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Abstract

Background: For several years, cell-free DNA has been emerging as an important biomarker for non-invasive
diagnostic in a wide range of clinical conditions and diseases. The limited information available on the genotoxic
effects associated with occupational exposure to car paints, as well as the fact that up-to-date there are not reports
about cell-free DNA measurements for assessing this condition, led us to evaluate the DNA damage caused by the
occupational exposure to organic solvents contained in car paints, through the quantification of the cell-free DNA
and the comet assay, in a sample of 33 individuals taken from 10 automobile paint shops located in Bogota DC,
Colombia.

Results: By applying the two methods, cell-free DNA and comet assay, we found a significant increase in the
extent of DNA damage in the exposed individuals compared with the non-exposed ones within the control group.

Conclusions: Our findings provide useful information about the cell-free DNA levels in this type of exposure and
can be considered as a support tool that contributes to the diagnosis of genotoxic damage in individuals
occupationally exposed to car paints.
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Background
The aromatic hydrocarbons used as solvents and paint
removers (BTX - benzene, toluene, xylene) have been in-
cluded in the list of substances to which workers in the
paint industry are exposed to, according to IARC 2010
report [1]. Although most of metabolic products of these
solvents, such as the S-phenyl mercapturic and trans-
trans-muconic acids derived from benzene, and the hip-
puric acid derived from toluene are eliminated through
the urine, some intermediate metabolites can interact
with DNA and alter its structure, which makes benzene
causes certain types of hematological disorders and can-
cer [2, 3] and toluene exhibits its toxic properties mainly

at neuronal, urinary and reproductive level [4], among
others.
In the case of individuals occupationally exposed to

car paints, an increase in oxidative damage has been
demonstrated [5] thus making cfDNA quantification a
feasible option to assess the extent of genotoxic damage
caused by the organic solvents found in these paints. In
recent years, many biological biomarkers have been used
to evaluate and/or quantify the different types of oxida-
tive stress, including DNA/RNA damage, i.e., lipid per-
oxidation, ROS, antioxidants and protein oxidation/
nitration (Table 1) [6]. To date, cfDNA has been only
applied for diagnosis and prognosis of various types of
pathologies or conditions (cancer, autoimmune diseases,
tuberculosis, myocardial infarction, sepsis, trauma, preg-
nancy, among others) [7–11], considering that its usually
low concentration in blood (0–100 ng/mL) [12] and
other body fluids increases significantly as a result of
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cellular death associated [13]. However, cfDNA may also
increase in healthy individuals [14] as a result of apop-
tosis or necrosis of cells of the blood or other tissues
[15, 16] or as a consequence of intense exercise such as
the half- or ultra-marathon running [17].
The comet assay, a biomarker of effect, has been

widely used to quantify the genotoxic damage from oc-
cupational exposure, based on the appearance of nuclear
fragments -product of single- and double-strand DNA
breaks- and alkali- labile sites that have migrated from
the nucleus and having the appearance of comet tail
whose length and DNA contents may be measured and
correlated with the extent of DNA damage [5, 18, 19].
Considering that occupational exposure to organic sol-
vents, as those contained in car paints, can lead to dis-
ease and also that there is a large population of car paint
workers in Colombia who, in their majority, do not ob-
serve the rules of industrial biosecurity and therefore are
exposed to them, it is necessary to implement method-
ologies that not only allow an early identification of ad-
verse effects caused by these genotoxic agents, but also
to monitor them after the compliance with biosafety
standards by owners and workers of car paint shops.

According to the above, our efforts were aimed to
evaluate cfDNA concentrations in the serum of individ-
uals occupationally exposed to the organic solvents con-
tained in car paints and to analyze them in the light of
the results of the comet assay and the levels of indoor
air organic solvents, as well as of parameters such as
age, time of exposure, smoking habits and alcohol
intake.

