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ARTICLE INFO ABSTRACT
Keywords: Genotoxicity is an important information that should be included in human biomonitoring programmes. How-
Molecular profile ever, the usually applied cytogenetic assays are laborious and time-consuming, reason why it is critical to
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develop rapid and economic new methods. The aim of this study was to evaluate if the molecular profile of frozen
whole blood, acquired by Fourier Transform Infrared (FTIR) spectroscopy, allows to assess genotoxicity in
occupational exposure to antineoplastic drugs, as obtained by the cytokinesis-block micronucleus assay. For that
purpose, 92 samples of peripheral blood were studied: 46 samples from hospital professionals occupationally
exposed to antineoplastic drugs and 46 samples from workers in academia without exposure (controls). It was
first evaluated the metabolome from frozen whole blood by methanol precipitation of macromolecules as hae-
moglobin, followed by centrifugation. The metabolome molecular profile resulted in 3 ratios of spectral bands,
significantly different between the exposed and non-exposed group (p < 0.01) and a spectral principal
component-linear discriminant analysis (PCA-LDA) model enabling to predict genotoxicity from exposure with
73 % accuracy. After optimization of the dilution degree and solution used, it was possible to obtain a higher
number of significant ratios of spectral bands, i.e., 10 ratios significantly different (p < 0.001), highlighting the
high sensitivity and specificity of the method. Indeed, the PCA-LDA model, based on the molecular profile of
whole blood, enabled to predict genotoxicity from the exposure with an accuracy, sensitivity, and specificity of
92 %, 93 % and 91 %, respectively. All these parameters were achieved based on 1 pL of frozen whole blood, in a
high-throughput mode, i.e., based on the simultaneous analysis of 92 samples, in a simple and economic mode. In
summary, it can be conclude that this method presents a very promising potential for high-dimension screening
of exposure to genotoxic substances.

1. Introduction information is often the key contributor to the understanding of carci-
nogenicity and other genetic diseases, being widely used in safety risk

Genotoxicity refers to the ability of harmful substances - chemical, assessment of chemicals, together with general toxicity, carcinogenicity,
physical, and biological - to interact with genetic material, which can reproductive toxicity, and other endpoints [2]. Monitoring genotoxicity
result in genomic instabilities and multiple mutations which are asso- in occupational and environmental surveillance programmes is
ciated with various diseases, namely cancer [1]. Therefore, this extremely important, since it allows the detection of early effects that
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result from the interaction between the individual and the environment,
enabling tackle health risks derived from exposure, usually complex
chemical mixtures [3-5].

Cytogenetic methods are important in the search for DNA damage,
resulting from environmental and occupational exposure to chemical
pollutants and physical factors, such as ionizing radiation [6]. The
cytokinesis-block micronucleus (CBMN) assay is a comprehensive sys-
tem for measuring DNA damage, cytostasis and cytotoxicity. DNA
damage events are scored specifically in once-divided binucleated (BN)
cells and include (i) micronuclei (MNi), a biomarker of chromosome
breakage and/or whole chromosome loss, (ii) nucleoplasmic bridges
(NPBs), a biomarker of DNA misrepair and/or telomere end-fusions, and
(iii) nuclear buds (NBUDs), a biomarker of elimination of amplified DNA
and/or DNA repair complexes [7]. It is a quite dynamic assay, since it
has been continuously evolving as a molecular cytogenetic method of
chromosomal instability [8]. The CBMN assay is often used on blood
samples in vitro/ex-vivo to study genotoxic effects of chemicals
(reviewed in [9]), demonstrating its continuous importance for the
future as one of the most reliable, well established and feasible geno-
toxicity tests [10]. The information about in vitro genotoxicity testing by
MN is gathered, revised and systematized in the Organization for Eco-
nomic Co-operation and Development (OECD) 487 Guideline [11].
Despite CBMN assay being less laborious, expensive and time
consuming, in comparison with chromosomal aberrations technique, the
procedure can take up to 5 days to complete [7].

The ideal method for routine genotoxicity monitoring should be
rapid, simple, economic, applicable in high-throughput measurements,
and with high sensitivity and specificity predictive values. Fourier-
Transform Infrared (FTIR) spectroscopy, associated to multivariate
data analysis, presents diverse characteristics that may enable to achieve
that requirements. The technique reflects vibrations between atoms in
molecules - related to atoms and atoms environment, thus providing
information concerning the biochemical composition of the analysed
system [12]. The molecular fingerprint acquired by the technique,
associated to data analysis, has been explored to predict very specific
and sensitive analysis, including cell differentiation [13], mechanisms of
cell death [14], bacteria typing at genus, species and strain level [15],
diseases diagnosis and prognosis, oxidative stress [16-18], cytotoxic
[19,20] and genotoxic effects evaluation [20-22]. The analysis pointed
before has been conducted in cells, tissue and biofluids [22-24].

