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Abstract

Background There are few thorough studies on the extent and inter-element relationships of heavy metal contami-
nation in printing factory workers, especially in developing countries. The objective of this study was to determine
the levels of eight heavy metals, including arsenic (As), cadmium (Cd), chromium (Cr), nickel (Ni), cobalt (Co), lead (Pb),
mercury (Hg), and manganese (Mn), in urine and scalp hair of printing industry workers, and assess inter-element
correlations.

Methods We examined a total of 85 urine samples and 85 scalp hair samples (3 cm hair segments taken from near
the scalp) in 85 printing workers from a printing house in Bangkok, Thailand. We used an interviewer-administered
questionnaire about participants’ printing techniques, work characteristics, and work environment. Urine and scalp
hair samples were analyzed for levels of each element using the inductively coupled plasma optical emission spec-
trometry (ICP-OES) technique.

Results As, Cd, Cr, Ni, Pb were detected in urine with the geometric mean concentration range of 0.0028-

0.0209 mg/L, and Hg, Pb, Ni, Cd, Co, Mn, Cr were detected in hair samples (0.4453-7.165 mg/kg dry weight) of print-
ing workers. The geometric mean Ni level was significantly higher in the urine of production line workers than back-
office personnel (0.0218 mg/L vs.0.0132 mg/L; p=0.0124). The other elements did not differ significantly between
production line and back-office workers in either urine or hair. There was also a strong, statistically significant positive
correlation between Niand Co levels in hair samples of workers (r=0.944, p <0.0001).

Conclusions Average concentrations of most of the metals in urine and hair of printing workers were found to be
above the upper reference values. The significantly higher concentrations of Ni in production line workers might be
due to more exposure to printed materials. A strong inter-element correlation between Ni and Co in hair samples
can increase stronger health effects and should be further investigated. This study reveals possible dependencies and
impact interactions of heavy metal exposure in printing factory workers.
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Background

Heavy metals are elements with a high atomic weight
and a density of at least five times that of water [1]. The
main ones are arsenic (As), mercury (Hg), lead (Pb),
nickel (Ni), cadmium (Cd), cobalt (Co), manganese (Mn),
and chromium (Cr). These are all toxic metals and have
shown detrimental health effects in humans. As, Ni, Cd,
and Cr are Group 1 human carcinogens according to the
International Agency for Research on Cancer (IARC) [2].
Ni, Co, Mn, and Cr can irritate the respiratory tract and
impair lung function [3-5]. As, Hg, Pb, Cd, and Mn are
nephrotoxic metals [6-9].

Heavy metal concentrations in industrial environ-
ments are far higher than in natural settings [10-12]. The
printing industry poses occupational health challenges
because its workers are exposed to a range of metal ele-
ments through inhalation, skin contact, or ingestion [13,
14]. Printing technologies are classified as digital (ink jet),
offset lithographic, screen, flexographic, gravure, or 3D
printing [13]. Digital (ink jet) and offset lithography are
two of the most widely used printing methods in large-
scale printing factories [13, 15, 16]. Offset lithography is
a traditional printing method that uses metallic plates to
transfer ink onto a rubber sheet. The image is then rolled
onto the printing surface [17]. Rather than using metal-
lic plates and rubber blankets to transfer an image, digital
(ink jet) printing involves the direct placement of lig-
uid ink onto the printing surface [15, 17]. Each printing
process consists of three main steps: prepress, which is
the conversion of a printed image into an image carrier;
printing operations; and assembly of printed materials
[17]. Printing colorants include a diverse array of metal
nanoparticles such as Pb, Cd, Cr (VI), Ni, Silver (Ag),
Copper (Cu) complexes, and metallo-organic compounds
[18-22].

Several studies have reported heavy metal contami-
nation from the printing industry. In China, a recent
research pointed out the risk of high heavy metal expo-
sure in industrial sewage sludge from printing industry
as a particular environmental health issue [23]. A recent
study in India demonstrated that a dominant contribu-
tion of sources to the heavy metals in the air was from
printing factory [24]. Increasing studies have repre-
sented that metal particles are emitted from printers [25,
26]. Workers inhale those emissions of printers during
routine work may experience health issues. Biological
monitoring is an integral part of the occupational health
and safety strategy to address heavy metal exposure in
printing workers. Previous studies have demonstrated
internal doses of heavy metal residues, their metabo-
lites, or markers of subsequent health effects in blood,
urine, and hair of printing workers [27-31]. Within the
occupational context, biological monitoring helps with
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accurate assessment of worker exposure, especially where
environmental monitoring alone may underestimate the
exposure risk [32, 33].

