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Abstract: Pesticide residues are chemicals frequently found in food as contaminants. Pesticides may
have adverse health effects, particularly when the digestive tract is concerned, as a consequence
of food ingestion. Deltamethrin is a pyrethroid pesticide widely used in various fields, such as
agriculture, veterinary and in the household, so the ingestion of a small amount of this chemical may
occasionally occur. To assess whether exposure to pesticide residues may have a biological effect at
the intestinal level, it is primarily necessary to perform in vitro exposure experiments about cell lines
models of the intestinal barrier at low concentrations of the chemical. In the present study, CaCo-2
cells were exposed to different concentrations of a Deltamethrin-based commercial pesticide, which
was diluted in the cell medium. An MTT viability test indicated that the cytotoxic concentration value
of the pesticide inside 1 mL of medium is between 10~¢ and 10> mL. However, the analysis of Raman
spectra found that biochemical changes occur inside cells exposed to a non-cytotoxic concentration of
107% mL of the pesticide inside 1 mL of the medium. Such changes involve mainly an increase in the
ratio between the amount of lipid with respect to that of the protein components in the cell cytoplasm.
The results obtained by Raman micro-spectroscopy were confirmed by fluorescence images obtained
by using a fluorophore staining neutral lipids. Overall, the obtained results suggest that Raman
micro-spectroscopy can be successfully used to monitor the cellular modifications due to exposure at
low concentrations of pesticides, as those values that can be found inside food are residuals.

Keywords: Raman micro-spectroscopy; pesticide; CaCo-2 cells

1. Introduction

Pesticides are chemicals widely used in agricultural and household environments
to eliminate parasites and insects that transmit various diseases to plants, animals and
humans. As a rule, they are commercially available as formulations that contain at least
one active substance that allows the product to perform its action. Other substances (called
coformulants) are generally added to it, in order to dissolve them more easily in water, to
preserve their stability and effectiveness or to improve their penetration into the target
organism. Nevertheless, the mixture of active substances and coformulants may result in
increased toxicity [1]. Hence, there are rigorous limits for permissible pesticide residues
in food, and also because ingestion is one of the main mechanisms by which people come
into contact with pesticides. Therefore, it is of primary importance to investigate the effects
of the exposure to food contaminants for human health.

Among the pesticides, pyrethroids (synthetic substances of natural origin with an
insecticidal and acaricidal action) have been used for many years, mainly in agriculture [2],
veterinary [3] and home pest control [4]. Their extensive use increases the exposure to these
substances. Indeed, many studies pointed out that the human ingestion of pyrethroids
residues through foods [5,6] and dust [7,8] increases the exposure risks with respect to
the environmental inhalation pathway. In particular, Deltamethrin is one of the most
important pyrethroid chemicals, because it is widely used in all the above fields, i.e., for
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agricultural [9,10], veterinary [11] and household [12] scopes. Although precise rules
describe the maximum concentrations of use for these substances, it has been reported that,
when they are combined with each other to make mixtures, they can produce significant
effects, even for concentrations below those considered safe when used individually [13].
Indeed, pyrethroids have been detected in relatively low concentrations in some fruits and
vegetables [14]. Hence, it is worth investigating the effects arising after exposure to low
concentrations of pesticides.

In particular, the use of in vitro models is the first step to take in order to obtain
information about the effect of a xenobiotic chemical at the cellular level. In a previous
work, we found that modifications of protein linkages between amino acids and, in a
minor amount, lipids occurred in normal human keratinocyte cells after exposure to a
commercial pesticide with a very low concentration of Deltamethrin [15]. Indeed, our
previous experiment investigated the effects occurring after exposure to a pesticide by
contact action. In that paper, the investigated samples were cells from the epidermitis, the
outermost layer of the skin. Instead, the study of effects related to residual pesticides in
food should involve cells from the intestinal tract and digestive area. In particular, the
intestinal epithelial cells may be exposed to significant concentrations of these chemicals,
because the intestinal barrier represents the border line between the human body and the
chemicals introduced inside it with food. Therefore, epithelial cells from the intestinal
barrier represent a proper model to evaluate in vitro the toxicity of food contaminants.
Many cellular models replicating the human intestinal epithelium have been described
in the literature to estimate cytotoxicity [16]. In particular, CaCo-2 cells have proved to
be a suitable model for investigating intestinal absorption and the toxicity of xenobiotic
chemicals [17]. In fact, cultured CaCo-2 cells, which arise from an immortalized cell
line of human colorectal adenocarcinoma, keep the main morphological and functional
characteristics of intestinal cells [16,18].