Advantages of FTIR spectroscopy include its versatility in detection
modes, e.g., the analysis in high-throughput based on microplates with
multi-wells (from 96 to 1056), measuring microvolumes from 25 to 1 L,
where the spectra of one sample can be acquired in 1 min, with minimal
sample processing (e.g.: dehydration step with inexpensive reagents). In
a previous work, it was predicted from a drop of serum by FTIR spectra,
the genotoxicity information from the occupational exposure to anti-
neoplastic drugs - Cyclophosphamide (CP), 5-Fluorouracil (5-FU) and
Paclitaxel (PTX) - in hospital professionals, and compared with CBMN
assay results obtained [22]. A support vector machine model of serum
spectra enabled to predict genotoxicity with high accuracy (91 %),
however, to achieve these results whole blood should be maintained and
transported in cold storage (= 4 °C), between 24 and 48 h, until labo-
ratorial analysis. If blood centrifugation and analysis is not possible to be
conducted during the first 48 h after blood collection, blood should be
frozen, e.g., at —20°C, for the days to weeks until analysis. Advantages of
analysing frozen whole blood, pertain to the increased coverage of the
population that can be analysed. Since the method used only requires a
drop of blood, the discomfort and risks associated to blood collection can
be also minimised. To simplify the method previously developed [22]
and enable its application, even when centrifugation is not possible to
obtain serum, the present work evaluated the use of FTIR spectroscopy
in frozen whole blood to predict genotoxicity.

Freezing blood will lead to cell lysis, and the higher content of
erythrocytes (= 5 million per mL), and leukocytes (~ 5000 cells per mL),
can impair the models predictivity. The FTIR-spectroscopic analysis of
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whole blood will include not only DNA damage from leukocytes, but
also metabolites and other macromolecules from the extracellular
compartment of blood, leukocytes, erythrocytes, and platelets. There-
fore, genotoxic prediction will not be based on direct relationship be-
tween genotoxicity (i.e., DNA damage), but mostly from indirect
relationship between genotoxicity and general metabolism. For
example, the relationship between diverse drugs on genotoxicity,
oxidative stress and lipid peroxidation is well known [25-29], and even
on the metabolic impact of blood composition [23] and erythrocytes
[30]. In general, antineoplastic drugs can induce oxidative stress. CP
may impair redox balance in tissues, suggesting that biochemical and
physiological disorders can be caused by oxidative stress [31] and a
particular study that identified erythrocytotoxicity, which is character-
ized by oxidative stress and dyslipidaemia [32]. Also 5-FU induced an
increase in ROS levels both in vivo and in vitro [33,34]. Finally, PAX
mechanism of action also goes by inducing oxidative stress and
supressing cell viability and number [35,36].

In the present work, it was evaluated the prediction of genotoxicity
from the direct analysis of frozen whole blood. For that purpose, it was
assessed the univariate spectral analysis, the ratios of spectral bands of
the two groups of volunteers — 46 hospital professionals occupationally
exposed to the previously mentioned drugs, significantly presenting an
increase of genotoxic biomarkers in relation to 46 non-exposed subjects
[37,38]. It was also conducted a multivariate data analysis, as spectra
principal components analysis (PCA), to search for data patterns, and
supervised processing method based on PCA-Linear Discriminant Anal-
ysis (PCA-LDA), based on PCA scores to assign the samples to their
predicted groups, i.e., exposed versus non-exposed.

Since most of the frozen whole blood contains lysed erythrocytes,
and consequently a high quantity of haemoglobin (=95 % erythrocyte
dry cell weight is haemoglobin) and platelets, it was also evaluated the
impact of blood, particles and macromolecules removal. With that
purpose, it was used methanol to induce macromolecules precipitation
followed by centrifugation, as usually conducted to obtain the metab-
olome from serum and plasma [39]. After that, models to predict the
exposure to genotoxic compounds from methanol-based extraction and
frozen whole blood, based on spectra PCA-LDA, were compared.