There are around 100 printing houses in Bangkok,
Thailand, most of which are small-to-medium-scale.
Large- scale establishments, being defined as more than
75 workers, account for less than 1% of the total number.
Although many heavy metals are recognized to be highly
toxicants, to date, monitoring of this exposure in the
printing industry is limited. The authors selected a large-
scale printing house accessible at the time of the study to
assess the health burden and potential metal exposures as
a critical first step in gauging the public health burden of
metal exposure and in guiding recommendations to pro-
mote health of workers in the factory. This study aimed
to assess eight heavy metals (As, Hg, Pb, Ni, Cd, Co, Mn,
and Cr) and their inter-element relationships in print-
ing factory workers via non-invasive approaches such as
urine and scalp hair samples.

Methods

Study area and study participants

The study was conducted at a large-scale printing house
in Pathum Wan district, Bangkok, Thailand. Pathum Wan
district is located in the central part of Bangkok and has
an area of around 1.95 square kilometers with a mixed
educational, commercial, and residential area (Fig. 1).
The Printing House has 103 employees and two divisions:
the printing division and the back-office division. It uses
digital (ink jet) printing methods for on-demand print-
ing and quick turnaround times, and offset lithographic
printing methods for a high-volume production line. At
the time of the study, the printing house operated Mon-
day to Friday, with work usually scheduled for 8AM-
5PM, and workers all doing one eight-hour shift per day.
This study enrolled printing workers with records of their
work characteristics and workplace environment. The
inclusion criteria were workers aged 20-60 years who
worked in one of the printing factory divisions: the print-
ing division, and the back-office division. We excluded
anyone who was pregnant or who refused to participate
in the study. The study included an interviewer-admin-
istered questionnaire and the collection of urine and
scalp hair samples. Permission to conduct the study was
obtained from the factory owners. All study participants
provided signed informed consent.

The questionnaire collected information on gender, age,
work commute mode (by personal car, motorcycle, or
public transport), work characteristics (printing or back-
office), printing techniques, and years of employment.
Environmental information included air ventilation and
type (general or local ventilation), and behavioral infor-
mation included smoking cigarettes and drinking alcohol.
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Fig. 1 Geographic map of the printing factory and the surrounding area in Bangkok, Thailand

Urine and hair samples were collected from eligible par-
ticipants. They were sent for analysis of levels of As, Hg,
Pb, Ni, Cd, Co, Mn, and Cr using the inductively coupled
plasma optical emission spectrometry (ICP-OES) tech-
nique. This study was approved by the Ethics Committee
of the Institutional Review Board of the Faculty of Medi-
cine, Chulalongkorn University (IRB No. 2016-558/59),
and the principles of the Declaration of Helsinki were fol-
lowed. Participant flow is shown in Fig S1.

Sample collection and preparation

Urine samples were collected at the end of the last shift
at the end of a working week. In total, 5 mL to 20 mL of
each participant’s urine was collected in a sterile nitric
acid-washed polyethylene container. Samples were acidi-
fied and diluted with 2% HNO; in a 1:1 dilution ratio
within 48 h of collection. The samples were stored at 4 °C
and analyzed within two weeks (modified from Burden
et al., 1998) [34].

Hair samples were collected by cutting a 3 c¢cm hair
segment from near the scalp of each participant. The
quantity of each participant’s hair sample required for
analysis was 20 mg. The hair samples were stored at

room temperature in nitric acid pre-washed polyethylene
containers. Once in the laboratory, each sample was cut
into smaller pieces and washed with MilliQ water. The
washed samples were dried at 40 °C overnight in the oven
and then weighed. The washed hair samples were added
to glass beakers containing 5 mL of strong nitric acid,
digested and then heated to 150 °C until the samples were
homogenized into solutions. After digestion, 1 mL of
H,0, was added to the solution. The solutions were sub-
sequently diluted to 50 mL using MilliQ water (modified
from Ming-Jin He et al., 2016) [35].

