected by 
water (Czamara et al. 2015; Movasaghi et al. 2007; Talari et al. 2015; Turrell 
et al. 1996). Nevertheless, it is not always possible to perform Raman 
measurements soon after sample collection; furtherly, over time, fresh 
samples could be subjected to degeneration processes. Hence, the use of 
fixatives is mandatory to preserve the biological sample, but these 
procedures could introduce some artifact compromising the whole analysis 
(Downes et al. 2010; Keating et al. 2013; Nabiev et al. 1994). In this 
perspective, to perform reliable and objective Raman measurements, it 
appears crucial to define a specific fixation protocol which let preserve 
samples in term of morphology and composition and at the same time, does 
not affect the spectral profile.  

(B)
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The present study wants to give some preliminary advice about this 
topic, testing some routinely used fixation protocols, in order to evaluate the 
most fitting both morphological and vibrational issues, and without overturn 
laboratory practice (Hobro et al. 2017; Meade et al. 2010). 

At this purpose, the following commercially fixatives were tested on 
zebrafish embryos: paraformaldehyde, Bouin’s fixative and formol. All these 
compounds have a quite different chemical composition, from which their 
behaviour derives. As regards paraformaldehyde, it results from the 
polymerization of formaldehyde monomers and is formed by the assembly of 
8–100 units: formaldehyde reacts with primary amines on proteins and 
nucleic acids to form partially reversible methylene bridges. Bouin’s fixative 
consists of a solution containing picric acid, formaldehyde and glacial acetic 
acid in a ratio 15:5:1; picric acid slowly penetrates in tissues and forms 
picrates basic proteins which precipitate; acetic acid coagulates nucleic acids, 
while formaldehyde forms cross-linkage in proteins. Formol is a solution of 
formaldehyde and glutaraldehyde, with a ratio of 3:1; formaldehyde, as just 
said, reacts with primary aminic groups present both in proteins and nucleic 
acids and forms methylene cross-bridges, while glutaraldehyde is a 
dialdehyde compound that reacts with amino and sulfhydryl groups and 
possibly with aromatic ring structures (Table 1).  

Zebrafish samples were analyzed in terms of morphology and spectral 
profiles. As regards the maintenance of the morphological features, only 
formol kept the original conditions of the embryos, both in colour and in 
morphology, while Bouin and PFA did not give successful results. Bouin’s 
fixation procedure immediately resulted in an alteration of the colour of both 
embryos, due to the effect of picric acid, while PFA made embryos very 
delicate in handling and with altered morphological features.  
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Table 1. Chemical composition of the tested fixatives. 

Fixative Chemical structure 

Paraformaldehyde (PFA) 

 

Bouin’s fixative:  

• picric acid (PA) 
• glacial acetic acid (AA) 
• formaldehyde (FA)  

Formol: 

• formaldehyde (FA) 
• glutaraldehyde (GA) 

                    

 
PFA and formol fixed samples resulted in very similar Raman spectra, 

with no relevant peaks, attributable to fixatives contamination. Conversely, 
Bouin’s fixative massively affects the spectral profiles of zebrafish embryos, 
mainly due to picric acid. In fact, this compound contains an aromatic ring 
substituted with three nitro groups. All these chemical moieties are very 
Raman active, producing high signals which interfere with the sample 
signal.  

 

Conclusions 

Fish embryos are a valuable model to study relevant environmental 
issues, including the toxicological effects of emerging contaminants. In this 
framework, Raman spectroscopy can be considered an optimal analytical tool 
thanks to its potential to produce morpho-chemical information at high 
resolution and at a molecular level on the different embryos’ compartments. 
Nevertheless, the need to obtain robust and reliable information is strictly 
related to the preparation of the sample, since any fixation procedure applied 
to the sample before the RMS analysis could affect the final results. 

PFA 

PA 

AA FA 

FA GA 
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For this reason, the assessment of a reliable protocol for Raman 
analysis of fish embryos is crucial. As regards the fixatives, the obtained 
results let define the protocol employing formol as the optimal one, both 
regarding the morphology and the Raman profiles of fixed zebrafish embryos. 
In fact, (i) it let preserve the morphology, integrity and transparency of the 
sample and (ii) it less affects Raman spectra in terms of peaks overlapping 
in the regions of interest. 
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Abstract  

The aim of this study is to evaluate the effects caused by the emerging 
contaminants PFOS and PFOA on zebrafish embryos in terms of alterations 
in the developmental morphology and macromolecular composition and 
uptake of yolk. To this purpose, zebrafish embryos were treated for 1 to 4 
days with different concentrations of PFOA and PFOS. Microphotographs of 
embryos and Raman spectra of the yolk region were collected, and data were 
compared with those from control samples. The results clearly showed that 
PFOS and PFOA induces some alterations not only in terms of embryos 
morphology but also at the level of yolk composition and uptake. In fact, the 
visual investigation showed some cases of malformations at the higher 
administered doses, while the spectral analysis revealed an altered 
consumption of yolk’s components over time, sided by changes in almost all 
the bands related to the main biomolecules of the yolk. 
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Introduction 

Polyfluorinated compounds (PFCs) are emerging contaminants with 
adverse effects on the environment. Among them, perfluorooctane sulfonate 
(PFOS) and perfluorooctanoic acid (PFOA) are the most studied, since they 
present peculiar features, such as an extreme stability and resistance to 
degradation, which make them able to bioaccumulate in food chains, 
reaching also  animals and humans (Conder et al. 2008; Lehmler 2005; 
Lindstrom et al 2011; Suja et al. 2009).  