2. Materials and methods
2.1. Subjects of study

The human volunteers participating in the current study were
described in previous publications of Ladeira et al. [37,38]. The study
was conducted in accordance with standards of ethics and received the
necessary approvals (ACT project 036APJ/09) from the institution’s
administrations and from each study participant with the informed
consent form. Peripheral blood was collected by venipuncture from 46
hospital workers occupationally exposed to antineoplastic drugs —
pharmacists, pharmacy technicians and nurses — and from 46 volunteers
from academia without this exposure (controls). Both groups were
apparently healthy and not statistically different in relation to sex and
alcohol drinking habits. The controls were slightly older (p = 0.006),
with an average age of 39 £+ 10 years old in comparison to exposed
group with 34 + 8 years old; and presented a higher number of smokers
(p = 0.08), with 9 regular smokers in relation to 4 regular smokers from
the exposed group.

2.2. CBMN assay

CBMN assay was conducted as described in Ladeira et al. [37].
Briefly, mononuclear cells were isolated from whole peripheral blood by
gradient isolation (Ficoll-Paque, Sigma-Aldrich), and subsequently
processed according to Fenech [7]. The cells were observed by optical
microscopy after air drying cells, in microscope slides and
double-stained with May-Griinwald-Giemsa and mounted with
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Entellan®. Two slides were analysed per sample, each one was coded
and analysed by an observer accordingly with the criteria described by
Fenech et al. [40]. Statistical analysis of diverse variables between the
groups were conducted by a Mann-Whitney U test (with IBM’s SPSS).

2.3. FTIR-spectroscopic analysis

Whole blood with EDTA anticoagulant was maintained several
weeks at - 80 °C until analysis. On the day of FTIR spectroscopic analysis,
frozen whole blood samples were defrosted, vortexed and diluted at 1/
10, 1/20 and 1/40 (v/v) in NaCl 0.9 % (w/v) (Sigma). In some experi-
ments, blood was diluted in phosphate buffer saline at pH 7.4, (PBS,
contained 137 mM NaCl, 2.7 mM KCI, 8 mM NayHPOQ,4, and 2 mM
KH3PO4), or was previously centrifuged (10 min, 14,000 rpm, 4°C)
(Mikro, with rotor 1195/L, Hettich Zentrifugen) before spectra
acquisition.

Metabolites extraction was conducted by mixing 150 pL of frozen
whole blood with 225 pL of methanol (Fisher Chemical), which was
subsequently vortexed for 30 s, and after 10 min resting was centrifuged
for 10 more minutes, at 14,000 rpm, 4°C (Mikro, with rotor 1195/L,
Hettich Zentrifugen). The supernatant was diluted at % (v/v) with NaCl
0.9 % (W/v).

FTIR spectroscopic analysis was based on transmission detection
mode, associated to a high-throughput reading system and all samples
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were analysed in triplicate. Briefly, triplicates of 25 pL of each sample
were transferred to a 96-wells Si plate and dehydrated for about 2.5 h in
a desiccator under vacuum (Vacuubrand, ME 2). Spectral data was
collected using a FTIR-spectrometer (Vertex 70, Bruker) equipped with
an HTS-XT (Bruker) accessory. Each spectrum represented 64 coadded
scans, with a 2 em! resolution, and was collected in transmission mode,
between 400 and 4000 cm L. The first well of the plate did not contain a
sample and the corresponding spectra was acquired and used as back-
ground, according to the HTS-XT manufacturer.

Spectra were pre-processed by offset baseline correction, unit-vector
normalization and second derivative using a Savitzky-Golay filter, with
a 2nd order polynomial over a 15-point window. Spectra PCA, based on
NIPALS algorithm, and PCA-LDA were conducted. Spectra pre-
processing and processing were conducted with The Unscrambler® X,
version 10.4 (CAMO software AS, Norway). Signal noise was determined
by the highest absorbance spectral band divided by the standard devi-
ation of noise between 1900 and 2000 cm™l. Student’s t-Test was
applied to ratios of baseline corrected spectral bands, using Microsoft
Excel™.