Quantification of the elements

The concentration of all elements in both urine and hair
samples was measured using inductively coupled plasma
optical emission spectrometry (ICP-OES) instruments
(Optima 2100 DV, PerkinElmer, USA). The instrument
was calibrated using solutions of multi-element standards
(Multi-Element Calibration Standard 3, PerkinElmer),
and calibration curves were made from five different
concentrations (0.01, 0.05, 0.1, 0.5 and 1 mg/L) of this
standard solution. The instrument’s working parame-
ters were: plasma flow 15 L/min; nebulizing flow 0.8 L/
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min; and radiofrequency power 1300 W. The following
wavelengths (nm) were used to measure each element’s
emission intensity: 193.696 As; 194.168 Hg; 220.353 Pb;
221.648 Ni; 228.802 Cd; 238.892 Co; 257.610 Mn; and
267.716 Cr. The solution of HNO; and H,0, was diluted
to the same concentration as in the sample preparation
step, to use as a blank sample. The blank sample was ana-
lyzed and subtracted from each measurement.

Quality assurance and quality control

The validity of the analytical procedure was examined by
certified reference material of Human hair ERM®-DB001
from the European Commission Joint Research Center
Institute of Reference Materials. The results showed
good agreement with the certificated values. The limit of
detection (LOD) for each element was calculated as the
standard deviation of the blank sample concentration.
The LODs were 0.0016, 0.0017, 0.0017, 0.0018, 0.0017,
0.008, 0.011 and 0.009 mg/L for Pb, Ni Cd, Cr, As, Mn,
Hg and Co in urine, and 0.006, 0.01, 0.006, 0.006, 0.004,
0.128, 0.001 and 0.003 mg/kg dry weight for As, Pb, Ni,
Cd, Cr, Hg, Co and Mn in hair. The limits of quantifica-
tion (LOQ) were defined as ten times the standard devia-
tion. LOQs were 0.0053, 0.0057, 0.0056, 0.006, 0.005,
0.028, 0.0377 and 0.0302 mg/L for Pb, Ni Cd, Cr, As, Mn,
Hg and Co in urine and 0.0216, 0.0352, 0.0233, 0.0211,
0.0149, 0.4277, 0.0244 and 0.0105 mg/kg dry weight for
As, Pb, Ni, Cd, Cr, Hg, Co and Mn in hair. Metals with
concentrations below the LODs were replaced with one-
half of the LOD [36]. Each sample was tested in tripli-
cate, and the relative standard deviation did not exceed
5% in any case. The laboratory-fortified blanks showed
percent recoveries of As, Hg, Pb, Ni, Cd, Co, Mn, and Cr
was 101(2.7), 89[4], 108(4.7), 107(3.2), 106(3.7), 107(2.5),
100(2.9) and 106(2.5) %(SD), respectively.

Statistical analysis

SPSS software version 22 for Windows (IBM SPSS, ver-
sion 22, USA) was used for demographic characteris-
tics of participants analysis. Fisher’s exact was used to
compare the demographic characteristic between the
production line and back office workers. Element con-
centrations in urine and hair samples of printing factory
workers were analyzed using GraphPad Prism version 9
software (USA, 2021). Normality of distribution of data
was tested using the Shapiro—Wilk test. The data showed
a non-normal distribution, and non-parametric methods
were therefore applied throughout the analysis. Median,
geometric means and geometric standard deviations
were calculated to describe the concentration of each
element in the samples. The Mann—Whitney U test was
used to determine statistically significant differences
between the production line and back office groups for
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the results from each element (significance level p <0.05).
The Spearman’s rank correlation test was used to indicate
the correlations between two sets of data at the signifi-
cance level of p<0.05. A simple linear regression model
was used to evaluate the association between two corre-
lated data sets.