As already mentioned, zebrafish represents a well–established 
experimental model, widely used in toxicological and developmental studies 
(Cassar et al. 2019; Cassar et al. 2021; Chakraborty et al. 2009). In fact, 
Danio rerio embryos and early-stage larvae are completely lecithotrophic, 
thus meaning that they entirely rely on a finite supply of yolk; for this 
reason, embryonic nutrition can be evaluated observing the rate of yolk 
consumption (Fraher et al. 2016). Proteins and lipids represent the major 
constituents of zebrafish yolk. Lipids are crucial for mediating cell signalling 
and for providing building blocks for plasma and cell membranes; the most 
represented is cholesterol (40% of total lipid), followed by 
phosphatidylcholine (17%), triacylglycerols (9%), phosphatidylinositol (8%), 
phosphatidylethanolamine (5%), diacylglycerol (4%), cholesteryl esters (3%), 
and sphingomyelins (3%) (Sant et al. 2018). The observation of the dynamic 
profile of lipids within the yolk throughout embryo development showed that 
yolk lipids are not simply consumed by the embryo: in fact, although previous 
research described the yolk as a metabolically inactive reserve of maternally 
deposited nutrients, it is now clear that the yolk and the yolk sac are 
metabolically active et al. 2018). For example, the amount of triacylglycerols 
increases in the yolk from 0 to 24 hpf (hours post fertilization) and then 
progressively declines; conversely, the level of diacylglycerols remain 
constant during embryogenesis, suggesting they are produced and used at 
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the same rate (Fraher et al. 2016). Regarding the proteins present in the 
yolk, the most important are vitellogenin-derived proteins, including 
lipovitellin and phosvitin, which are essential for oocyte maturation (Link et 
al. 2006). Interestingly, it has been demonstrated that lipophilic xenobiotics 
in the surrounding aquatic environment can penetrate the yolk and 
aggregate (Scholz et al. 2008): this can result in an alteration of the rate at 
which yolk’s nutrients are used. At this purpose, measuring the dimensions 
of yolk during embryogenesis can be related to the rate of nutrient uptake, 
in order to identify chemicals that may interfere with nutrient mobilization 
from the yolk sac to the embryo (Fraher et al. 2016). It has been reported 
that exposure to PFOS during embryonic and larval development determines 
an increase in the rate of yolk utilization over the first four days post 
fertilization (Sant et al. 2017). More in detail, the yolk sac area measured at 
5 dpf revealed that PFOS-treated zebrafish embryos and larvae were 
significantly smaller than the one of control samples; conversely, the 
treatment with PFOA had an opposite effect, with bigger yolk sac areas 
measured at 5 dpf, suggesting a decreased yolk nutrients utilization by 
larvae (Jantzen et al. 2016). 

Raman MicroSpectroscopy (RMS) is a powerful vibrational technique, 
widely applied in life sciences for the study of the biomolecular building and 
composition of cells and tissues (Giorgini et al. 2014; Lyng et al. 2015; 
Matthäus et al. 2008). It presents the advantage to be label-free, since each 
molecule has a proper Raman spectrum, which is composed by peaks and 
bands, constituting the molecular fingerprint of the sample (Ferraro et al. 
2003). The analysis of the position, intensity and width of the bands allows 

the identification and characterization of functional groups, bonding types 

and molecular conformations of the most important biological molecules of 

the sample, in terms of proteins, lipids, carbohydrates, and nucleic acids 

content (Baena et al. 2004; Baker et al. 2014; Wolkers et al. 2010). This 
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chemical information can be directly related to specific biological processes, 
such as cellular activity, metabolism and oxidative stress (Downes et al. 
2010; Giorgini et al. 2010; Giorgini et al. 2018).  

In the present study, RMS was used on zebrafish embryos (1) to 
evaluate the consumption of the single yolk components during embryo 
development, and (2) to detect the impairment caused by PFOS and PFOA 
treatments in these processes, in terms of both time exposure and 
concentration. The use of this vibrational approach presents some 
advantages; in fact, by working in a confocal mode, it let perform an in-depth 
analysis, providing relevant information on the uptake and consumption of 
yolk single components (such as lipids, proteins, phosphates and 
carbohydrates); moreover, it let correlate the macromolecular changes due 
to the exposure to these environmental contaminants with the morphological 
alterations.  

 

Materials and methods 

PFOS and PFOA solutions preparation  

PFOS [CF3(CF2)7SO3H] and PFOA [CF3(CF2)6COOH] were purchased by 
Sigma Aldrich, as powder 95-98% (St. Louis, MO). PFOS and PFOA were 

added to ultrafiltered distilled water to obtain 0.02 µM, 0.2 µM and 2 µM 
solutions, that were maintained at 4°C. 
 

Sample collection 

Zebrafish (Danio rerio) adults were maintained in 100-L aquaria (static 
system), with oxygenated water under the following conditions: 28 °C, pH 
7.0, NO2 concentration < 0.01 mg/L, and NH3 concentration < 10 mg/L, with 
an administered photoperiod of 12 L/12D. During the spawning period, 
males and females were transferred to breeding tanks and from each 
breading tank (about 20–30 min after the onset of light), eggs were collected. 
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Eggs were initially observed and counted under a stereomicroscope (Leica 
Wild M3B; Leica Microsystems, Nussloch, Germany) for the evaluation of 
fertilized eggs. Only fertilized eggs, that presented a well-developed 
blastodisc at 3 h after fertilization, were transferred into 10 cm diameter 
Petri dishes containing E3 medium (5 mM NaCl, 0.17 mM KCl, 0.33 mM 
CaCl2, and 0.33 mM MgSO4, to pH 7.0) and incubated at 28°C.  A 
spontaneous mortality rate of 5–15±5% was observed.  
 

Samples treatment with PFOS and PFOA 

1-dpf embryos were collected, counted under a stereomicroscope (GZ 808, 
Optech) and randomly divided into the following groups (N=7): (A) control 

group; (B) embryos treated with PFOA 0.02 µM; (C) embryos treated with 

PFOA 0.2 µM; (D) embryos treated with PFOA 2.0 µM; (E) embryos treated 

with PFOS 0.02 µM; (F) embryos treated with PFOS 0.2 µM, and (G) embryos 

treated with PFOS 2.0 µM. 
From each experimental group, embryos were collected each day from 2 to 5 
dpf, gently washed in deionized water and fixed in formol solution, as 
described in Chapter 1. Samples were kept in the fixative solution until 
measurements; just before measurements, embryos were washed three times 
in deionized water. On 2 dpf and 3 dpf embryos, the mechanical removal of 
chorion was performed after fixation procedure and soon before 
measurements. The concentration and times of exposure of both 
contaminants were chosen according to literature data (Jantzen et al. 2016). 
The experiment was performed in triplicate.  

 

Optical microscopy analysis 

The visual investigation of embryos of A-G groups was performed by using 
the Stereomicroscope GZ 808 (Optech). The inspection was carried out in 
order to evaluate the effects caused by PFOS and PFOA treatments. 



 87 

 

Raman microspectroscopy measurements and data analysis 

Raman measurements were performed by a XploRA Nano 
MicroSpectrometer (Horiba Jobin-Yvon) at the ARI Lab of the Department 
of Life and Environmental Sciences. On each embryo, deposed onto glass 
slides, N. 20 Raman spectra were collected at the depth of 100 !" within the 
central region of the yolk. The Z-profiling system was exploited together with 
a x100 long working distance objective (532 nm diode laser). The 
spectrometer was calibrated to the 520.7 cm-1 line of silicon prior to spectral 
acquisition. Raman signals were accumulated 3 times for 10 seconds in the 
fingerprint region 400–1800 cm−1. Raw spectra were preprocessed by multi-
points baseline correction and vector normalization (OPUS 7.5, Bruker 
Optics, Ettlingen, Germany).  Preprocessed spectra were analysed in terms 
of position and height of bands of interest (Integration mode K, OPUS 7.5, 
Bruker Optics, Ettlingen, Germany). 
 