3. Results and discussion

The hospitals from which the exposed professionals worked, pre-
sented surfaces contaminated with one of the three studied drugs, or

NPB
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Fig. 1. Frequency of MN, NPB and NBUD in non-exposed (blue bars) and exposed (red bars) subjects.
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with more than one drug. The detailed data of antineoplastic agents’
exposure assessment was previously published in Viegas et al. [41] and
Ladeira et al. [37]. Oncology nurses and other healthcare staff in
oncology units are at risk of exposure to antineoplastic agents. Although
many contamination routes can be considered [42], it would seem that
contact with contaminated surfaces and also permeation of gloves can be
the predominant route of exposure due to dermal absorption [42-46].
With respect to genotoxicity, it was found significant increases of all the
genotoxicity biomarkers measured in exposed subjects in comparison
with non-exposed (Fig. 1), with p-values based on Mann-Whitney U test
< 0.0001, 0.01 and 0.06 for MN, NPB and NBUD, respectively. A sig-
nificant increase of MN frequency in professionals handling antineo-
plastic drugs was also observed in other studies [47-52].

3.1. Methanol based extracts from frozen whole blood

Frozen whole blood contains the result of lysed cells, mostly eryth-
rocytes, haemoglobin and cells membranes. After blood defrosting,
methanol was added to precipitate macromolecules [39], followed by
centrifugation to eliminate particles and precipitated macromolecules.
The supernatant spectra (Fig. 2A), and corresponding PCA were ac-
quired (Fig. 2B).

The ratios of the main spectral bands from baseline corrected spectra
were analysed, as the ratios between bands allow artefacts elimination
due to sample quantity and baseline contribution underneath each band
(Table 1). Bands at the following regions were evaluated [53-56]:
2800-3000 cm ™}, from stretching vibrations of CH, and CHs groups
mostly from lipids; 1720-1780 cm ™}, due to G=0 vibrations of fatty
acids, triglycerides and cholesterol esters; 1320-1370 cm ™Y, due to CH,
and CHj deformation of lipids and proteins; 1500-1670 cm ™}, mostly
due to amide I and II vibrations from peptides; 1070-1090 cm ™!, from
symmetric stretching of POy — from nucleic acids, phospholipids and
saccharides; 1400-1480 cm’l, from diverse group vibrations as from
COO-, CH2 and amide III from peptides, and some bands from the
fingerprint region, associated to a high diversity of functional groups.
Statistically significant differences of ratios in spectral bands (p < 0.01)
were observed between the two groups of volunteers, some with high
statistical significance (Table 2): the 1121/1040 ratio (p = 0.001), due
to stretching vibrations of C—O and C—O—C of carbohydrates; the 1735
/ 1621 ratio (p = 0.003), due to stretching vibrations of C=0 of fatty
acids, triglycerides and cholesterol esters, in relation to amide III in
peptides, respectively; and due to 861/773 ratio (p = 0.004) from bands
from the fingerprint region.

To further evaluate if methanol-based extracts enabled to predict
individual’s genotoxic effects from exposure to antineoplastic drugs, a
spectra PCA was conducted, to search for data patterns (Fig. 2B). The
PCA score plot based on baseline corrected spectra points to some degree
of separation between the two groups of samples but, since no clear data
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Table 1

Mean and standard deviation of spectral bands from methanol obtained extracts
from frozen blood from hospital professionals occupationally exposed to anti-
neoplastic drugs in comparison with controls (without exposure).