One of the first tests to be carried out to determine the admissible doses of pesticides
can be obtained by estimating the viability of cell cultures exposed to these substances
at different concentrations in order to identify the cytotoxic concentration, which deter-
mines the death of more than 50% of the exposed cells. However, these assays do not
provide enough information about the presence of any biochemical alterations induced
by the substance inside the cells that remained alive during the exposure process. For
several years, Raman micro-spectroscopy has been successfully applied as a versatile tool
for biomedical and bioanalytical applications [19], because of its property of providing
biochemical information in a label-free manner, with easy sample preparation [20,21]. This
technique allows to analyze biochemical and structural changes in the main cellular com-
ponents (proteins, DNA and lipids) due to its high sensitivity in detecting modifications in
the spectral signals related to the functional groups of the most important biomolecules.
The potentiality of the Raman technique as a diagnostic tool for the identification of early
neoplastic modifications of cells and tissues has been demonstrated in many works [22-24].
Besides the diagnostic application, Raman micro-spectroscopy has also been applied to
detect biochemical changes occurring in cells in response to drug treatment [25], ionizing
radiations [26], lipidomics [27], early apoptosis [28] and necrosis [29] processes.

In this work, we investigate the biochemical effect at the cellular level arising from the
exposure of CaCo-2 cells to a low concentration of a commercial pesticide. After performing
a viability test, we properly selected a non-cytotoxic concentration of the chemical for the
exposure experiments, and we analyzed the cells before and after exposure by means
of Raman micro-spectroscopy. The aim of this work is to point out that Raman micro-
spectroscopy is able to detect the eventual biochemical effects that occur in CaCo-2 cells
exposed to low concentrations of pesticide. This can be demonstrated by identifying any
spectral biomarker that differentiates the Raman spectra of unexposed cells from those
of exposed cells. Our results show that cellular modifications start after an exposure to a
low concentration of the commercial pesticide. The modifications at the cytoplasmic level
mainly involve the modification of the balance between lipid and protein components,
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with an increase in the former with respect to the latter. This result was confirmed by
fluorescence images.

2. Materials and Methods
2.1. Cell Culture and Preparation

Human colonrectal adenocarcinoma (CaCo-2) cells were obtained from ATCC (Manassas,
VA, USA). They correspond to human colonrectal adenocarcinoma epithelial cells line isolated
from colon tissue derived from a 72-year-old male. CaCo-2 cells were grown in Dulbecco’s
Modified Eagle’s medium (DMEM), supplemented with 4 mmol dm 2 L-glutamine, 1% peni-
cillin/streptomycin, 10% fetal bovine serum (FBS) and 1% non-essential amino acids (NEAA),
at 37 °C and 5% CO;. A commercial pesticide containing Deltamethrin as active substance
was diluted using the complete medium as a solvent and obtaining serial solutions at different
concentrations. Such a commercial pesticide is named as “Deca Flow 2.5”. It is a concentrated
insecticide in aqueous suspension, whose datasheet reports that 100 g of product contains:
2.55 g of Deltamethrin, 3.68 g of coformulants and the remaining part consists of solvent and
water. Cells were seeded in 24 multi-well plates at a concentration of 7 x 103 for each well.
Before exposure, the cells were washed with PBS and subsequently 1 mL of pesticide solution
at different concentrations was added to each well. For each concentration, 4 samples were
carried out. The cells were exposed for 24 h to different concentrations of the commercial
pesticide solution, with increasing concentrations from 107 to 10~> mL of pesticide inside
1 mL of medium. The concentration of the pesticide solution suggested by manufacturer
for commercial use corresponds to 5 x 10~ mL of pesticide inside 1 mL of water. The
investigated concentration values are much lower with respect to the suggested value because
our aim is that of studying the effects of pesticide residues on the cells from intestinal tract.
The (3-(4,5-Dimethylthiazol-2-y1)-2,5-Diphenyltetrazolium Bromide) (MTT) method was used
as viability test to evaluate the cytotoxic concentration of the chemical [30].