Statistical analysis  

Normally distributed data deriving from RMS spectra were presented as 
mean ± S.D. Significant differences among groups were determined by 
means of a factorial analysis of variance (one-way ANOVA) followed by 
Tukey’s multiple comparison test, by the statistical software Prism6 
(Graphpad Software, Inc. USA). Statistical significance was set at p<0.05.  

 

Results 

In Figure 1, the microphotographs of zebrafish embryos belonging to 
the CTRL group (Group A), and after 1, 2, 3, and 4 days of treatment with 

PFOA 0.02 µM, 0.2 µM and 2 µM (Groups B-D) and PFOS 0.02 µM, 0.2 µM 

and 2 µM (Groups E-G) are showed.  The images clearly display the growing 
steps of the embryos, with the elongation of the body, and the reduction of 
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the overall yolk volume. More in detail, in CTRL embryos, at 2 dpf, after 
retina and skin starting pigmentation, it begins the blood circulation in 
arteries and veins; mouth appears at 3 dpf, even still not opening; by day 3, 
embryo growth continues rapidly, since morphogenesis of the hatched early 
larva is almost completed. The early larva begins to actively swim about from 
4 dpf, and at 5 dpf it starts moving its eyes and jaws, with the beginning of 
the self-feeding period of zebrafish (Kimmel et al. 1995).   

In general, no visible morphological alterations were observed in most 
of the treated embryos. However, some modifications were found in few 
specimens (ca. 5% of total embryos) related to the development and growth 
with modifications in the somite development, occurrence of pericardial 
edema, vitelline cysts, bent tail, and bent spine were found; moreover, in 
some cases, hatching modifications were observed, with samples without 
chorion loss (Figure 2). It is noteworthy that the lowest concentration of both 
the administered compounds seemed to not produce adverse effects on the 
morphology. More in detail, as regards PFOA, alterations were observed only 

at the highest dose (2 µM), while PFOS negative effects were displayed at 

both 0.2 and 2 µM. 
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Figure 1. Photomicrographs of 2 to 5 dpf-embryos. The CTRLs and the treated 
samples are displayed, with the three different administered doses (0.02, 0.2 and 
2 !") for each of the two tested compounds (PFOA and PFOS).  
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Figure 2. Photomicrographs of malformed embryos. Some of the evidenced 
malformations are shown, with the corresponding dose and administered 
compound.  

 
In Figure 3, the Raman spectra collected on the yolk region of 2 to 5 dpf 

CTRL embryos are showed. The following Raman bands, representative of 
the biomolecules composing the yolk, were detected (Czamara et al. 2015; 
Talari et al. 2015): (i) 1740 cm-1: lipid ester groups vibration; (ii) 1655 cm-1: 
amidic C=O groups stretching (Amide I); (iii) 1442 cm-1: lipid chains CH2 
bending; (iv) 1259 cm-1: lipids CH2 in-plane deformation/Amide III; (v) 1080 
cm-1: PO2- groups stretching; (vi) 1000 cm-1: phenylalanine ring breathing; 
(vii) 850 cm-1: tyrosine ring breathing; (viii) 704 cm-1: cholesterol/cholesteryl 
esters ring deformation; (ix) 590 cm-1: PO43- groups stretching.  

Raman spectra evidenced how the fingerprint region of yolk is mainly 
attributable to lipids and proteins. In fact, the bands at 1740 cm-1 and 1655 
cm-1 are due to the stretching of C=O groups respectively in the lipid and 
protein component, whereas the band at 1442 cm−1 is assigned to the 
scissoring mode of the CH2 groups, and hence to deformations of long 
hydrocarbon chains. Moreover, the presence of the bands at 1080 cm−1 and 
590 cm-1 indicates the presence of phosphate groups attributable to 
phospholipids and phosphorylated compounds, while the band at 704 cm-1 is 
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attributable to cholesterol and cholesteryl esters. In general, a decreasing 
trend of most of these bands was observed with time, confirming the 
consumption of yolk during embryo development. An exception was detected 
as regards the band centred at 590 cm-1, attributable to phosphate groups in 
the phosvitin molecule, which remained almost unchanged with time:  this 
finding suggests that the amount of this component, which derives from the 
proteolytic cleavage of vitellogenin, remains constant during embryogenesis 
(Figure 3) (Prescott et al. 1986).  

 

 
Figure 3. Average spectra of the yolk of CTRL embryos collected at 2, 3, 4, and 5 
dpf (group A). Vertical lines indicate the Raman peaks referred mainly to lipid 
content, protein content and phosphate components. 
 

 
Then, Raman spectra of all the PFOA (groups B-D) and PFOS (groups 

E-G) treated samples were analyzed and compared with those of CTRL ones 
(Group A) (Figure 4). In general, treated embryos showed a different trend 
of consumption with respect to CTRLs at all time points, with spectra having 
altered peaks corresponding to the yolk biomolecules. However, this was 
more evident in embryos submitted to PFOS, respect to PFOA and 
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differences resulted more evident as far as the administered dose of 
compound increases. These findings are in agreement with the data reported 
in literature, which show PFOS with a higher toxicity respect to PFOA 
(Jantzen et al. 2016; Jantzen et al. 2016). 

 

  
Figure 4. Average spectra of the yolk of embryos and larvae collected at 2, 3, 4, 
and 5 dpf, after treatment with PFOA 0.02 µM (B), PFOS 0.2 µM (C), PFOS 2 µM 
(D), and PFOS 0.02 µM (E), PFOS 0.2 µM (F), PFOS 2 µM (G).  
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For a deeper understanding of the effects of the treatments with PFOA and 
PFOS on yolk nutrients utilization, the height of the major Raman bands 
was investigated and compared along the four days of treatment. As regards 
control embryos (group A), in the spectra from 2 dpf embryos, a major 
amount of lipids (bands centered at 1442 and 704 cm-1), phosphate groups 
(bands centered at 1086 and 590 cm-1), and proteins (1655, 1259, and 1000 
cm-1) was observed; moreover, the analysis of band heights confirmed in this 
group the constant and almost linear decreasing trend for all the studied 
Raman bands. By concerning treated embryos, all the doses of PFOA and 
PFOS displayed a lower starting amount of lipids, proteins, and phosphates, 
and their decrease along the four analyzed days appeared less constant: in 
particular, the decrease was more evident until day 3, while days 4 and 5 
were characterized by a minor slope of the decreasing trend, suggesting a 
slowdown of the utilization of yolk’s biomolecules.  