Spectral band Group Mean Standard deviation p-value

2961/2921 Exposed 0.947 0.069 0.014
Non-exposed 0.967 0.083

2921 / 2875 Exposed 1.285 0.121 0.034
Non-exposed 1.316 0.169

2875 / 2852 Exposed 0.944 0.060 >0.1
Non-exposed 0.954 0.087

1657 / 1557 Exposed 1.886 0.345 >0.1
Non-exposed 1.919 0.491

1557 /1519 Exposed 1.873 0.334 >0.1
Non-exposed 1.898 0.469

1519 7 1504 Exposed 1.342 0.146 0.044
Non-exposed 1.376 0.181

1735 /1621 Exposed 0.187 0.099 0.003
Non-exposed 0.150 0.075

1460 / 1448 Exposed 0.926 0.059 0.069
Non-exposed 0.908 0.059

1412 /1354 Exposed 1.307 0.249 0.025
Non-exposed 1.368 0.257

1353 /1324 Exposed 1.374 0.234 > 0.1
Non-exposed 1.348 0.251

1258 /1089 Exposed 0.682 0.182 0.027
Non-exposed 0.739 0.288

1262 /1124 Exposed 0.770 0.181 >0.1
Non-exposed 0.794 0.245

1089 /1121 Exposed 1.155 0.306 >0.1
Non-exposed 1.132 0.229

1121 /1040 Exposed 1.134 0.237 0.001
Non-exposed 1.246 0.345

861 /773 Exposed 0.585 0.103 0.004
Non-exposed 0.548 0.127

931/ 861 Exposed 0.796 0.138 0.036
Non-exposed 0.828 0.160

993 / 931 Exposed 0.941 0.185 > 0.1
Non-exposed 0.923 0.188

1041 / 993 Exposed 1.525 0.471 > 0.1
Non-exposed 1.603 0.564

separation was observed on PCA, a supervised processing method was
applied, based on PCA-LDA analysis (Table 2). The performance of the
PCA-LDA models to predict genotoxicity from exposure was determined
by the model’s accuracy, sensitivity, and specificity. Sensitivity points to
the rate of predicting the true exposed individuals among all predicted
exposed individuals, whereas specificity points to the rate of predicting
the true non-exposed individuals in relation to all predicted non-exposed
individuals. The accuracy points to the rate of predicting true exposed
and true non-exposed individuals.

To achieve the best PCA-LDA model, the impact of the following
spectra pre-processing methods on the model performance were

B

[
PC-1(37%)

Fig 2. Example of spectra without pre-processing of methanol-based extracts from defrosted whole blood (A) and PCA based on normalised second derivative spectra

of exposed (blue) in relation to non-exposed volunteers (red) (B).
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Table 2

Performance of PCA-LDA models to predict individuals’ genotoxic effects from
exposure to antineoplastic drugs from methanol-based extracts, obtained from
frozen blood, according to spectral regions and spectra pre-processing based on
baseline correction (BC) normalization (UVN) and second derivative (2D).

Spectra Spectral region (cm ™) Accuracy Sensitivity Specificity

pre- (%) (%) (%)

processing

BC 400-4000 (whole 65 70 59
spectra)

BC & UVN whole spectra 64 65 64

2D & UVN whole spectra 67 68 67
600-1800 + 2800-3000 64 65 64
2800-3000 64 53 75
600-1800 60 70 50
600-1300 73 66 80
600-1500 65 58 71
1500-1800 62 69 55

evaluated: baseline corrected (method I), baseline corrected followed by
normalization (method II) and normalised second derivative (method
III). Normalisation minimises the effect of sample quantity, and conse-
quently the effect of experimental procedure variation, highlighting the
sample biochemical composition. Normalised second derivative spectra
was also evaluated since derivatives can resolve superimposed bands
and increase the acquired information. However, since derivatives can
also increase spectra noise, when derivatives were used, sub-regions of
the spectra with less noise, such as the one between 600 and 1800 and
2800-3000 cm ' were also evaluated (Table 2), including between
2800 and 3000 cm ™}, representing CH, and CHs group vibrations from
lipids, the sub-region between 600 and 1800 cm™, including the
fingerprint region representing complex combinations of vibrations of
diverse functional groups, and other bands as from phosphate groups
(~1080 and 1240 cm™!) from nucleic acids, phospholipids and phos-
phorylated proteins, amide group vibrations from peptides
(~1500-1700 cm™ 1), CH, and CHj vibrations from lipids as phospho-
lipids and proteins (~1380, 1395 and 1450 cm’l), carbohydrates (be-
tween 950 and 1070 cm’l), among others [56].

The best PCA-LDA models from methanol-based extracts (Table 2),
were built on normalised second derivative spectra (method IIII) be-
tween 600 and 1300 cm ™! region, presenting an accuracy, sensitivity,
and specificity of 73 %, 66 % and 80 % respectively. This model per-
formance was, however, much lower than the one previously obtained
with serum (with an accuracy of 91 % [22]). Due to this, it was subse-
quently evaluated the direct analysis of frozen whole blood, i.e., without
methanol precipitation, that ultimately results in a much simpler
process.

Dilutions in NaCl
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3.2. Frogzen whole blood

To achieve spectra with a high signal-to-noise ratio (S/N), while
minimising signal saturation, it was evaluated the effect of the dilution
and solution used before spectra acquisition. During the dehydration
step, required before spectra acquisition, it is important to achieve a
homogenous dry film on each well of the microplate, to reduce
diffraction phenomena [57,58], which can impair spectra quality and
hinder the performance of the models to predict genotoxicity. The so-
lution used to dilute the blood can affect the process, therefore it was
evaluated NaCl and PBS solutions. The concentration used gave a much
lower signal in comparison with diluted blood samples (data not
shown). Since the presence of particles can also impair spectra quality,
blood was centrifuged to remove possible particles from cell lysis. In
order to assess all these aspects, a preliminary assay was conducted to
evaluate the impact of the blood centrifugation, the degree of blood
dilution, and the use of NaCl or PBS for the dilution (Fig. 3, Table 3).