The cells to be measured by Raman micro-spectroscopy were cultured on glass cov-
erslip after a proper poly-lysine coating was deposited on the glass surface. The cultured
cells, both control and 24 h exposed, were fixed in paraformaldehyde 3.7% and stored in
Petri dishes with phosphate-buffered saline (PBS) solution until Raman spectra acquisition.
Each glass coverslip sample was rinsed in deionized water, in order to remove residual
PBS, before Raman measurements.

2.2. Raman Spectroscopy

Raman spectra were measured by means of a Raman confocal micro-spectrometer
apparatus (Labram from Jobin-Yvon Horiba, Montpellier, France), equipped with an Olym-
pus 100x oil-immersion objective, in the range 950-3100 cm~!. The 514.5 nm line of an
Ar ion laser was used as exciting beam, resulting in a diffraction-limited spot focused on
the sample less than 1 um diameter. Each measured cell was excited with a laser power of
6 mW. The spectrum obtained from each single cell consisted of the average signal of three
consecutive acquisitions of 10 s each one. About 40 randomly chosen cells were measured,
both for control and exposed sample. The light scattered from the sample was collected in
backscattering geometry. The Raman scattered light was analyzed by a diffraction grating
with 600 grooves/mm and it was detected by a charge-coupled device (CCD). Before each
Raman spectrum, optical images of the measured cells were obtained by a CCD camera in
order to select the cellular compartment from which to measure the signal. The spectral
resolution was about 5 cm ™! /pixel. The background signal was measured by moving the
objective to coverslip regions where no cell was located.

2.3. Spectral Processing and Data Analysis

Each collected Raman spectrum was preprocessed firstly by subtracting the corre-
sponding background signal and then by performing a subtraction of the cell fluorescence
and stray light signal, described by a fifth-order polynomial function. Finally, area nor-
malization procedure was achieved in order to normalize to the total amount of biological
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material in the sampling volume. After that, an average normalized spectrum was calcu-
lated for each cell type.

PeakFit software (version 4.12, Systat Software) was used to perform deconvolution
analysis of the Raman spectra. SigmaPlot software (version 12.5, Systat Software) was used
to estimate the statistical differences between the two groups of different cells by means of
the t-test method.

2.4. Fluorescence Measurements

CaCo-2 cells were seeded in 24 wells of a cell plate (Corning) at a concentration of about
5 x 10* cells/well and they were allowed to attach to the plate. Then, the culture medium
was removed from four wells and a complete medium containing 100 mg m1~! of oleic
acid (Sigma: 03008, St. Louis, MO, USA) with 10% sterile filtered bovine serum albumin
(BSA) in DPBS was placed in such four wells. Finally, the cell plate was placed for 24 h
inside an incubator in order to allow lipid droplets to accumulate inside cells. Afterward,
other four wells of the plate were exposed for 24 h to the pesticide at a concentration of
10~® mL inside 1 mL of medium. Correspondingly, control cells were placed in other four
wells. Then, the BODIPY 493-503 (D3922, Thermofisher, Waltham, MA, USA), which is a
fluorescent fluorophore staining the neutral lipids, was added to the above 12 wells at a
concentration of 10 pug ml~!. After washing twice with DPBS, each well was fixed with
Paraformaldehyde (PFA) solution with concentration of 3.7% in PBS and it was observed by
means of an inverted optical fluorescent microscope (Olympus IX71). All experiments were
performed at room temperature