Methods
Study population
This was a single blind retrospective research, which in-
volved two cohorts. One cohort was composed by 33
male gender individuals 18–73 years old, routinely
exposed to car paints, who were recruited among ten
handicraft car paint shops at the “7 de agosto” neighbor-
hood in Bogota DC, Colombia. On the other hand, 33
workers employed in a hoses factory and not occupa-
tionally exposed to organic solvents, were selected to
constitute the non-exposed cohort, who were recruited
in another area within the same neighborhood and with
similar characteristics except for the proximity to car
paint shops. This research was approved by the Ethical
Committee of the Universidad del Rosario.

Selection criteria
The exposed cohort consisted of adult men being ex-
posed to car paints for periods of at least three months.
The members of the non-exposed cohort were selected
using the same criteria applied for the exposed cohort
except for the exposure to organic solvents and also
considering that their ages were similar to the exposed
group, with a maximum difference of ± 2 years.
Furthermore, we made sure that, in the case of a

worker having labored in more than one shop, the bio-
safety conditions were similar in all the places he worked
at before.

Exclusion criteria
Individuals who had suffered from hepatitis or cancer or
another severe disease, or had been under chemotherapy
or radiotherapy or any other recent prolonged medical
treatment were excluded as well as those who provided
inconsistent personal information.

Blood sampling
Two samples from peripheral blood were taken: one
intended for lymphocytes isolation and further comet
assay and the other for cfDNA assay. Sampling was car-
ried out immediately after exposure at the end of the
workweek. Samples to determine the cfDNA were col-
lected in tubes with serum separator gel (BD 367988
Vacutainer® RST tubes for Rapid Obtaining Serum) and
those for the comet assay in vacutainer tubes with

Table 1 Biological markers of oxidative stress

Type of damage Marker of damage

DNA/RNA Damage 8-hydroxyguanosine (8-OHG)

Abasic (AP) sites

BPDE DNA Adduct

Double-strand DNA breaks

Comet Assay (general DNA damage)

UV DNA Damage (CPD, 6-4PP)

Lipid Peroxidation 4-Hydroxynonenal (4-HNE)

8-iso-Prostaglandin F2alpha (8-isoprostane)

Malondialdehyde (MDA)

Thiobarbituric acid reacting substances (TBARS)

Reactive Oxygen Species Universal ROS/RNS

Hydrogen Peroxide

Nitric Oxide

Antioxidants Catalase

Glutathione

Superoxide Dismutase

Oxygen Radical Antioxidant Capacity (ORAC)

Hydroxyl Radical Antioxidant Capacity (HORAC)

Total Antioxidant Capacity (TAC)

Protein Oxidation/Nitration 3-Nitrotyrosine

Advanced Glycation End Products (AGE)

Advanced Oxidation Protein Products (AOPP)

BPDE Protein Adduct
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heparin (Ref BD 367874 Vacutainer® Sodium Heparin).
All samples were immediately transported to the labora-
tory within 10 min. The tubes for serum collection were
centrifuged at 3000 RPM for 10 min and then trans-
ferred to eppendorf tubes, in order to ultra-centrifuge
for 10 min at 14000 RPM twice. The supernatant was
immediately frozen at −20 °C for up to three weeks. This
procedure excluded the possibility that the supernatant
had DNA content from blood cells. The blood samples
for the comet assay were immediately processed for the
isolation of lymphocytes. Samples of all individuals, ex-
posed and non-exposed, were processed simultaneously.

Lymphocytes isolation
Lymphocytes isolation was performed by density gradi-
ents with histopaque-1077 (Sigma Aldrich, St. Louis,
MO, USA) and centrifugation at 2300 rpm during
30 min. Lymphocytes pellet was re-suspended in PBS 1X
(Gibco, Life Technologies, Nebraska, USA), to perform
the comet assay.

Exclusion cytoxicity test
The trypan blue test (Life Technologies, Nebraska, USA)
was carried out to determine that the damage to be eval-
uated in the cells were the result of genotoxicity and not
cytotoxicity [20, 21]. The relationship between the num-
ber of live and dead lymphocytes was between 85–95 %
and the volume of cell suspension used in the test was
4×103 lymphocytes.