Table 3 presents the mean of the signal-to-noise ratio of 5 quintu-
plicate spectra obtained with a sample diluted with NaCl or PBS at a
range of dilutions from 1/8-1/40, with or without centrifugation before
spectra acquisition. It is also shown the mean and standard deviation
obtained for all 1800 wavenumbers of the 5 quintuplicate spectra.
Table 3 also presents the sum of the mean values of all wavenumbers
divided by 1800 for normalization purposes. It was observed that in-
dependent of dilution degree and solution, centrifugation resulted in an
increased signal, probably due to particles reduction and, consequently,
diffraction events. However, centrifugation also resulted in an increase
of standard deviation, which led to a reduction of S/N in 5 out of the 7
conditions evaluated. Based on these preliminary results, the following
work was based on non-centrifuged blood.

For non-centrifuged blood, dilution with NaCl in relation to PBS and
for the same dilution degree, resulted in a lower signal (i.e., M) and
lower standard deviation and, consequently, on a much higher S/N

Table 3

Effect of blood dilution degree, dilution solution and centrifugation before
spectral acquisition on the mean of noise signal ratio (S/N) of 5 quintuplicate
spectral analysis. The mean and standard deviation (SD) refers to the sum of the
mean and standard deviation of all wavenumbers, divided by 1800 for
normalization.

Dilution Non-centrifuged Centrifuged

Solvent used dilution Mean SD S/N Mean SD S/N

PBS solution 1/8 0.193 0.018 3200 0.203 0.035 2500
1/10 0.131 0.030 700 0.161 0.012 1500
1/15 0.125 0.014 1500 0.126  0.030 200
1/20 0.081 0.007 250 0.081 0.008 200

Nacl solution 1/10 0.126 0.023 7000 0.137 0.028 2600
1/20 0.040  0.004 600 0.089  0.022 400
1/40 0.025  0.004 400 0.032  0.002 800

Dilutions in PBS

400 800 1200 1600 2000 2400 2800 3200 3600 4000
wavenumber (cm-1)
——NC-8 =——NC-10 =——NC-15 —NC-20 c8 —C10 —C-15 —C-20

Fig. 3. Average FTIR spectra of quintuplicate analysis of blood samples that were centrifuged (C) or not centrifuged (NC) and diluted in NaCl or PBS solutions from

1/8-1/40.
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(Table 3). Therefore, the remaining work was conducted with blood
diluted in NaCl solution.

Since a higher dilution degree usually leads to a reduction of both
standard deviation and S/N, in the following work, the effect of blood
dilution in NaCl continued to be evaluated. From the spectral ratios
evaluated, the dilution at 1/40 resulted in a higher number of significant
bands ratios between the two groups of volunteers (Table 4). Interest-
ingly, the worst results were obtained with the intermediate dilution, i.
e., at 1/20. Most probably, this result is due to the dilution at 1/10
leading to the highest S/N, where at 1/40 it most probably maximises
information retrieval from the spectra due to minimisation of saturation
of some bands.

The most significant bands ratios (p < 0.00001) were observed
(Table 4, Fig. 3) in the region between 2800 and 3000 cm-1, from
stretching vibrations of CHy and CHj3 groups, mostly from lipids (e.g.,
2955/2868); 1238/1051 due to asymmetric stretching from PO from
lipids, nucleic acids and phosphorylated proteins and from C-O-P from
phosphate ester, respectively; 1122/1101, from C-O from carbohy-
drates; 1081/1051, from symmetric stretching from PO3 and C-O-P from
phosphate ester, respectively. A much higher significant difference was
observed in ratios of spectral bands of whole blood in relation to the
methanol extracts.

To further explore the use of frozen blood to predict genotoxic effects
from exposure to antineoplastic drugs, the spectra PCA was conducted
(Fig. 4). PCA score plot points that the increased dilution degree (from
10 to 40) leads to a decrease in scores dispersion, according to the
reduced standard deviation for higher dilution degrees pointed on
Table 4. This was observed with non-derivative and derivative spectra
(Fig. 4). However, since a higher score dispersion could be related to a
higher sensitivity in acquiring molecular fingerprints, associated to the
volunteer physiological state, the PCA-LDA models built to predict the

Table 4
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genotoxic effects from exposure to antineoplastic drugs were based on
the three different dilution degrees (Table 4).