Results

General characteristics of the study participants

General characteristics of participants are summarized
in Table 1. 85 of the 103 printing factory workers con-
sented to participate in the study, giving an overall par-
ticipation rate of 82.5%. The mean age of workers was
46.06+£10.95 years old. Eight workers (9.4%) smoked
cigarettes and all of the smokers (100%) were male. 45.9%
of the participants worked in the printing process. A
majority of workers in the production line (76.9%) had
worked in the factory for more than 5 years. All partici-
pants (100%) worked for eight hours per day and five days
per week. Most workers in the production line (71%)
commuted to work by motorcycle, while most workers
in the back office (61%) commuted to work by personal
car, 54.1% worked in a local ventilation system (closed
space or back office), and 45.9% worked in a general ven-
tilation system (outdoors). Gender was significantly dif-
ferent between the production line and the back office
(p=0.001). There was no significant difference between
groups for age, smoking status, duration of employment,
and work commute mode (Table 1).

Element concentration in urine and hair samples

of printing factory workers

Median and geometric mean were calculated to show the
concentration of all elements in urine and hair samples.
In the urine samples, levels of five elements were found
to be above the standard values (As 78.82%, Cd 50.59%,
Cr 77.65%, Ni 92.94%, and Pb 17.65%) (Table 2). The hair
samples showed the corresponding levels of seven ele-
ments (Hg 18.82%, Pb 82.35%, Ni 98.82%, Cd 35.29%,
Co 30.59%, Mn 61.18%, and Cr 28.24%) (Table 3). The
highest rates of heavy metal contamination were from
Ni (92.94% in urine and 98.82% in hair). Average con-
centrations of most of the metals in urine and hair were
found to be above the upper reference value. The maxi-
mum concentration of all metals found in both urine and
hair was much higher than the upper range of reference
values (Tables 2 and 3). In urine, the values for As, Cd,
Cr, Ni, and Pb were 5, 43, 236, 43, and 27 times higher
than the upper range of references. In hair, the maximum
concentrations detected for Hg, Pb, Ni, Cd, Co, Mn, and
Cr were 10, 3, 34, 6, 312, 7, and 20 times higher than the
upper range of reference values. Only a small number
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Table 1 Demographic characteristics of participants

Characteristics Total (n=85) Production line (n=39) Back office (n=46) p-value?
Gender, n (%)

Male 40 (47%) 26 (65%) 4 (35%) 0.001
Female 45 (53%) 13 (29%) 32 (71%)

Age (years), mean +SD 46.06 (+10.95) 0117
18-20 years 1(1.2%) 1 (100%) 0 (0%)

20-30 years 11(12.9%) 6 (54.5%) 5 (45.5%)

31-40 years 15 (17.6%) 4 (20%) 11(80%)

41-50 years 15 (17.6%) 6 (40%) 9 (60%)

51-60 years 43 (50.6%) 24 (53.5%) 19 (46.5%)

Behavior

Smoke cigarettes, n (%) 8 (9.4%) 0.135
Male 6 (75%) 2 (25%)

Female 0 (0%) 0 (0%)

Work characteristics

Work department, n (%) 85 (100%) 39 (45.9%) 46 (54.1%)

Duration of employment (years), n (%)

<5 years 19 (22.89%) 9 (47%) 10 (53%) 0.074
5-10 years 17 (20.48%) 7 (37%) 12 (63%)

11-25 years 20 (24.1%) 8 (33%) 2 (67%)

26-30 years 16 (19.28%) 12 (89%) 4 (11%)

> 30 years 11 (13.25%) 3 (45%) 8 (55%)

Work commute mode, n (%)

By Personal car 31 (36.5%) 2 (39%) 19 (61%) 0.085
By Motorcycle 7 (20%) 12 (71%) 5 (29%)

By Public transportation 37 (43.5%) 15 (41%) 22 (59%)

"p<0.05
2 Fisher’s exact test

Table 2 Descriptive statistical parameters for element concentration in urine of the participants (mg/L)

Element The upper range of reference  Min-max Median GM (GSD) Positive n (%)
value?

As 0.1 0.002-0.502 0.022 0.0209 (3.568) 67 (78.82)

Cd 0.000185 0.002-0.008 0.002 0.0028 (1.504) 43 (50.59)

Cr 0.00022 0.002-0.052 0.01 0.0094 (2.274) 66 (77.65)

Ni 0.003 0.002-0.128 0.018 0.0157 (2.381) 79 (92.94)

Pb 0.00067 0.002-0.018 0.004 0.0037 (1.807) 5(17.65)

GM (GSD): geometric mean (geometric SD); n (%) out of 85 participants

2 Agency for Toxic Substances and Disease Registry (ATSDR), 2018

of workers tested positive for other heavy metals apart
from Ni, but the concentration of heavy metals detected
was exceptionally high. This indicates health risks in the
workplace from these heavy metals.