3. Results

The effects of 24 h pesticide exposure on the CaCo-2 cells have been primarily eval-
uated by the MTT method, which assesses the cell health according to the mitochondrial
activity. Based on the 50% criterion, the cytotoxic concentration corresponds to exposure to
the pesticide with a concentration value between 10~° and 10~> mL inside 1 mL of medium,
as can be deduced from Figure 1. Therefore, the 24 h exposure to the pesticide concentration
of 10~ mL results to be non-cytotoxic for the cells. As the aim of this work is to investigate
by Raman micro-spectroscopy the eventual biochemical modifications occurring in CaCo-2
cells exposed at a pesticide concentration below the cytotoxic value, we investigated only
the unexposed cells (control) and those exposed to the pesticide concentration of 107° mL.
Although the viability value is 60.7% for this latter concentration, we remark that the
cells measured by the Raman technique are those attached to the glass coverslip, which
are alive before the fixation process (whereas most of the dead cells were detached from
the coverslip).
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Figure 1. Results of average viability and standard deviation values of CaCo-2 cells exposed for 24 h
to different concentrations of a commercial pesticide with Deltamethrin as active ingredient. The
values reported on the horizontal axis refer to the volume of pesticide inside 1 mL of medium. The
viability values have been obtained according to the MTT assay.
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The Raman spectra of cells from the same cellular type can be slightly different
because of the heterogeneity of the subcellular compartments from which the signal is
measured. Therefore, the average spectra measured from many control and exposed
cells should primarily be compared with each other to investigate the modifications of
a cellular structure and biochemical composition as a consequence of a chemical stress.
In order to discriminate signals due to different cellular components, we acquired two
Raman spectra for each cell by focusing the laser beam firstly inside the nucleus and
then inside the cytoplasm. In the former case, we measured the Raman signals mainly
from the nucleus components (nucleic acids, DNA/RNA and proteins) and, to a lesser
extent, plasmatic membrane components (mainly proteins and lipids); in the latter case, the
nucleus components are excluded from the sampled volume. In this way, the comparison
of the average spectra of the control and exposed cells can allow to investigate separately
the similarities and differences in the nucleus and cytoplasm compartments.

In order to detect the spectral markers of specific cellular components, a comparison
between the average Raman spectra of the control CaCo-2 cells, measured by focusing the
laser beam inside the nucleus and inside the cytoplasm, is reported in Figure 2a,b for the
950-1750 and 2800-3100 cm ! spectral ranges, respectively. The signal was not acquired
below 950 cm ! because a band due to the coverslip glass is located at 800 and 950 cm ™~
this band cannot be completely removed by means of the background subtraction procedure
described in Section 2. Therefore, the presence of such a spurious and cell-to-cell variable
signal could affect the area normalization process described above. The spectra in Figure 2
consist of many Raman peaks, which can be attributed according to previously published
works [31]: the most prominent peaks are labeled in Figure 2 and reported in Table 1.
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Figure 2. Average normalized Raman spectra from the cytoplasm (black lines) and nucleus (red lines)
regions of control CaCo-2 cells in the 980-1750 em ! (a) and 2800-3100 cm ! (b) spectral range. The
attributions of the main spectral features are labeled [31]. Abbreviations: p: proteins; I: lipids; na:
nucleic acids; br: breathing mode; str: stretching; bend: bending; tw: twisting; def: deformations;
sym: symmetric; asym: asymmetric; Phe: phenylalanine; Tyr: tyrosine; Trp: tryptophan; A: adenine;
G: guanine.
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Table 1. Assignment of Raman spectral structures, according to previous results reported in liter-
ature [31] and in the present investigation. Abbreviations: Phe: phenylalanine, Tyr: tyrosine, Trp:
tryptophan, p.: proteins, 1.: lipids, d: DNA backbone, n.a: DNA bases, str: stretching, bend: bending,
def: deformation, wagg: wagging, twist: twisting, sciss: scissoring. The highlighted peaks will be
investigated by ratiometric analysis (see text).

Spectral Position (cm~1) Assignment
1003 (ring breathing, Phe)
1035 (C-H in-plane bend., Phe)
1060 (C-Nstr,, p.) + (CCstr, 1.)

1080-1095 (PO, str., d) + (C-N str., p.) + (C-C str., p.)
1130 (C-Nstr,, p.) + (C-Csstr., 1)
1180 (C-Hbend., Tyr, Phe)

1210 (C-H bend., Trp, Phe)

1260-1270 (Amide III, p.)

1280 (C-H def, 1)

1300-1320 (CH; twist., 1.) + (CHj3 def., CH, wagg., p.)
1340 (CHj3 def., CH, wagg., p. and n.a.)
1380 (ring breathing, n.a.)

1450 (CH; sciss., 1.) + (CHj sciss., p.)
1480 (ring breathing, n.a.)

1580 (ring breathing, n.a.) + (C=C str., p.)
1610 (C=Cstr., Phe, Tyr., Trp.)

1660 (Amide I, p.) + (C=Cstr., L)
2858 (CH, symmetric stretching, 1.)
2890 (CH; asymmetric stretching, p.+1.)
2940 (CH3 symmetric stretching, p.+1.)
2980 (CHj3 asymmetric stretching, p.+1.)