The impact of the following spectra pre-processing methods on the
PCA-LDA predicting models was conducted, as previously, on baseline
corrected, baseline corrected followed by normalisation or normalised
second derivative. When comparing these three spectra pre-processing
methods over the three dilution degrees (1/10, 1/20 and 1/40), the
samples diluted at 1/20 presented the lowest accuracies, around 70 %,
whereas, with a dilution of 1/10 or 1/40 it presented accuracies between
77 % and 82 %. The highest sensitivities were also achieved with dilu-
tion at 1/10 and 1/40 (Table 5). This was according to the lowest
number of significant ratios of bands being observed at the 1/20
dilution.

Since the second derivative spectra also increased noise signal which
can impair model performance, when using the derivative spectra, it was
also evaluated spectral sub-regions. From all pre-processing methods
and subregions evaluated, the PCA-LDA models with the higher accu-
racies (> 90 %) were obtained with a dilution factor of 1/40 and based
on normalised second derivative spectra between 600 and 1300 cm™*
(of 92 %) or between 600 and 1500 cm ™! (of 91 %). The other com-
plementary sub-regions were evaluated at this dilution factor, as the one
including the amide group vibrations from peptides (e.g, between 1500
and 1800 cm ') among others. But neither of these sub-regions pre-
sented higher accuracies when compared to the region between 600 and
1300 cm™ L. The model based on normalised second derivative on this
region presented an accuracy, sensitivity, and specificity of 92 %, 93 %
and 91 %, respectively; predicting genotoxic effects to exposure to
antineoplastic drugs. These values were even slightly higher than the
ones obtained from serum spectra based on a support vector machine,
that resulted in accuracy, sensitivity and specificity of 91 %, 90 % and 86
%, respectively [22].

Mean and standard deviation of spectral bands from frozen blood, previously diluted at 1/40 on NaCl solution of occupationally exposed workers to antineoplastic
drugs in comparison with controls (without exposure). The p-value of a Student’s t-test comparing, in mean terms, the spectral band ratios between the two groups of

volunteers is present for samples diluted at 1/40, 1/20 and 1/10 is presented.

Dilution at 1/40

Dilution at 1/10 Dilution at 1/20

Spectral band Group Mean

Standard deviation p-value

2955/2926 Exposed 1.005 0.026 0.39 0.06 0.3
Non-exposed 0.996 0.033

2868/2864 Exposed 1.058 0.011 <0.00001 0.13 0.0003
Non-exposed 1.068 0.007

2955/2868 Exposed 1.449 0.073 <0.00001 <0.00001 <0.00001
Non-exposed 1.497 0.040

2955/2864 Exposed 1.534 0.089 <0.00001 <0.00001 <0.00001
Non-exposed 1.600 0.046

1659/1541 Exposed 1.480 0.045 0.012 0.09 0.07
Non-exposed 1.448 0.044

1659/1238 Exposed 5.765 0.874 0.0004 0.008 0.09
Non-exposed 5.336 0.726

1541/1238 Exposed 3.900 0.548 0.0005 0.001 0.1
Non-exposed 3.679 0.413

1659/1395 Exposed 3.972 0.411 0.00007 0.009 0.01
Non-exposed 3.711 0.411

1659/1465 Exposed 4.891 0.582 0.006 0.01 0.09
Non-exposed 4.593 0.496

1541/1465 Exposed 3.299 0.339 0.009 0.002 0.1
Non-exposed 3.165 0.258

1541/1395 Exposed 2.682 0.223 0.00003 0.001 0.008
Non-exposed 2.557 0.216

1453/1380 Exposed 1.187 0.040 0.003 0.002 0.2
Non-exposed 1.186 0.028

1238/1051 Exposed 1.734 0.377 <0.00001 <0.00001 <0.00001
Non-exposed 1.535 0.158

1165/1101 Exposed 0.928 0.055 0.04 0.03 0.5
Non-exposed 0.916 0.025

1122/1101 Exposed 0.887 0.029 <0.00001 <0.00001 <0.00001
Non-exposed 0.919 0.034

1081/1051 Exposed 1.327 0.116 <0.00001 <0.00001 0.0002

Non-exposed 1.280 0.062
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Fig 4. PCA of baseline corrected spectra (A), or the second derivative spectra (B) of non-centrifuged whole blood samples diluted with NaCl solution at 1/10 (blue),

1/20 (red) and 1/40 (green). The Hotelling’s T2 ellipse is at 1 % significance.