The participants were divided into production line
and back office workers. The distribution of each ele-
ment in the urine samples was compared between the
two groups of participants (Fig. 2A). Only the level of Ni

showed significant differences between the two groups
(p=0.0054), and was higher in the urine of production
line workers. We also compared the concentrations of
elements in hair samples between the groups (Fig. 2B).
No statistically significant differences were observed.

For data that exceeded the normal range, the upper
range of reference values of the element in urine and
hair were used as a cut-off. The average of values that
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Table 3 Descriptive statistical parameters for element concentration in hair of the participants (mg/kg dry weight)

Element The upper range of reference  Min-max Median GM (GSD) Positive n (%)
value®
Hg 1.66 0.161-16.557 0.6866 0.8654 (3.276) 16 (18.82)
Pb 4.57 0.212-12.207 0.8098 0.9849 (2.566) 70 (82.35)
Ni 0.90 0.231-31.034 1.352 1.557 (3.022) 84 (98.82)
Cd 017 0.133-1.013 0.2445 0.2585 (1.558) 30(35.29)
Co 0.14 0.480-43.678 9431 7.165 (3.568) 26 (30.59)
Mn 057 0.140-3.893 0.3745 0.4453 (2.098) 52(61.18)
Cr 0.52 0.218-10.267 1.151 1.157 (3.204) 24 (28.24)

GM (GSD) Geometric mean (geometric SD), n (%) out of 85 participants
b Mikulewicz et al., 2013. [37]

were higher than the normal range were compared for
each element between the two groups. The produc-
tion line workers had statistically significant higher
levels of Ni in their urine than the back office workers
(p=0.0124). No significant changes were observed in
other pairs in the data set (Table 4).

We used the Spearman’s rank correlation test to analyze
the degree of correlation between pairs of selected data.
The correlation of element pairs in urine and hair sam-
ples were compared (Table 5 and 6). There was a strong,
statistically significant positive correlation between
high values of Co and Ni concentrations in hair sam-
ples (r=0.944, p<0.0001). The simple linear regression
analysis of Co and Ni concentration in hair samples also
showed a strong relationship between the two data sets
(r*=0.9082) (Fig. 3). We also compared the correlation of
element pairs between urine and hair samples (Table 7),
but no significant changes were observed in regression
coefficients compared with the overall analysis.

Discussion

Our work has established the feasibility of analyzing the
internal heavy metal burden in the human body using
urine and hair samples as a non-invasive approach to
determine the metal contents in the urine and hair of
printing workers, as well as the relationship between
the metal contents and participant characteristics. As,
Cd, Cr, Ni, and Pb were detected in the urine of print-
ing workers. Hg, Pb, Ni, Cd, Co, Mn, and Cr were found
in their hair. Average concentrations of most of the met-
als in urine and hair were found to be above the upper
reference value. The workers could be separated into two
groups of the production line and the back office with the
significantly larger number of males in the production
line group. Production line workers had much higher
mean Ni levels than back-office workers. This might be
due to more exposure to printed materials of the former
group. There was a strong positive correlation between

elevated values of Ni and Co for hair samples. The other
elements did not differ significantly between production
line and back office workers in either urine or hair.

We found that gender was significantly different
between the production line and the back office. How-
ever, age, smoking status, duration of employment, and
work commute mode were not significantly different
between the production line and the back office. Most
males worked in the production line and this can result in
male workers being exposed to more metals than female
workers.

From our findings, all smokers contained high Ni lev-
els in their urine and hair. Our finding was consistent
with several studies that found smokers’ exposure to Ni
through tobacco smoke was high, as were Ni levels in
smokers’ biological samples [38—40]. This suggests there
is a need for printing workers more strict safety regulation
such as wearing more protection, more frequent cleaning
process, safer equipment/device, especially for males.