Comet assay
The alkaline comet assay was performed according to
the proposed Collins et al. protocol [22], using the Trevigen
Comet Assay Kit (Trevigen, Gaithersburg, USA). A
minimum of 100 cells per individual were analyzed by
using fluorescence microscope (Nikon Instruments Inc,
USA), with a magnification of 100×.
Three trials were performed. The first one was aimed

to get positive controls using hydrogen peroxide (H2O2)
as a genotoxic agent in lymphocytes; the second was
conducted to evaluate cell damage due to occupational
exposure to organic solvents at the car paint shops in
exposed individuals and, third, to evaluate cell damage
in non-exposed individuals. All assays were performed
in duplicate.
The comets were classified through the Comet Score

publisher program, in five categories or levels of damage
according to the percentage of DNA in the tail, as
follows: 0: no damage (<5 %), 1: low damage (6–25 %), 2:
moderate damage (26–50 %), 3: high damage (51–75 %)
and 4: severe damage (>76 %) [19, 22, 23].
In each of the sampled individuals, all types of comet

were considered. For this analysis, the type of comet

more often observed (mode) in each sample was used, as
indicated by Moro et al. [5] and Rombaldi et al. [24].

Cell-free DNA
cfDNA was determined in the serum collected from
each blood sample, following the proposed Goldshtein et
al. [25] protocol. SYBR® Gold Nucleic Acid Gel Stain
10000× (Invitrogen GmbH, Karlsruhe, Germany) was used
and two dilutions were made for this purpose: first, 1:1000
in pure dimethyl sulfoxide (DMS) (Sigma-Aldrich) and
second, 1:8 in PBS (1×).
As concentration control, a calibration curve was con-

structed with known concentrations of salmon sperm
DNA. Fluorescence was measured in the fluorometer
(Tecan, Männedorf, Switzerland). The wavelength excita-
tion was recorded at 485 nm and the emission wavelength
at 535 nm by using data analysis software, Magellan
v7.1 (Tecan Genius). These results were then confirmed
by spectrophotometry (Thermo Scientific NanoDrop
2000 Series 3248, MA, USA).
cfDNA concentrations in the serum samples were calcu-

lated from the interpolation of the data obtained from the
calibration curve of DNA standards. To confirm the speci-
ficity of the assay and to eliminate the possible influence
of serum in the results, 10 samples of the extracted serum
were randomly selected and incubated with DNAse I (500
U/mL) (Thermo Scientific, USA) at 37 °C for 5 h and used
as negative control. Values of fluorescence thus obtained
were then subtracted from those corresponding to the
serum samples which in turn had previously been incu-
bated with SYBR® Gold Nucleic Acid Gel Stain 10000×
(Invitrogen GmbH, Karlsruhe, Germany).
The cfDNA concentrations obtained were classified into

three categories or levels, according to the following refer-
ence values: low: 0–580 ng/mL; medium: 581–2500 ng/mL;
high: >2500 ng/mL [25].

Determination of benzene, toluene and xylene (BTX) in
air samples
Prior establishment of the risks map within the work-
shops, stationary air sampling was carried out through
active sampling tubes, placed at 1,5 meter height and in
the middle of the hall, with the aspiration flow fixed at
0,2 liters/minute, according to the “National Institute for
Occupational Safety and Health” (NIOSH) analytical
method 1500 for aromatic hydrocarbons [26] and then
quantitative determination of BTX was performed. The
reference Threshold Limit Values were those indicated
by the American Industrial Hygienists Conference
(ACGIH) [27].