More in detail, in Figure 5, the line plots representative of the proteic 
region of the spectrum are reported (Amide I, 1655 cm-1; Amide III, 1259 cm-

1, and phenylalanine, 1000 cm-1); for clarity, in each box, the black dotted line 
represents CTRL samples (Group A), while yellow, orange and red lines the 
PFOA-treated embryos and light green, green and dark green lines the PFOS 
-ones. Considering CTRL embryos, an overall and constant decreasing trend 
is evident with time; in treated samples, the starting point at 2 dpf presents 
a lower value in all the protein- related bands, with an evident decrease until 
3 dpf, and a slowdown corresponding to 4 and 5 dpf. 
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Figure 5. Line plots displaying average ± SD values of the heights of the following 
Raman bands: 1655 cm-1 (Amide I), 1259 cm-1 (Amide III), and 1000 cm-1 
(phenylalanine). CTRL (dotted black), PFOS 0.02 !M (yellow), PFOS 0.2 !M 
(orange), PFOS 2 !M (red), PFOA 0.02 !M (light green), PFOA 0.2 !M (green), 
and PFOA 2 !M (dark green). 

 
As for proteins, also the line plots of lipid-related bands (CH2 groups, 

1442 cm-1, and cholesterol and cholesteryl esters, 704 cm-1) showed a general 
decreasing trend in CTRLs, considering all the time points (Figure 6). 
Conversely, in treated samples, a lower starting point at 2 dpf was found for 
CH2 moieties, with similar amounts at 3, 4 and 5 dpf, suggesting a lower 
consumption of yolk lipids respect to CTRL. As regards cholesterol, higher 
and constant amounts respect to CTRL were displayed, especially by PFOA-
treated embryos.  
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Figure 6. Line plots displaying average ± SD values of the heights of the following 
Raman bands: 1442 cm-1 (lipid CH2), and 704 cm-1 (cholesterol and cholesteryl 
esters). CTRL (dotted black), PFOS 0.02 !M (yellow), PFOS 0.2 !M (orange), 
PFOS 2 !M (red), PFOA 0.02 !M (light green), PFOA 0.2 !M (green), and PFOA 
2 !M (dark green). 

 
Finally, by considering the phosphates-related bands (phosphate 

groups, 1086 cm-1, and phosvitin, 590 cm-1) (Figure 7), mainly due to 
vitellogenin and its derivatives (Hiramatsu et al. 2002), the general 
decreasing trend was observed in CTRL, while different and not consisting 
values were found in treated embryos. Phosvitin levels are low, if compared 
to CTRL at 2 dpf, and with similar values at all time points, suggesting a 
decreasing consumption of phosvitin inside the yolk. 
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Figure 7. Line plots displaying average ± SD values of the heights of the following 
Raman bands: 1086 cm-1 (phosphate groups), and 590 cm-1 (PO43- of phosvitin). 
CTRL (dotted black), PFOS 0.02 !M (yellow), PFOS 0.2 !M (orange), PFOS 2 !M 
(red), PFOA 0.02 !M (light green), PFOA 0.2 !M (green), and PFOA 2 !M (dark 
green). 
 
 

Discussion 

The presence of PFCs in ubiquitous, and there are certainties both in 
seawater (Ahrens et al. 2010; Brumovský et al. 2016; Concha-Graña et al. 
2018; Zhang et al. 2019) and in freshwater (Post et al. 2013; Rumsby et al. 
2009; Sun et al. 2018). Their presence has been detected even in drinking 
water (Andrews et al. 2020; Ericson et al. 2009; Post et al. 2009; Wilhelm et 
al. 2010; Yim et al. 2009), thus meaning that these compounds are 
widespread in all water compartments, all over the world. Their occurrence 
is manmade, because the origin of PFCs is due to chemical synthesis: they 
are used as additives to guarantee impermeability of coatings, inertial 
surfactancy, oxidative protection coatings, and thermal stability of 
lubricants (Lehmler 2005; Lindstrom et al. 2011). PFOA and PFOS belong 
to the PFCs compounds, and their chemical structure and behaviour makes 
them amphiphilic (i.e. they have an affinity for both hydrophilic and 
hydrophobic substances). In addition, they possess a shape similar to fatty 
acids, and they can mimic their activity, triggering a large number of 
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pathologies. The diffusion of PFCs, particularly concerning PFOA and PFOS, 
raised as an unknown issue, due to the capability of these compounds to 
combine environmental pollution with endocrine disrupting activity. Several 
studies on PFOA and PFOS on the aqueous biota are present (Augustsson et 
al. 2021; Gallocchio et al. 2021; Goodrow et al. 2020; Lanza et al. 2017; Stahl 
et al. 2014), presenting data which indicate that PFCs have been detected in 
all kinds of fish, from arctic cetaceans to harbour fish inhabitants (Houde et 
al. 2011). The present study wants to insert in this scenario, by evaluating 
the effects, in terms of Raman spectra differences, of the water exposure to 
PFOA and PFOS of zebrafish embryos. Some preliminary results of the 
altered evolution that undergo zebrafish embryos and larvae subsequently 
to the exposure to emerging environmental contaminants have been 
achieved, by applying RMS vibrational technique. The analysis was 
performed from 2 to 5 dpf on the embryos and larvae’ yolk: it contains finite 
food supply (Sant et al. 2018) and plays a fundamental role as nutritional 
cache for the development of fish (Schwartz et al. 2021). In addition, the yolk 
is the only cell compartment who can be found in all the first 5 days after the 
fertilization of the oocyte, and it is perfectly visible, both because of its 
dimensions and thanks to the transparency of zebrafish embryos (Kimmel et 
al. 1995).  The obtained Raman data, as regards CTRLs, showed a constant 
decrease in bands height along the observed days, except for the band 
centred at 590 cm-1 (PO43- groups stretching). This can be explained by the 
presence of the phosvitin molecule, which derives from the proteolytic 
cleavage of vitellogenin present in the yolk of the embryos (Prescott et al. 
1986). In addition, for the treated samples, a similar decreasing trend was 
evidenced, even if completed altered with respect to CTRLs. Considering the 
height of the major Raman bands along the four days of treatment, the 
investigation evidenced at 2 dpf a larger amount of lipids, phosphate groups 
and proteins, corresponding to the bands centered at 1442 and 704 cm-1, at 
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1086 and 590 cm-1 and at 1655, 1259, and 1000 cm-1, respectively.  The 
decreasing trend of consumption of the biomolecules shown from the 
comparison of the total spectra was validated: it was more evident until day 
3, while a downward path characterized days 4 and 5. This suggests a 
slowdown of the utilization of yolk’s biomolecules, starting prom the 4th dpf 
(Kimmel et al. 1995; Sant et al. 2018; Singleman et al. 2014) and confirms 
the active role of Zebrafish yolk until 3-4 dpf (Fraher et al. 2016; Miyares et 
al. 2014) in the metabolism and degradation of PFOA and PFOS.  