Both production line and back office workers had sta-
tistically different Ni levels at p<0.05. The findings may
be explained by different exposure to environmental
sources, such as inexpensive jewelry, dyes, cosmetics, and
foods [37]. The geometric mean level of Ni in the produc-
tion line workers’ urine was also statistically significantly
higher than that of back office workers. This result could
be due to occupational exposure to nanoparticle inks in
the printing factory’s production process [14, 30], which
is often much higher than non-occupational Ni exposure
[41]. Inkjet printing uses three types of Ni: a dust of rela-
tively insoluble Ni compounds, aerosols derived from Ni
solutions (soluble Ni), and gaseous forms containing Ni
(usually Ni carbonyl) [38, 42]. Ni exposure levels vary by
industry, and Ni can enter the body via inhalation, skin
contact, or ingestion [39]. The production process of the
printing industry may release Ni dust into the air [24, 40,
43]. The toxicity of Ni dust depends on the solubility of
Ni compounds. According to the United States Agency
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for Toxic Substances and Disease Registry, employees Ni exposure can cause contact dermatitis, lung fibro-
who are exposed to more than 10 mg Ni/m® as Ni com-  sis, and alveolitis [39, 44—47]. Ni exposure increases
pounds develop lung and nasal sinus cancer [44]. lung and nasal cancer risk in human and animal studies
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Table 4 Comparison element concentration between production line and back office work in urine and hair of exceeded reference
value participants

Element The upper range of Work position Min-max Median GM (GSD) p-value®
reference value
Urine (mg/L)
As 0.1° Production line 0.104-0.464 0.124 0.1815 (2.265) >0.9999
(n=3)
Back office 0.100-0.502 0.134 0.1888 (2.362)
(n=3)
Cd 0.000185? Production line 0.002-0.008 0.002 0.0028 (1.545) 0.7548
(n=23)
Back office 0.002-0.006 0.002 0.0027 (1.468)
(n=20)
Cr 0.00022° Production line 0.002-0.0520 0.01 0.0112 (2.161) 0.1839
(n:33>
Back office 0.002-0.026 0.01 0.0079 (2.332)
(I’):33)
Ni 0.003° Production line 0.004-0.128 0.022 0.0218 (2.249) 0.0124*
(n=37)
Back office 0.004-0.046 0014 0.0132(2.115)
(n=40)
Pb 0.00067° Production line 0.002-0.0180 0.004 0.0042 (1.842) 0.2920
(n=10)
Back office 0.002-0.006 0.002 0.0029 (1.667)
(n=>5)
Hair (mg/kg dry weight)
Cr 0.52° Production line 1.101-10.27 2.926 2.929 (2.466) 0.3282
(n=8)
Back office 0.5464-6.596 2016 1.603 (2.239)
(n=8)
Ni 0.90° Production line 0.9756-31.03 2451 3,151 (2.623) 0.2706
(n=27)
Back office 0.9358-21.76 1.954 2478 (2.334)
(n=28)
Co 0.14° Production line 2.926-43.68 14.71 11.25 (2.360) 05137
(h=12)
Back office 0.4808-32.35 8.467 6.501 (3.939)
(n=12)
Pb 457° Production line 5.140-9.226 7.306 7.044 (1.318) 05333
(n=4)
Back office 8.042-12.21 10.12 9.908 (1.343)
(n=2)
Hg 1.66° Production line 16.56 16.56 16.56 (1.000) NC
(n=1)
Back office 3.495-4.369 3.932 3.907 (1.171)
(n=2)
Mn 0.57° Production line 0.5917-1.339 0.9873 0.9072 (1.390) 0.2589
(n=6)
Back office 0.6098-3.893 1.203 1.305 (1.950)
(n=9)

GM (GSD) Geometric mean (geometric SD), NC not computable
"p<0.05

@ Agency for Toxic Substances and Disease Registry (ATSDR), 2018
b Mikulewicz et al., 2013. [37]

€ Mann-Whitney U Test
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Table 5 Correlation coefficients between metal concentration
in urine samples