Statistical analysis
The results were analyzed using the SPSS v22.0 (Statis-
tical Package to Social Scientific) program. Homogeneity
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of variances was evaluated by the Levene’s test and nor-
mality by the Shapiro-Wilk and the Lilliefors corrected
Kolmogorov-Smirnov tests.
With the purpose to reduce the effect of age as a pos-

sible confounding factor, we paired 1:1 by age the ex-
posed and the non-exposed individuals. The asymptotic
or exact McNemar’s test (binomial, expected values < 5)
for paired samples was used to evaluate significant dif-
ferences in tabaquism and alcohol intake.
The nonparametric Wilcoxon exact test for two re-

lated samples was performed to search possible signifi-
cant differences in the frequencies of the type of comets
as well as in cfDNA concentrations between the two
cohorts. To compare the frequencies of the higher
categories of comets between the two groups, an exact
McNemar’s test was applied. In addition, we used Spearman
rank correlation to test the correlation between cfDNA
concentrations and type of comets, and between exposure
time and extent of DNA damage (assessed by comet assay
and cfDNA) as well. To compare the extent of genotoxic
damage among the visited workshops, the exact Kruskal-
Wallis test was applied, excluding from analysis those
having one worker exposed. Furthermore, we evaluated
possible significant differences in the extent of DNA dam-
age related to exposure time, and also BTX concentrations
among car paint shops, applying the exact Kruskal-Wallis
test. P-value less than 5 % (p < 0,05*) and 1 % (p < 0,01**)
was considered as statistically significant.

Results
The exposed and non-exposed cohorts were comparable
from a statistical point of view, which was the result of
an experimental design consisting in a pairing 1:1 by age
and also whereas no significant differences were found
in smoking habits or alcohol intake (p = 0,687 and p = 0,219
respectively, exact McNemar’s test for paired samples)
(Table 2).

Comet assay and cfDNA
Similarly to that happened with the positive controls
(Fig. 1a), 66,7 % of the group exposed to solvents
showed type 3 and 4 comets (Table 3), in which over
50 % of total DNA was fragmented and located outside
the nucleus (Fig. 1b), versus the non-exposed group, in

which 82 % had type 1 comets with less than 15 % of the
DNA outside the nucleus (Fig. 1c), which means that ex-
posure to solvents has a statistically significant geno-
toxic effect over the exposed individuals (p < 0,001,
Wilcoxon exact one-sided test). Frequencies of comets
3 and 4 in the exposed (66,7 %) were significantly
higher than in the non-exposed ones (9,1 %) (p < 0,001,
Exact McNemar’s test).
In addition, workers employed in the #4 and #9 car

paint shops had significantly higher genotoxic damage,
evaluated by comet assay, compared to the other work-
shops (p = 0,025, Exact Kruskal-Wallis Test) (Additional
file 1: Table S1). Having compared BTX concentrations
between workshops and taking into account that It was
not possible to measure them in the workshop #10, we
found significant differences (p < 0,001, Exact Kruskal-
Wallis Test). Thus, while benzene levels in workshops 1,
2, 4 and 7, and toluene levels in workshops 2, 4 and 9
were significantly higher, in turn, the distribution of the
toluene levels was higher in workshops 2 and 4, followed
by 7 and 9. Once compared the extent of genotoxic
damage, assessed by comet assay, and the exposure time
between workshops, we did not find significant differ-
ences (p = 0,456, Exact Kruskal-Wallis Test) (Additional
file 1: Table S1).
With respect to the cfDNA quantification, its concen-

trations in the exposed were significantly higher than in
the non-exposed individuals (p < 0,001, Wilcoxon exact
one-sided test) (Table 4). After having rated each indi-
vidual concentration (exposed and non-exposed) as low,
medium or high, according to the reference values and
the percentage of subjects in each category (Table 5), we
found significantly higher cfDNA levels in the exposed
cohort (p = 0,016, Wilcoxon exact one-sided test). More-
over, a significant positive correlation between the alco-
hol intake time of exposed individuals and the cfDNA
concentration was established (r = 0,346, p = 0,033,
Spearman Rank Correlation) and also with the extent of
DNA damage evaluated by the type of comet (r = 0,310,
p = 0,047, Spearman rank correlation). However, there
was no correlation between cfDNA concentration and
type of comet (r = 0,084, p = 0,641, Spearman rank correl-
ation). In turn, a significant positive correlation between
the alcohol intake time and the cfDNA concentration in
non-exposed individuals was found, but not so with the
alcohol intake time and the extent of DNA damage
assessed by type of comet (r = -0,085, p = 0,687, Spearman
rank correlation). Similarly to that happened in the ex-
posed individuals, there was no correlation between
cfDNA concentration and type of comet in the non-
exposed (r = 0,081, p = 0,655, Spearman rank correlation).
On the other hand, there were no significant differences
in the extent of genotoxic damage assessed by cfDNA
concentration or their corresponding ranges between the