The main spectral differences between the nucleus and cytoplasm spectra are related
to a large contribution of the vibrational modes of DNA and nucleic acids in the former (red
lines) and to an important influence of the peaks involving the lipid in the latter (black lines).
However, the major Raman peaks in both spectra are related to the protein vibrational
modes, specifically amide I (at about 1660 cm~'), amide III (at about 1260-1270 cm 1),
CH (at 1320 and 1340 cm ') and CHj (at 1450 cm~!) bending, the ring breathing of the
Phenylalanine (at 1003 cm '), CC (at 1060, 1082, 1580, 1610 cm~') and CN (1060, 1082 and
1130 cm ') stretching modes, the asymmetric CH, stretching modes (at about 2890 cm™1)
and the symmetric and asymmetric CHj stretching modes (at 2940 and about 2980 cm ™!,
respectively). In the spectrum sampling cytoplasm, well-resolved lipid vibrational peaks are
observed at 1305 cm ™! (CH, bending) and at about 2858 cm~! (CH, symmetric stretching),
although the lipid contribution to the Raman spectrum is overlapped to the protein signal at
1060, 1082, 1130, 1450, 1660, 2940 and 2980 cm L. Instead, the nucleic acids and DNA /RNA
peaks are overlapped to protein peaks in the spectrum sampling nucleus, particularly at
1095 cm~! (PO, ™~ phosphodioxy bond of phosphate group), 1340 cm~! (CH bending), 1380
and 1580 cm ! (ring breathing of DN A /RNA bases).

The spectra in Figure 2 are very similar to those measured by K. Beton et al. for
different cellular compartments of CaCo-2 cells [32-34], except for the relative intensity of
the amide I peak, which is quite large with respect to the intensity of the spectra in Figure 2.
Probably, this is due to the background subtraction procedure which, in our case, slightly
decreases the intensity of the amide I peak, because of the small Raman peak due to the
OH bending of water at 1640 cm 1 [35]. In fact, our spectra are more similar, particularly
where the fingerprint region is concerned, to those measured by R. Algazheer et al. about a
freeze-dried pellet of CaCo-2 cells [36]. Instead, the spectra in Figure 2 are quite different
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from those measured by A.F.D. de Namor et al., although these last authors did not provide
any information about the pretreatment of the measured Raman data [37].

The normalized and average Raman spectra measured from the nucleus and cyto-
plasm compartments of the control and exposed CaCo-2 cells are shown in Figure 3a,b,
respectively. Most features of these Raman spectra are very similar, but several of them
showed small visual differences from the control to the exposed cells. In particular, it is
evident in Figure 3a that the intensity of the nucleic acids-related signals at 1340, 1380 and
1580 cm !, as well as that of a few protein-related signals at 1260 and 1320 cm !, is lower
in the exposed cells than in the control ones, whereas some protein-related features at 1003,
1130, 1320, 1610, 1660, 2900 and 2945 cm™~! are characterized by a larger intensity in the
exposed than in the control cells. Correspondingly, Figure 3b emphasizes the intensity
decrease in the protein-related peaks at 1260, 1340, 1580 and 3070 cm~! in the exposed
cells with respect to the control ones, whereas the intensity of the lipid peak at 2858 cm !
increases in the exposed cells and that of the lipid peak at 1305 cm ! is almost unchanged
for the two types of samples. In addition, all the Raman peaks related to the overlapping
contribution of the proteins and lipids is larger in the exposed cells than in the control ones.
Therefore, these intensity changes suggest that the chemical exposure causes biochemical
modifications in the intracellular environment, although the exposure concentration is at a
lower level than that of the cytotoxic one. Nonetheless, Raman micro-spectroscopy is able
to detect such biochemical modifications.
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Figure 3. Comparison between average normalized Raman spectra measured from the nucleus
(a) and cytoplasm (b) regions of control (black lines) and exposed (red lines) CaCo-2 cells.

However, it is not clearly evident in Figure 3 what cellular components and bonds are
mostly modified by the action of the chemical. In order to further investigate such an issue,
it has to be remarked that Figure 3 shows the comparison between normalized spectra: as a
consequence, it is scarcely helpful to consider the intensity change in a given Raman peak
from the control to the exposed spectrum. Instead, the ratio between the relative intensities
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of two or more specific Raman peaks has to be analyzed. For this purpose, it is essential to
properly select the Raman peaks whose intensity ratios should be analyzed.