 

Conclusions 

Concluding, this preliminary study gives new evidence on yolk 
consumption by zebrafish embryos during the first 5 days of development, 
highlighted by RMS, which allowed to investigate the single uptake of each 
macromolecular component (proteins, lipids, cholesterol and phosvitin). 
Furthermore, as regards the embryonic exposure to PFOA and PFOS at 
three different doses, the spectral data suggest that these contaminants can 
cause alterations not only in embryos morphology, but also in the 
macromolecular composition and uptake of yolk. In fact, lower contents of 
lipids, proteins and phosphates were observed in 2 dpf treated embryos, 
respect to control ones. In addition, an altered trend of consumption related 
to a slowdown of the utilization of yolk’s proteins, lipids, and phosphates 
mainly at 4 and 5 dpf was displayed. 

These spectral results let validate the use of Raman Microspectroscopy 
to assess the effects on embryo development of PFOS and PFOA, thus paving 
the way to a future exploitation of this approach to in vitro screen the effects 
triggered by other emerging chemical contaminants. 
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Abstract  

Swordfish is a large and epipelagic fish, with high commercial and 
ecological value. It has a worldwide geographical distribution, and it usually 
lives in sea areas comprised from the latitudes 45° N and 45° S. As regards 
the Mediterranean Sea too, spawning takes place from June to August in 
specific areas, i.e. the Balearic Islands, the south of the Tyrrhenian Sea and 
the Strait of Messina and the Ionian Sea. Swordfish females have 
asynchronous ovaries, with oogonia and oocytes at several stages of 
development simultaneously present. A crucial role in fertilization is played 
by the zona radiata (ZR), a glycoprotein layer surrounding the plasma 
membrane of mature eggs. ZR is mainly composed by three glycoproteins, 
and it changes in composition, thickness, and structure during oogenesis, 
becoming highly ordered and architecturally complex in the mature stage.  

The aim of this study is to evaluate a possible correlation between ZR 
thickness and macromolecular composition and the geographical fishing 
area. At this purpose, vitellogenic and mature oocytes of swordfish 
specimens caught in three different regions of the Mediterranean Sea (such 
as Balearic Islands, Sicily, and Sardinia) were submitted to histological and 
FTIR Imaging (FTIRI) analyses. In particular, a different thickness of ZR, in 
relation with both the developmental stage (i.e., oocyte diameter) and the 
fishing zone was observed. These morphological differences were further 
investigated by FTIRI analysis which let detect changes in the topographical 
distribution and relative amounts of the most relevant biomolecules not only 
between vitellogenic and mature oocytes, but also in relation with the fishing 
area. 
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Introduction 

Swordfish (Xiphias gladius) is a large epipelagic fish, with a high 
commercial and ecological value. It has a worldwide distribution between 
45°N and 45°S (Palko et al. 1981), going from temperate to tropical and 
subtropical regions. In addition, it is highly migratory, and capable of long-
distance movements (Dewar et al. 2011; Neilson et al. 2007; Sedberry et al. 
2001). The complexity of its management claimed for an International 
Commission for the Conservation of Atlantic Tunas (ICCAT), which, as the 
name predicts, has in charge many migrating species, including tuna-like 
species, sharks and swordfish (Saber et al. 2020).  

Living in temperate climates, swordfish is present in the 
Mediterranean Sea too, where a stock model area has been identified (Smith 
et al. 2015). Here, the strong fishery traditions brought to severe overfishing 
in the 30 past years, leading to the enacting of fishery surveillance and 
recovery plan establishment: it included measures such as total allowable 
catches (TAC), fleet capacity limitations, closed fishing season, maximum 
number of hooks on longlines and minimum size of the specimen caught 
(ICCAT 2017).  

Swordfish has a great and rapid development and reaches sexual 
maturation at about 1-2 years in males and 2-3 years in females, considering 
the Mediterranean Sea (Taylor 1992). Swordfish reproduction has been 
widely studied (Arocha 2002; Arocha 2007): it is a sexually dimorphic and 
gonochoric species, and females have asynchronous ovaries, thus meaning 
that oogonia and oocytes at different maturation stages are simultaneously 
present in the ovaries. The key process for reproduction is oogenesis, during 
which the oocyte grows and differentiates (Brooks et al. 1997; Kjørsvik et al. 
1990).  

The different stages of oocyte have been described and characterized 
using histology (Abid et al. 2019; Arocha 2002; Corriero et al. 2004; Farley et 
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al. 2014; Macías et al. 2005; Marisaldi et al. 2020; Poisson et al. 2009; Young 
et al. 2003), immunohistochemistry, histochemistry (Corriero et al. 2004; 
Ortiz-Delgado et al. 2008), Fourier Transform Infrared (FTIR) Imaging 
spectroscopy (Carnevali et al. 2019), transmission (Minniti et al. 2005) and 
electron (Corriero et al. 2004) microscopy. 

Zona Radiata (ZR) is a mainly proteic region located in the external 
part of the oocyte (Litscher et al. 2018). In teleosts, it forms the eggshell that 
provides mechanical protection against external disturbances, but it is shed 
when hatching is induced. ZR is involved in the processes of oogenesis, egg 
deposition, fertilization, and embryogenesis (Litscher et al. 2014), and it is 
useful to enable gas exchange, excretion and transport of nutrients from the 
external environment (Arukwe et al. 1997; Fossi et al. 2001; Yamagami et 
al. 1992; Zelazowska 2010).  

In the present study, Fourier Transform Infrared Imaging (FTIRI) 
spectroscopy was exploited to obtain reliable morpho-chemical information 
of this important region in vitellogenic and mature oocytes from swordfish 
specimens caught in three different areas of the Mediterranean Sea: Balearic 
Islands, Sicily, and Sardinia. Spectral data were compared with those from 
histological assays. FTIRI is a well-established technique for the analysis of 
cells and tissues (Baker et al. 2014; Butler et al. 2016; Chan et al. 2008; 
Matthäus et al. 2008; Naumann 2001; Romeo et al. 2006) and it allows the 
spectroscopical mapping of biological, even non-homogeneous, samples. The 
areas to investigate can be chosen, thanks to the coupling of IR 
spectrometers with bidimensional arrays detectors, and this provides both 
anatomic and biochemical information of the sample (Sreedhar et al. 2015; 
Chan et al. 2016). In addition, FTIRI has already been applied to the study 
of fish, showing its ability to provide a characterization of the biochemical 
changes associated with oocyte growth and maturation (Carnevali et al. 
2019; Gioacchini et al. 2014; Giorgini et al. 2014; Mazzeo et al. 2016; Wood 
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et al. 2008) As reported by Carnevali et al 2019, it has been a powerful tool 
to identify and study the differences in oocytes structure in swordfish 
population caught in the Mediterranean Sea (Carnevali et al. 2019).  