Table 2 Epidemiologic characterization of the cohorts

Characteristics Exposed
(N = 33)

Non-exposed
(N= 33)

Significance

Ages (mean ± SD) 46,18 ± 14.59 46,18 ± 14.68 1,000

Time of exposure in
months (mean ± SD)

234,33 ± 141,38
(median = 212,00)

Smokers 5 (15,2 %) 7 (21,2 %) 0,687 (e)

Alcohol intake 32 (97,0 %) 28 (84,8 %) 0,219 (e)

SD standard deviation

Villalba-Campos et al. Journal of Occupational Medicine and Toxicology  (2016) 11:33 Page 4 of 9



car paint shops (p = 0,297, Exact Kruskal-Wallis Test)
(Additional file 1: Table S1).

Association between DNA damage and exposure time
There was a moderate significant positive relationship
between the extent of DNA damage represented by
comets 3 and 4 and the exposure time to indoor air-
borne solvent vapors (r = 0,317, p = 0,047). Similar re-
sults were found between cfDNA concentrations and the

exposure time (r = 0,28, p = 0,053, Spearman rank correl-
ation) (Fig. 2).
It is important to mention that, in the car paint shops,

the procedures used in the task of preparing mixtures
for paints and applying to vehicles tend to be traditional
and therefore have not changed significantly in the last
20 years. Consequently, no one had made any effort to
applying any biosafety protocol in these places, so that
compliance with personal protective devices was very
poor. These are noteworthy facts, since the painters had

Fig. 1 Types of comet obtained from the alkaline comet assay. a Positive control. Predominance of type 3 is observed, which means that over
50 % of the DNA has migrated from the core. Magnification: 10×. b Exposed individual who had comets type 1, 3, and 4, although type 3 was
the predominant after making the total count. Magnification: 10×. c Non-exposed individual. The observable comets correspond entirely to type
1, where less than 25 % of the DNA has migrated. Magnification: 10×. d In this exposed individual, comets type 1, 2, 3 and 4 are observable,
being type 4 the predominant after making the total count. Magnification: 10×

Table 3 Distribution of comets in the exposed and the
non-exposed cohorts

Type of comets Exposed % (N) Non-exposed % (N)

0 0 0

1 21,2 (7)* 81,8 (27)*

2 12,1 (4) 9,1 (3)

3 45,5 (15)** 9,1 (3) **

4 21,2 (7) 0

**p < 0,01, *p < 0,05

Table 4 cfDNA concentrations (ng/mL) in the exposed and the
non-exposed cohorts

Exposed Non-exposed

Mean 2398,90 1301,83

Minimum value 63 0

Maximal value 5159 3957

Standard deviation 1513,28 1276,32

Median 1991,00 994,00

N 33 33
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been successively employed in various workshops in the
same sector, which had similar features to those of their
current workplace. In spite of BTX concentrations in the
indoor air of the car paint shops were determined
(Additional file 1: Table S1), we could not standardize
the working time and daily exposure to these solvents
because they varied according to workload, thus making
impossible to assess the exposure of a typical handicraft
car painter based on existing data, as those reported from
car painting workshops belonging to the formal industrial
sector, in which rights, schedules and biosafety regulations
are abided and respected.

Discussion
The vast majority of paint shops of motor vehicles in
Bogotá and other cities in Colombia lack adequate venti-
lation and personal protective equipment. For this rea-
son painters are permanently exposed to organic
solvents during all the operations involved, such as sand-
ing of the surface, cleansing, masking, varnish prepar-
ation and spraying, activities that entail serious risks,
because of their mutagenic and carcinogenic properties.