In particular, the spectra measured in the region of the nucleus could provide infor-
mation about the influence of the chemical on the components related to nucleic acids and
proteins by investigating the modification of the ratio between the intensities of specific
Raman peaks related to these components. In fact, nucleic acids and proteins mainly
characterize the Raman spectra acquired in the nucleus region, while spectral structures
due to lipids are scarcely visible and resolved. Therefore, as an index of the modification of
the nucleic acids-related components compared to the proteins-related ones in the nucleus
region, we can consider the ratio between the intensity of the peak at 1340 cm~!, due to the
CH deformation vibrations both in the proteins and in the nucleic acids, with respect to the
intensity of the peak at 1320 cm ™!, due to the vibrational modes of the CH deformation
related exclusively to the proteins. The choice of this ratio (I1340/11320) is because the Raman
peak at 1340 cm ™! has the largest intensity among those related to the vibrational modes of
the nucleic acids.

Instead, the Raman spectra measured on the cytoplasm region can be used to evaluate
the action of the chemical on the lipids and proteins present in this subcellular compartment.
In this case, to compare the effects of the Deltamethrin-based pesticide on these two cellular
components, the intensity ratios of various Raman peaks whose intensities are relatively
large can be considered. The spectral position of such Raman peaks is highlighted in grey
in Table 1. In particular, the following three intensity ratios can be analyzed to estimate the
changes that occurred in the lipid component with respect to the protein component: (i) the
ratio (Iogss /Ipg40) between the intensity of the peak at 2858 cm ™!, due to the CH, symmetric
stretching of the lipids, with respect to the intensity of the peak at 2940 cm !, due to the
CHj3 symmetric stretching of both the proteins and lipids; (ii) the ratio (I1305/11340) between
the intensity of the peak at 1305 cm ™1, due to the CH, twisting of the lipids, with respect to
the intensity of the peak at 1340 cm ™!, due to the CH deformation vibration of the proteins;
and (iii) the ratio (I1450/ Iamigern) between the intensity of the peak at 1450 cm ™!, due to the
CH; deformation vibration of both the lipids and proteins, with respect to the intensity of
the peak at about 1260 cm !, due to the amide III vibrational mode of the proteins.

A ratiometric analysis of vibrational spectra has been successfully used for many years
for the interpretation of results from spectral measurements. Many works have shown
that it could be promising for application in disease diagnosis [38]. The intensity ratio
of many Raman peaks has been analyzed for investigating the effect of the chemical or
physical stress on a cellular sample, as well as the different stages of pathology [38]. Our
choice of the above ratios was made according to three factors, i.e., the choice of (i) the
relatively large intensity peaks involved in the ratio; (ii) well-resolved peaks; and (iii) the
ratio between two peaks, where at least one of the two is related to only one type of the
main cellular components (nucleic acids, proteins or lipids).

In order to estimate the above intensity ratios, we achieved a deconvolution analysis
of each measured spectrum in the spectral range, including the above Raman peaks, as
shown in Figure 4, for the Raman spectrum collected from the cytoplasm region of a
typical control CaCo-2 cell. In particular, each spectrum was fitted by means of Voigt
functions, consisting of overlapped Gaussian and Lorentzian functions [39,40]. For each
fitting procedure, the spectral positions of the fitting functions were fixed, according to
the minima of the second derivative function of the experimental spectrum. Such a step
was performed in order to minimize the fitting parameters and to make the fit as reliable
as possible. Fitting procedures by means of Voigt functions have been reported by G.
Pezzotti as a very useful tool for the deconvolution of Raman spectra in cell biology and
microbiology [21]. However, other functions, such as Lorentzian [41] and Gaussian [42]
ones, have been reported. We used Voigt functions because they better fit the Raman spectra
than Lorentzian and Gaussian functions.
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Figure 4. Typical Raman spectrum of control CaCo-2 cells (black dots) with deconvolution analysis
by means of Voigt functions. The single Raman peaks are shown by red dash lines, whereas the sum
of the Raman peaks corresponds to the continuous red line. The spectral position of the Raman peaks
has been deduced by minima of second derivative spectra (continuous black lines), as indicated by
dash-dotted lines.