 

Materials and methods 

Swordfish samples collection 

For this experiment, N 60 swordfish females captured in the period 
May–July 2017 were analyzed. Swordfish were caught in the central 
(Sardinia and Sicily) and western Mediterranean Sea (Balearic Islands) by 
commercial vessels using longlines and tuna traps. All the samples had a 
Lower Jaw-Fork Length (LJFL) >100 cm. As indicated by the ICCAT manual 
for fish caught for commercial purpose, samples were collected in compliance 
with the guidelines for biological samples. In accordance with the Italian 
legislation (D.L. 4 of Mars 2014, n. 26, art. 2) ethics approval is not necessary. 
Soon after capture, ovaries were removed, and gonad portions (∼2 cm3 in 
volume) were picked up from the middle part of the ovary of all specimens 
for histology and FTIRI analyses.  

 

Histological analysis 

Gonad portions (2 cm3 in volume) were fixed in formol solution, 
dehydrated with a series of increasing EtOH baths, cleared in xylene, and 
embedded in paraffin. Sections of 5 µm in width were cut with a microtome 
(RM2125 RTS; Leica Biosystems, Wetzlar, Germany), stained with Mayer's 
haematoxylin/eosin, and examined under microscope (Axio Imager 2; Zeiss, 
Oberkochen, Germany) (Gioacchini et al 2019). The analysis was focused on 
vitellogenic (VTG) and mature (MAT) oocytes. A total amount of 452 oocytes 
has been withdrawn: 196 from Sardinia, 198 from Sicily and 58 from the 
Balearic Islands. 
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FTIRI measurements and data analysis 

Gonad portions were immediately frozen at -80°C without any further 
fixation protocol. By using a cryomicrotome, five thin sections (∼10 µm 
thickness) were cut from each frozen sample, by a distance of 200 µm from 
each other. Sections were deposited onto CaF2 optical windows (1 mm 
thickness, 13 mm diameter) and let air-drying for 30 min. No fixation process 
was applied. N. 20 ovaries from each geographical region were analyzed, 
containing both vitellogenic (VTG) and mature (MAT) oocytes. FTIRI 
measurements were performed at the Laboratory of Advanced Research 
Instrumentation (ARI) of the Department of Life and Environmental 
Sciences, Università Politecnica delle Marche (Ancona, Italy).  

A Bruker INVENIO-R interferometer coupled with a Hyperion 3000 
Vis-IR microscope and equipped with a liquid nitrogen cooled bidimensional 
Focal Plane Array (FPA) detector was used. FPA allows to acquire IR images 
of non-homogeneous biological samples by the simultaneous acquisition of 
4096 spectra on an area of 164 × 164 µm2. A 15X condenser/objective was 
used to obtain the visible image of each section and to select the areas. IR 
maps were collected on the Zona Radiata (ZR) of vitellogenic (VTG) and 
mature (MAT) oocytes (transmission mode; 4000–900 cm−1 MIR range; 
spatial resolution ∼2.56 µm; spectral resolution 4 cm−1; 256 scans). 
Background spectra were acquired on clean regions of the CaF2 optical 
windows. Raw IR maps were corrected by applying the Atmospheric 
Compensation routine, to remove the contribution of atmospheric carbon 
dioxide and water vapour, and then Vector Normalization routine in the 
4000–900 cm−1 spectral range, to avoid possible artefacts due to differences 
in thickness (OPUS 7.5 software, Bruker Optics, Ettlingen, Germany). 

False colour images representing the topographical distribution of the 
most relevant biochemical features were generated by integrating IR maps 
under the following spectral regions: 3000–2829 cm−1 (vibrational modes of 
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lipids, named LIP); 1765–1719 cm−1 (vibrational modes of fatty acids, named 
FA); 1719–1487 cm−1 (vibrational modes of proteins, named PRT); 1290–1192 
cm−1 (vibrational modes of phosphates groups, named PH), and 1135–1001 
cm−1 (vibrational modes of glycosylated compounds, named GLY). An 
arbitrary “rainbow” colour scale was used: white/light pink colour indicates 
areas with the highest absorbance values, while blue colour areas with the 
lowest ones.  

From the Zona Radiata of each IR map, ∼200 IR spectra each were 
extracted; spectra were then vector normalized, two-points baseline linear 
fitted and integrated under the same above defined spectral regions by using 
the Integration routine (OPUS 7.5 software package, Bruker Optics, 
Ettlingen, Germany) (Giorgini et al. 2018; Talari et al. 2017).  The integrated 
areas were ratioed against the sum of the integrated areas 3050–2800 and 
1770–950 cm−1 to calculate the following parameters: LIP (relative amount 
of total lipids); FA (relative amount of fatty acids); PRT (relative amount of 
total proteins); GLY (relative amount of glycosylated compounds) and PH 
(relative amount of phosphate groups).  

 

Statistical Analysis 
Spectral data were submitted to one-way analysis of variance (ANOVA) 

to determine the presence of statistically significant differences among 
groups (Software package Prism 6.0, GraphPad Software, San Diego, CA). 
Statistical significance was set at p < 0.05. 

 

Results 

The histological analysis of swordfish ovary section was focused on the 
zona radiata of vitellogenic and mature oocytes (Figures 1 and 2, 
respectively), revealing that ZR thickness depends on the region of capture. 
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In particular, a smaller ZR thickness was found in oocytes of specimens 
caught in Sardinia, and this trend was observed for both development stages. 

Together with the morphological structure of the oocytes, the overall 
diameter for each oocyte was measured, and as expected, an increasing trend 
between Zona Radiata and the overall diameter of the oocytes from the three 
geographical regions was found.  

 

 

 

 

 

 

 

 

 

 
 
Figure 1. Histological analysis of vitellogenic swordfish oocytes collected in: (A) 
Balearic Islands, (B) Sicily, and (C) Sardinia (top, low magnification; bottom, high 
magnification).  

 
In Figure 3, the correlation between the diameter of oocytes and the width 
of zona radiata is reported; Sardinian oocytes (red dots) showed a much 
shorter zona radiata width, with respect to the oocytes coming from Sicily 
(green dots) and Balearic Islands (blue dots). 
 
 
 

(A) (B) (C) 
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Figure 2. Histological analysis of mature swordfish oocytes collected in: (A) 
Balearic Islands, (B) Sicily, and (C) Sardinia (top, low magnification; bottom, high 
magnification). 