As Pb Ni Cd Cr
As 1 0.290085 0.32909 0.328286 0425997
Pb 1 0.652447 0373632 0.71951
Ni 1 0.274581 0.585974
Cd 1 0.565599
Cr 1

as well [37, 48]. A possible mechanism could be that Ni
can deplete glutathione levels, bond to the sulthydryl
groups of proteins, and induce genotoxicity, which con-
tributes to carcinogenicity [45, 48]. The IARC classifies
soluble and insoluble Ni compounds as Group 1 (carcin-
ogen to humans), and Ni and alloys as Group 2B (possi-
bly carcinogenic to humans) [37]. The printing industry
also emits Co, according to the various studies [49-51].
Co has the potential to both benefit and harm human
health. Co is a component of vitamin B12, and is useful to
humans in this particular form. However, Co poisoning
can cause lung, cardiac, and skin problems [52]. Animals
exposed to high doses of Co have also shown liver and
renal damage [46]. Workplace exposure to Co can cause
fibrotic alterations in lung tissue [53, 54]. The possible
mechanism is that Co nanoparticles induce oxidative
stress, lung inflammation and injury, and cell prolifera-
tion, which further results in DNA damage and DNA
mutation in both animal and human studies [55—-57]. The
IARC classifies Co in Group 2B (possibly carcinogenic to
humans) [2].

We found that printing factory workers were exposed
to Ni and Co, but not Pb, although this is known to be a
risk in the printing industry [30, 58, 59]. These differences
might be because the mean half-life of the minor fraction
of Ni and Co is several years [60, 61], but the mean half-
life of Pb in the human body is 30 days [62, 63].
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Fig. 3 Correlation between high values of Cobalt (Co) and Nickel (Ni)
concentrations in hair samples

Table 7 Correlation coefficients between metal concentration
in the two biological samples

Hair
Pb Ni cd Cr
Urine
Pb -0.12852 0.236503 -0.35355 -0.86603
Ni -0.06605 0.115825 0.19744 0211785
cd 0.004965 -0.09217 0.250852 -0.28328
Cr -0.02343 0.066612 0.153029 0.021259

The strength of the relationship between Ni and Co
showed very strong magnitude, suggesting that Ni and
Co might originate from the same source, which is the
production line. A study by Mervat et al., 2014 reported
considerable positive associations between levels of Ni
and Co in hair samples from dental laboratory techni-
cians [64], which was consistent with our findings. Work-
ers in the printing industry and dentistry laboratories are

Table 6 Correlation coefficients between metal concentration in hair samples

Cd Cr Ni Co Pb Hg Mn

Cd 1 -0.2028 0.19744 0.943932 0363547 0.5 0.326057
Cr 1 0211785 NC 0.026961 NC -0.17895

Ni 1 0.943932%x** -0.04871 0.220588 0.056103
Co 1 0.098839 0.657143 0.364743
Pb 1 -0.325 0433385
Hg 1 -0.03571

Mn 1

NC Not computable (no data from same individual matched to calculate the correlation)

" p<0.0001
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exposed to several metals and metal mixtures. A study
by Patel et al,, 2012 demonstrated that co-exposure to
Ni and Co enhances cytotoxicity and oxidative stress in
human lung epithelial cells [65]. This strong inter-ele-
ment correlation between Ni and Co could magnify the
health effects [65] and should be further investigated.

In printing factories, workers are exposed to fumes and
dust containing Ni and its compounds in printing color
cartridges [66]. Similar studies examined concentrations
of metal nanoparticles in printing factories and the high-
est levels were found in the ink preparation areas and the
pressing operations [13, 21, 25, 67, 68]. In this study, the
printing workers used inappropriate personal protection
equipment. Workers in the production line wore gloves
and masks off and on. The geometric mean level of Ni in
the production line workers’ urine was statistically signif-
icantly higher than that of back office workers. This result
supports occupational exposure to nanoparticle inks in
the printing factory’s production process. All production
line workers should be more strictly protected with the
same United States Environmental Protection Agency
(US EPA) control measures such as measurements of the
employees’ air exposure levels, additional safety regula-
tion such as wearing more protection, more frequent
cleaning process, safer equipment/device regardless of
males or females [69].

Numerous recent studies have reported using urine
and hair analysis to determine heavy metal concentra-
tions and signs of cell injury [10, 70, 71]. To our knowl-
edge, there were limited occupational-related studies
in metal intoxication using laboratory experiments.
Our results addressed the potential application of hair
and urine samples for the evaluation of metal levels in
humans. These data findings increase awareness of the
possible dependency and impact interactions of elemen-
tal exposure in the workplace environment.