Various methods are used to date to evaluate cell dam-
age caused by exposure to these xenobiotic agents, such
as the cytogenetic and the micronucleus assays. In view
of that these techniques are wasteful because of its costs
and long-term analysis, in this research we conducted a
new field trial evaluation of genotoxicity, based on the
quantification of cfDNA in serum. This method is ad-
vantageous, not only because of its minimally invasive
characteristics but also due to cfDNA stability in serum
and to its easy accessibility. In addition, we used the
comet assay as an alternative method for evaluating the
extent of DNA damage.
Our results showed significant differences in the fre-

quency of higher categories of comets (p < 0,001) and in
cfDNA concentrations (p < 0,001) in the exposed cohort,
in comparison with those observed in non-exposed
(control group) (Tables 3 and 4). However, although
there was a significant statistical difference in the mean
of cfDNA between individuals exposed and non-
exposed, these concentrations grouped into ranges or
levels did not appear to be as discriminatory, it is also
true the fact that in our research we tried where possible
to minimize the influence of confounding factors be-
tween the two groups, such as age, degree of physical ac-
tivity associated with the occupation as well as exercise
habits, alcohol intake and smoking.
Although the exposed and non-exposed distribution

of cfDNA concentrations in the medium level (581–
2500 ng/mL) was very similar between, significant
differences were observed in the distribution of the
high (>2500 ng/mL) cfDNA level (Table 4), where the

Table 5 cfDNA levels in the exposed and the non-exposed
cohorts

cfDNA levels (ng/mL) Exposed % (N) Non-exposed % (N)

Low (0–580)a 9,1 (3) 30,3 (10)

Medium (581–2500)a 57,6 (19) 51,5 (17)

High (>2500)a 33,3 (11) 18,2 (6)
aReference values

Fig. 2 Mean and 95 % confidence interval of cfDNA concentrations by range of exposure time in the exposed cohort. Exposure time to airborne
solvent vapors significantly increased the extent of DNA damage assessed by cfDNA concentration (r = 0,28, p = 0,053, Spearman rank correlation)
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number of exposed was greater than the non-exposed.
In the low (0–580 ng/ml) cfDNA level, there was a sig-
nificant statistical difference in favor of the non-
exposed individuals, which were in a greater number
than the exposed, fact that can be explained when con-
sidering that individuals belonging to the control
group were not exposed to organic solvents and in
consequence a less extent of DNA damage could be
reasonable to wait.
The wide interindividual variability in cfDNA values

observed in both groups (exposed and non-exposed)
(Table 4), might be explained by differences in the extent
of tissue damage - which may vary according to age, ex-
posure time, workload or BTX levels at workshops – but
also by differences in the oxidative metabolism of geno-
toxic agents, which could affect cfDNA concentrations.
In the case of car painters, the exposure to those agents
was obvious while in the control group, one could think
in other environmental genotoxic agents e.g. carbon di-
oxide, alcohol, or those contained in certain products
used for home cleansing. These results are in agreement
with previous studies where wide variability in the mean
of cfDNA concentrations was also observed [7, 28, 29].
It should be noted also that the kinetics of genotoxic
damage-related cfDNA release into the bloodstream and
its subsequent clearance have not yet elucidated [30]
thus making the cfDNA, as rightly Danese et al. said, a
“hard to read” analyte [31].
In addition, it is noteworthy that though a significant