 
These results were also confirmed by the hyperspectral imaging 

analysis, which showed the topographical distribution specific biomolecules 
(such as lipids, fatty acids, proteins, glycosylated compounds, and 
phosphates) within the mapped areas: each pixel corresponds to an IR 
spectrum, and its signal, integrated in a specific IR band/region, gives 
information about amount and localization of the corresponding 
molecular/chemical group. As regards vitellogenic oocytes, a different 
distribution of lipids and fatty acids was observed with respect to proteins, 
carbohydrates, and phosphates: glycosylated proteins (GLY and PRT maps) 
are more present in the zona radiata, while the lipid distribution describes 
the uptake of vitellogenin and fatty acids through ZR pores (LIP and FA 
maps). The same hyperspectral analysis has been performed on mature 
oocytes originating from the three areas (Figure 4). In mature oocytes a 

(A) (B) (C) 
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similar distribution of glycosylated proteins on zona radiata is observed 
(GLY and PRT maps). As regards lipids and fatty acids, their presence is 
found only in the ooplasm since their uptake in this maturation phase is over 
(LIP and FA maps). Imaging results do not evidence differences in the 
localization of the macromolecules in the 3 geographical different areas.  
 

 
Figure 3. Correlation between oocyte diameter and ZR thickness in Balearic 
Islands (blue), Sicily (green), and Sardinia (red). 

 

-10

0

10

20

30

40

50

60

70

80

90

0 100 200 300 400 500 600 700 800 900

ZR
 w

id
th

Oocyte diameter

ZR/OOCYTE DIAMETER RELATIONSHIP

Sardinia Sicily Balearic Islands



 113 

 
Figure 4. Hyperspectral Imaging analysis of ZR of mature swordfish oocytes from 
Sicily, Sardinia and Balearic Islands. The columns represent the topographical 
distribution of (LIP) lipids, (FA) fatty acids, (PRT) proteins, (GLY) glycosylated 
compounds, and (PH) phosphates. Different colour scales were adopted for each 
parameter.   

 
Univariate analysis has been performed on the previously considered 

parameters (lipids, fatty acids, phosphates, proteins and glycosylated 
compounds) to evaluate differences in the macromolecular composition of 
zona radiata in oocytes from three different geographical regions. As regards 
vitellogenic oocytes (Figure 5), the highest amounts of lipids and fatty acids 
were found in Balearic Island samples, while the lowest in Sardinia samples. 
Proteins were higher in Sardinia and Balearic oocytes and lower in Sicily 
samples; a similar trend was observed for glycosylated compounds, with the 
highest amount observed for Balearic samples, followed by Sardinia and 
Sicily ones. A similar content in phosphates was detected.  
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Figure 5. Macromolecular composition of vitellogenic oocytes belonging to (red) 
Sardinia, (green) Sicily, and (blue) Balearic Islands Univariate analysis of the 
following parameters: (LIP) lipids, (FA) fatty acids, (PRT) proteins, (GLY) 
glycosylated compounds, and (PH) phosphates. Different letters indicate 
statistically significant differences among experimental groups (p < 0.05). n.s. 
indicates that no statistically significant difference is evidenced among the 
considered groups. 

 
The same analysis, performed on mature oocytes, gave different results 

(Figure 6): no statistically significative differences were observed in the 
relative amounts of lipids, fatty acids, and phosphates among the three 
geographical regions. Proteins displayed a significative difference, with 
higher amounts in samples from Sardinia and Balearic Islands with respect 
to Sicily samples. Glycosylated compounds were statistically significative 
higher in Sardinia samples with respect to both Sicily and Balearic ones. 
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Figure 6. Macromolecular composition of mature oocytes belonging to (red) 
Sardinia, (green) Sicily, and (blue) Balearic Islands Univariate analysis of the 
following parameters: (LIP) lipids, (FA) fatty acids, (PRT) proteins, (GLY) 
glycosylated compounds, and (PH) phosphates. Different letters indicate 
statistically significant differences among experimental groups (p < 0.05). n.s. 
indicates that no statistically significant difference is evidenced among the 
considered groups.  

 

Discussion 

The female swordfish is a multiple pelagic spawner with asynchronous 
ovaries, thus meaning that it is possible to find and identify simultaneously 
oocyte at different developmental stages: oogonia, previtellogenic, 
vitellogenic, mature/hydrated and atretic follicles (Abid et al. 2019; Poisson 
et al. 2009). Swordfish reproduction is a known process, but it is important 
to continue deepening its mechanisms in order to obtain as many 
information as possible to understand, preserve and protect this endangered 
species. Egg quality is an important parameter in reproduction perspective, 
is based on egg quality and the development of the different stages involves 
the development of Zona Radiata around the oocyte. In this light, our focus 
has been this specific structure.  

ZR varies in thickness and complexity in a gradual way during oocyte 
developmental stages (Marisaldi et al. 2020): it becomes more and more 
ordered and architecturally complex during later maturational stages, even 
if it starts to differentiate throughout the growth of the oocyte (Hara et al. 
2016; Menn et al. 2007). During the primary oocyte stage, a thin zona radiata 
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(~5 µm) begins to form at the periphery of the oocyte. Then, upon entering 
the vitellogenic phase, oocytes begin to accumulate small vitellogenin 
globules toward the periphery of the cytoplasm and during the early stages 
of vitellogenesis, the zona radiata began to be clearly visible, reaching up to 
10 µm. As vitellogenesis proceed, during the middle to late vitellogenic 
stages, the zona radiata becomes prominent, with a remarkable increase in 
thickness up to 30 µm. At this stage, the ZR is constituted by two layers: an 
external layer (zona radiata externa, ZRE) and an internal one (zona radiata 
interna, ZRI). In mature oocytes, the zona radiata becomes particularly 
evident in this stage, with a thickness up to 40-50 µm. Finally, in atretic 
oocyte, the zona radiata breakdown was among the first structural events 
that could be identified, according to previous findings (Corriero et al. 2004; 
Poisson et al. 2009; Tyler et al. 1996).  

The development and differentiation from stage to stage depend on 
several biochemical changes, which lead to the maturation of the follicle 
reaching ovulation and then fertilization (Gioacchini et al. 2019). The role 
ZR plays is fundamental during fertilization: in fact, the external part of ZR, 
composed by glycoproteins, has an affinity for spermatozoa and is used as a 
guide for the single sperm to reach the egg cell going through the micropyle. 
In addition, after fertilization ZR is able to protect the embryo in the aquatic 
environment and it is useful to enable gas exchange, excretion and transport 
of nutrients from the external environment (Zelazowska 2010). 