After the deconvolution procedure, the areas of the specific Voigt functions related to
the Raman peaks above, selected for estimating the effects of the chemical on the cellular
components, were calculated. Therefore, the intensity ratios I;349/11320 for the nucleus
region and Ipgss /12940, 11305 /11340 and 11450/ Limiderr Were estimated according to the areas
of the corresponding Raman peaks. The investigated area ratios are reported in Figure 5.
The action of the chemical at the nucleus level causes a slight decrease in the intensity of the
nucleic acids peak with respect to that of the protein one, as visible in Figure 5a. However,
the I1340 /1130 area ratio values of the control cells are not statistically significantly different
from those of the exposed cells. Hence, it can be deduced that the action of the chemical is
mild at the nucleus level so that the balance between the main cellular components of the
nucleus is only slightly modified, where the nucleic acid bonds are more altered than the
protein bonds. Such a result is in good agreement with what R. Alghazeer et al. have found
about the decrease in the intensity of the 1336 cm ™! peak with respect to that of the amide
III band for the Raman spectra of CaCo-2 cells exposed to polyunsaturated fatty acids in
comparison with the Raman spectra of control cells [36]. In particular, these authors found
a large and statistically significant decrease in the above intensity peaks ratio. Probably,
this is due to the large concentration of the investigated chemical (100 pug/mL methyl
linoleate or fish oil), whereas in our case, the chemical concentration is well lower than the
cytotoxic value.

On the contrary, Figure 5b—d clearly highlight that the balance between the lipid and
protein components in the cytoplasm region is definitely modified, as can be deduced from
the largely significant difference between the Ingsg /12940, 11305 /11340 and I1450/Iamiden for
the control and exposed cells. The values of all three investigated area ratios are larger
in the exposed than in the control cells. This result is in strong disagreement with that of
R. Alghazeer et al., because they found a decrease in the intensity ratio of the 1302 cm ™!
Raman peak with respect to the amide III band, after the exposure of the CaCo-2 cells to
polyunsaturated fatty acids [35]. However, these authors exposed the CaCo-2 cells to a
large concentration of chemical, as reported above, so that lipid peroxidation occurred with
a dramatic injury to the plasmatic membrane (which they confirmed by means of atomic
force microscopy images).
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Figure 5. Box plots reporting the comparison of the area ratios for selected peaks, related to different
cellular components, in the normalized Raman spectra of control and exposed CaCo-2 cells. In (a),
the ratio between the area of the peak centered at about 1340 cm ™! (related to CH deformation of
protein and nucleic acid components) with respect to the area of the peak at 1320 cm~! (related to
protein components) for spectra from nucleus region is reported; in (b), the ratio between the areas of
the peak centered at about 2858 cm ™1 (related to lipid components) with respect to the area of the
peak at 2940 cm ™! (related to both protein and lipid components) for spectra from cytoplasm region
is shown; in (c), the ratio between the area of the peak centered at about 1305 cm™! (related to lipid
components) with respect to the area of the peak at 1340 cm ! (related to protein components) for
spectra from cytoplasm region is displayed; in (d), the ratio between the area of the peak centered
at about 1450 cm ™! (related to both lipid and protein components) with respect to the area of the
peak of amide IIT at about 1260 cm ™" (related to protein components) for spectra from cytoplasm
region appears. Mean and median values are shown with red and black lines, respectively, inside
each box. Whiskers correspond to 5th and 95th percentiles and black dots correspond to outliers.
The statistically significant differences among each group of cells (dashed lines, ns indicating not
significant, while * indicating statistical significance with p < 0.001) were estimated by means of
Anova test.

Therefore, our Raman data suggest that the action of the chemical substance at a low
concentration is mainly limited at the cytoplasmic level and involves a modification of the
balance between the lipid and protein components, due to an increase in lipids with respect
to proteins or a decrease in proteins with respect to lipids. The analysis of the normalized
Raman spectra cannot specify precisely which one of the two previous cases occurs.