Table 5

Performance of PCA-LDA models to predict genotoxicity from exposure to antineoplastic drugs from spectra of frozen whole blood according to the dilution in NaCl
solution, spectral regions and spectra pre-processing based on baseline correction (BC) normalization (UVN) and second derivative (2D).

Dilution Spectra pre-processing Spectral region (em™) Accuracy (%) Sensitivity (%) Specificity (%)
BC 400-4000 (whole spectra) 78 85 73
1/40 BC & UVN whole spectra 80 78 82
2800-3000 78 74 84
600-1800 68 73 65
600-1300 69 72 65
600-1500 73 81 66
2D & UVN whole spectra 66 62 71
600-1800 + 2800-3000 74 75 72
2800-3000 77 82 72
600-1800 82 80 85
600-1500 91 95 88
1500-1800 80 82 79
600-900 88 90 85
600-1300 92 93 91
900-1300 90 84 97
900-1500 81 85 85
1/20 BC whole spectra 69 73 65
BC & UVN whole spectra 70 69 72
2D & UVN whole spectra 70 73 67
600-1800 + 2800-3000 67 70 64
2800-3000 64 63 66
600-1300 76 72 80
600-1500 74 77 72
1/10 BC whole spectra 82 91 71
BC & UVN whole spectra 77 85 70
2D & UVN whole spectra 81 87 76
600-1800 + 2800-3000 74 78 70
2800-3000 77 81 74
600-1300 80 80 80
600-1500 77 83 70

4. Conclusions

Monitoring genotoxicity of occupational and environmental expo-
sures, is critical, either for professional safety assurance or to epidemi-
ological studies, e.g., to discover new exposure sources. However, large-
scale monitoring processes will be strongly promoted only if an alter-
native method, enabling to predict genotoxicity, based on rapid, eco-
nomic, and simple procedures, but also highly sensitive and specific, is
developed. The present work describes a new method based on the
analysis of frozen whole blood by FTIR spectroscopy, followed by
multivariate data analysis. To enable the application of the new method
on economic and large-scale analysis, blood samples were analysed in a
high-throughput mode, using a microplate system, enabling the analysis
of 96 up to 1056 samples. Also, the analysis from non-centrifuged frozen
whole blood presents advantages such as the simplicity and coverage
increase of population under study, since blood can be obtained even
without centrifugation. In this case, blood can be frozen and sent for

laboratory analysis. Furthermore, the analyses can be based in less than
a drop of blood, since the best predicting models were based on the
analysis of 20 L of blood previously diluted at 1/40, requiring therefore
less than 1 pL of blood. This low amount of blood can be obtained even
by a prick blood sample test, reducing the discomfort usually associated
to blood collection.

It was evaluated the impact of macromolecules elimination by blood
pre-processing with methanol followed by centrifugation and blood
dilution, solution used and need for blood centrifugation during anal-
ysis. Data was analysed by univariate analysis, based, for example, on
analysis of ratios between spectral bands, and multivariate analysis, as
based on non-supervised (i.e., PCA) and supervised (i.e., PCA-LDA) al-
gorithms. In summary, the best predicting model of individual exposure
to genotoxic compounds was observed in frozen whole blood, non-
centrifuged nor pre-processed with methanol, simply diluted at 1/40
in NaCl solution, and considering the normalised second derivative
spectra between the region 600-1300 cm™!, which resulted in an
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accuracy, sensitivity, and specificity of 92 %, 93 % and 91 %, respec-
tively. With these results and given the fact that the analyses were
conducted with less than 1 pL of whole blood and 96-wells microplate
was used; this study presents very promising outputs for a future and
robust genotoxicity monitoring platform applicable at large-scale.

It is important to address that despite these encouraging results, it
should be highlighted that this method is based on indirect prediction of
genotoxicity based on whole blood molecular composition, on contrary
to methods such as the CBMN assay which directly analyses DNA
damage. Therefore, it is critical to validate the results in future studies
based on large scale populations, using as references, direct assays such
as CBMN. Also, these studies should include a higher diversity of groups
to evaluate the possible impact on the blood molecular fingerprint such
as habits, e.g., food, drinking, smoking, and other variables, such as sex,
age and physiopathological states.
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