The monitoring of ZR evolution process can be monitored by applying 
Infrared Spectroscopy techniques: FTIRI allows to identify the biochemical 
composition of the analysed sample. Infrared Imaging spectroscopy has 
already been applied to obtain information about the macromolecular 
shaping and arrangement of swordfish oocytes at different developmental 
stages, in terms of composition and topographical distribution of biologically 
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interesting macromolecules, such as lipids, proteins, carbohydrates and 
phosphates (Carnevali et al. 2019).  

A specific focus on ZR obtained by applying FTIRI spectroscopy has 
been considered in the present work, in order to distinguish between the two 
developmental stages of ZR and the three considered geographical regions.  

The results achieved by the hyperspectral imaging analysis of 
vitellogenic, and mature Zona Radiata were highlighted by applying the 
univariate analysis of the most meaningful bands. Considering vitellogenic 
oocytes, the phosphates (PH) had a similar content in three different 
geographical regions. Conversely, lipids (LIP) and fatty acids (FA) had the 
highest amounts in Balearic Island samples, lower amount in Sicily oocytes 
and the lowest in Sardinia samples. Proteins (PRT) were higher in Sardinia 
and Balearic oocytes and lower in Sicily samples; a similar trend was 
observed in glycosylated compounds (GLY), with the highest amount 
observed for Balearic samples, followed by Sardinia and Sicily ones. Taking 
into account mature oocytes, no statistically significative differences were 
observed in the relative amounts of Lipids (LIP), fatty acids (FA), and 
phosphates (PH) among the three geographical regions. Proteins (PRT) 
showed a significative difference, with higher amounts in samples from 
Sardinia and Balearic Islands with respect to Sicily samples. Glycosylated 
compounds (GLY) were statistically significative higher in Sardinia samples 
with respect to both Sicily and Balearic ones.  

These results evidence that the biochemical composition of ZR of 
oocytes is different considering the three west Mediterranean regions of 
swordfish, and that the developmental phase too influences ZR biomolecule 
presence. Among the most interesting parameters there are LIP and FA 
presence: they are generally present in the vitellogenic stage of ZR, due to 
the passage through ZR, but they are significantly low in Sardinian samples 
with respect to both Sicily and Balearic Islands ones. Correlating to what 
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reported by literature, during the vitellogenic stage, the presence of proteins 
and glycosylated compounds are evident in ZR: they show a comparable 
trend, due to the fact that ZR is a proteic region composed by glycosylated 
aminoacids. On the contrary, in mature oocytes, there seems to be a 
statistically significative difference in the proteic and glycosylated presence, 
more present in Sardinian ZR samples: in mature oocytes, the increase of the 
Zona Radiata is evident, and it is accompanied by a decrease in fatty acids, 
lipids and phosphates (Carnevali et al. 2019).  

 

Conclusions 

Concluding, this study represents a successful application of a 
multidisciplinary approach based on histological and FTIR Imaging 
techniques for the analysis to swordfish species. Differences in swordfish ZR 
thickness and macromolecular composition in relation with fishing area, 
both as regards vitellogenic and mature oocytes, have been identified and 
analyzed, and the obtained results could be attributed to the presence of 
different genetic stocks in the Mediterranean Sea, which is still under 
debate. This can constitute an improvement of knowledge in reproductive 
biology of swordfish, considered as a threatened species, and could be useful 
for better elucidating oocyte quality and fertility success rate.  

The combined approach based on histological and FTIR Imaging 
analyses of vitellogenic and mature swordfish oocytes let confirm our 
hypothesis about the influence of fishing area on the ZR thickness and 
macromolecular composition. Considering that these parameters are strictly 
related to oocyte quality and fertility success rate, these preliminary results 
are very encouraging to better understand reproductive biology of swordfish. 
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CONCLUSIONS 
 

Basic research in teleost fish species is crucial not only for the 

comprehension of sea life aspects but also to deepen topics related to human 

health. The present PhD project took into account physiological mechanisms, 

related to environmental issues, of wild and laboratory model fish species, 

evidencing how the vibrational approach can be useful to investigate a large 

number of specimens, without depending on their dimensions, complexity 

and diffusion. The vibrational approach combined with the visual and/or 

histological analysis showed its successful application in detecting and 

evidencing meaningful biochemical aspects, obtaining a great amount of 

information about the distribution of the most relevant biomolecules of 

tissues and cells with the corresponding biochemical composition of the 

sample.  

In particular, Raman Microspectroscopy was applied for the 

identification of the spectral features of Zebrafish embryos, in the specific 

context of their treatment with a proper fixative solution, in order to achieve 

and obtain the best spectral quality and conservation of the sample. The 

vibrational fingerprint of the fixatives was evaluated and statistically 

correlated with the corresponding visual outcome. This could represent a 

new, reliable and fast tool to be applied in Zebrafish embryos treatment and 

maintenance, as far as RMS measurements cannot always be performed as 

soon as the specimen is ready to be analyzed.  

In addition, and subsequently to the previous one, RMS analysis was 

performed to evaluate and detect several aspects related to the impairment 

on Zebrafish embryos after their exposure in water medium to two widely 

diffused perfluorinated compounds: PFOA and PFOS. RMS analyses 

highlighted several signals of metabolic stress, mainly at the higher doses of 

administered compounds, which impacted the biochemical composition of 
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yolk’s embryo, in terms of proteins, lipids, cholesterol and phosvitin bands. 

The spectral data suggest that the two observed compounds can penetrate 

the yolk sac, inducing alterations in all the just mentioned components, 

causing a lowering in the contents of lipids, proteins and phosphates and an 

altered trend of consumption related to a slowdown of the utilization of yolk’s 

proteins, lipids and phosphates.  

Besides this main topic, the impairment induced by endogenous and 

exogenous factors on the biochemical composition of swordfish oocytes was 

also investigated by applying Fourier Transform Infrared Imaging 

spectroscopy, evidencing the differences in composition in oocytes belonging 

to different geographical regions of the Mediterranean Sea, shedding a new 

light on the possibility of presence of different genetic stocks in the 

Mediterranean Sea. The differences in swordfish ZR thickness and 

macromolecular composition in relation with the fishing area, both as 

regards vitellogenic and mature oocytes, can improve knowledge in 

reproductive biology of swordfish, considered as a threatened species, and 

could further be useful for better elucidating oocyte quality and fertility 

success rate of this specie.  

In conclusion, the overall results of the present PhD project show that 

vibrational spectroscopies can provide rapid and precious information about 

different fish species, confirming and enriching histological and visual 

analyses: hence, these techniques revealed to be valuable tools for basic 

research studies in the field of fish metabolic and reproductive biology.  

 