To try to get more insight about lipids modifications in exposed cells with respect
to control ones, we performed an assessment of the lipid content inside CaCo-2 cells by
means of fluorescence images, after the cells” exposure to the pesticide with the investigated
concentration. In particular, we obtained fluorescence images by using the fluorophore
BODIPY (D-3922), which is targeted to quantify neutral lipids and lipid droplets content.
From typical fluorescence images, shown in Figure 6, it can be deduced that the fluorescence
increases from the control (Figure 6a) to the 5 x 10~8 M exposed (Figure 6b) cells, because
of the increase in neutral lipid synthesis. In particular, the fluorescence intensity from the
exposed cells is similar to that from oleic acid exposed cells (Figure 6¢). Oleic acid usually
serves as a positive control for increased neutral lipid content because it is known to be an
inducer of triglyceride synthesis and storage [43].
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Figure 6. Fluorescence of (a) control cells and (b) cells exposed to a commercial pesticide concentration
of 107% mL inside 1 mL of medium, after exposure to BODIPY 493-503 nm having a concentration of
10 pg-mL~! at room temperature. Cells exposed to oleic acid (positive control) are shown in (c). The
scale bars correspond to 200 pm.

Therefore, the modifications of the lipid-to-protein ratio in the cell cytoplasm, observed
by means of Raman micro-spectroscopy, correspond to an increase in the lipids amount
with respect to the proteins amount and it might be related to a response of the cells
to the modifications related to the pesticide action, with the formation of lipid droplets.
The increased lipid droplets could have a probable role in repairing the damage of the
membrane as a consequence of the pesticide action [44,45].

4. Conclusions

The obtained results point out that Raman micro-spectroscopy measurements and the
ratiometric analysis of spectra are able to highlight cellular modifications occurring inside
the cytoplasm of CaCo-2 cells, a model of epithelial cells from the intestinal barrier, after
exposure at a non-cytotoxic concentration of a Deltamethrin-based commercial pesticide.
In particular, such modifications, mainly concerning the increase in the amount of the lipid
component with respect to the protein one, are not enough to cause cell death, because
they are measured in cells that are alive following exposure. Probably, the increase in the
lipid component amount is related to the formation of lysosomal vesicles which bind to the
plasmatic membrane in order to activate membrane repair mechanisms, which are needed
after the membrane damage caused by the pesticide action. Regardless, in the investigated
topic, the increased intensity of lipid peaks can be considered a spectral biomarker of the
residual pesticide exposure at the intestinal level.

Raman micro-spectroscopy has several advantages with respect to other conventional
tests for evaluating biochemical damage (viability, senescence, fluorescence, apoptosis
and necrosis assays, etc.). In fact, most biological assays are time-consuming and/or they
are based on the use of expensive and non-physiological chemicals, such as reagents,
antibodies and dyes. On the contrary, the Raman technique requires little time for the
preparation of the sample, it is label-free and allows the simultaneous detection of several
cellular components, with samples that are not destroyed by the measurement procedure.
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In addition, the Raman technique is able to yield information at the single-cell level, unlike
many biological assays.

However, some drawbacks need to be properly addressed and solved before the
Raman technique can be routinely used in biomedical laboratories to achieve a biochemical
analysis at the cellular, tissue or biofluid level. Indeed, the signal collection efficiency needs
to be optimized, because weak Raman signals can lead to a long acquisition time. Moreover,
substrate and sample auto-fluorescence can overwhelm the Raman signal, so a proper
background subtraction procedure should be optimized and standardized. In addition, in
most cases, the biological molecules inside investigated samples are minimally affected by
the chemical and/or physical stress process or by the onset of pathology, so a sophisticated
procedure for a spectra analysis is required (ratiometric analysis, multivariate analysis, etc.)
to emphasize the biochemical modifications.

Eventually, the Raman approach proved to be highly sensitive for the detection of
the pesticide effect at an exposure concentration lower than that of the cytotoxic value.
Although the exposure at a low concentration is not enough for the cell death nor for
the onset of typical cellular processes, such as apoptosis and lipid peroxidation, it is
able to cause cellular modifications which could evolve toward cellular pathologies. In
addition, the Raman technique can be also used as a complementary diagnostic method
in the cases from mild-to-moderate pesticide overexposures, when a nonspecific clinical
presentation occurs. Such cases are mainly found in agricultural workers. Hence, Raman
biomarkers for exposure could be applied in epidemiological studies in order to improve
our understanding of the health effects of pesticide exposure in both the short and long term.
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