Spearman coefficient of correlation between the cfDNA
content and the DNA damage (assessed by comet assay)
was not observed, both parameters reflect the extent of
the genotoxic damage from exposure to solvents. This
finding could be explained by an adaptive response of
the organism addressed to the effective cfDNA elimin-
ation from blood but also to a survival mechanism of
cells with damaged DNA [32]. In fact, it has been recently
reported an enhancement of DNA damage in lymphocytes
along with a cfDNA content reduction, in human occupa-
tional exposure to low-dose gamma-neutron and tritium
β-radiation [32].
On the other hand, occupational exposure time to or-

ganic solvents in car paint shops significantly increased
the risk of genetic damage (Fig. 2), thus accomplishing
the Bradford-Hill dose-response relationship criteria for
causality, which means there is a valid causal connection
between exposure time to airborne solvent vapors and
extent of DNA damage [33].
Although cfDNA concentration can vary depending on

multiple factors, including degree of exercise, the in-
crease that has been observed after exhaustive exercise
such as marathon disappears within two hours after the
race [17, 34]. Consequently, activities conducted during the
day could not be associated with increased concentrations

of cfDNA, taking into account that the occupational-asso-
ciated degree of physical activity in the two groups, ex-
posed and non-exposed, was similar. Thus, the control
group was composed of workers of a hoses factory, occu-
pation that demands similar physical effort to that of
workers in the car paint shops. In addition, none of them,
exposed or non-exposed, reported exercising regularly or
other possible sources of cfDNA (e.g. infection, trauma,
inflammatory disease or cancer).
Considering our results together with the understand-

ing that apoptotic and necrotic cells are the main source
of cfDNA and also that its concentration increases due
to an augmented vulnerability of damaged cells to cell
death [35], it is possible to assume that the cfDNA is a
product of cellular DNA damage. Consequently, deter-
mination of cfDNA could be taken into account along
with other biomarkers, in order to support the diagnos-
tic of genotoxicity in individuals occupationally exposed
to organic solvents in car paint shops, for which this could
be a useful tool, just as it has been for patients suffering
from inflammatory or infectious processes, autoimmune
diseases and cancer, among others [28].
The increase in DNA damage in the exposed cohort

can be explained based on the oxidative metabolism of
BTX, wherein the intermediate metabolites may give rise
to reactive oxygen species (ROS) which, in turn, oxidize
the DNA. Furthermore, these metabolites can produce
DNA adducts, generating DNA modifications, such as
alkali-labile sites, single-stranded breaks (SSB) or double
strand breaks (DSB) [19].
Despite of the cfDNA test has been commonly used to

evaluate the progression of neoplastic disease [10, 36]
and also to study its relationship with apoptosis [37],
using techniques such as PCR, UV-visible spectropho-
tometry and the newly discovered fluorometric, so far
there are no reports of its application in assessing the
damage generated by the organic solvents that are used
to manufacture car paintings. While clinical significance
of cfDNA has not been fully elucidated, the results of
our research are of interest, because they allowed estab-
lishing significant differences between the cfDNA levels
in the serum of individuals occupationally exposed to
solvents compared to the non-exposed ones.
The high frequency of DNA damage observed in this

research indicates an urgent need to implement method-
ologies that not only allow an early identification of ad-
verse effects caused by these genotoxic agents, but also
to monitor them after the compliance with biosafety
standards by owners and workers of car paint shops.

Conclusions
Our results showed that car painters had a significant in-
crease in the cfDNA circulating in the serum, which is
an evidence of genetic damage caused by occupational
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exposure to organic solvents, regardless that the corre-
sponding levels in air were or not within the allowable
limits, results that should be analyzed by the appropriate
control agencies in order to redefining the permissible
concentrations of solvents in air. In the light of the
IARC reports classifying work vehicle painting as a car-
cinogenic industrial process, it is clear that occupational
exposure to organic solvents contained therein consti-
tutes a public health problem in Colombia, which reiter-
ates the need to continuously monitor them and
monitor adherence to relevant biosecurity rules, as well.
The feasibility of making the cfDNA test in serum as a
part of the job entrance examinations and monitoring of
workers in the researched labor sector could be one of
the most important potential applications of the findings
of our research in the field of occupational health.

Additional file

Additional file 1: Table S1. cfDNA concentrations and type of comet
in the exposed individuals - grouped by car paint shops - and BTX
concentrations in the indoor air. Table S2. Socio-demographic data of the
exposed cohort. Table S3. Socio-demographic data of the non-exposed
cohort. Table S4. Exposed cohort. cfDNA and total count and types of
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