On the other hand, this study has some limitations. We
demonstrated in a single, preliminary study that printing
workers came from one factory that used printing tech-
nologies. We also noted that heavy metal levels deter-
mined in this study are only measurements due to the
limited sample size. Further study should be performed
using a large number of clinical samples. Decision-mak-
ers should monitor workplace air contaminants, educate
printing workers regarding the use of personal protective
equipment in their workplaces, and establish a biological
monitoring program for printing workers. Shorter work
times in contaminant areas should also be scheduled.

Conclusions

The exposure of printing factory workers to trace heavy
metals presents health risks and is harmful for both pro-
duction line and back-office workers with the higher
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average contents of the metals observed in their urine and
hair samples than the upper limit values. The concentra-
tions of Ni in the production line group with more expo-
sure to the printed materials were found to be significantly
higher than the back office group. A strong inter-element
correlation between Ni and Co in hair samples which
suggests that these metals might originate from the same
source as well as warrant for additional investigation,
especially along the production line. This study provides
the insights into possible dependencies and impact inter-
actions of heavy metal exposure in the printing indus-
try, which could lead to the development of approach for
evaluating the exposure of printing workers to metal com-
pounds, such as an air and biological monitoring program.

Abbreviations

As Arsenic

Cd Cadmium

Cr Chromium

Co Cobalt

Pb Lead

Mn Manganese

Ni Nickel

Hg Mercury

ICP-OES  Inductively coupled plasma optical emission spectrometry

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512889-022-14807-0.

[ Additional file 1: Fig S1. The workflow diagram of this study. }

Acknowledgements

The authors gratefully acknowledge the assistance of Prof. Piyaratana
Tosukhowong from Department of Biochemistry, Faculty of Medicine, Chula-
longkorn University, for the ICP-OES machine support and Prof. Dr. Pornchai
Sithisarankul for his kind guidance. We also thank Associate Professor Dr.
Aran Hansuebsia and workers in the printing factory in Bangkok for their kind
cooperation and enrollment in this study.

Authors’ contributions

AS, PS, and RR conceptualized and designed the study. AS and PS interpreted
the data and wrote the manuscript. SN and KS oversaw field work, conducted
the data collection and summarized the data. RR and TD conducted data
analysis. YP participated in field work and edited manuscript. All authors read
and approved the final manuscript.

Funding
This research is funded by Chulalongkorn University; Government Budget to
AS (grant number GB-A_61_011_30_07).

Availability of data and materials
The data used and analyzed during the current study are available from the
corresponding author upon request.

Declarations

Ethics approval and consent to participate

This study was approved by the Ethics Committee of the Institutional Review
Board of the Faculty of Medicine, Chulalongkorn University (IRB No. 558/59),
and the principles of the Declaration of Helsinki were followed. Informed
consent was obtained from all participants.


https://doi.org/10.1186/s12889-022-14807-0
https://doi.org/10.1186/s12889-022-14807-0

Sirinara et al. BMC Public Health (2023) 23:31

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

'Department of Preventive and Social Medicine, King Chulalongkorn
Memorial Hospital, Bangkok, Thailand. 2Department of Preventive and Social
Medicine, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand.
3Behavioral Research and Informatics in Social Sciences Research Unit (RU-BRI),
SASIN School of Management, Chulalongkorn University, Bangkok, Thailand.
“Center of Excellence in Nanomedicine, Department of Anatomy, Faculty

of Medicine, Chulalongkorn University, Bangkok, Thailand. >Department

of Biochemistry Metabolic Disease in Gastrointestinal and Urinary System
Research Unit, Faculty of Medicine, Chulalongkorn University, Bangkok, Thai-
land. ®Department of Chemistry, Faculty of Science, Chulalongkorn University,
Bangkok, Thailand.

Received: 4 August 2022 Accepted: 5 December 2022
Published online: 05 January 2023

References

1. Raychaudhuri SS, Pramanick P, Talukder P, Basak A. Chapter 6 - Polyam-
ines, metallothioneins, and phytochelatins—Natural defense of plants
to mitigate heavy metals. In: Atta ur R, editor. Studies in Natural Products
Chemistry. Elsevier; 2021. p. 227-61.

2. IARC. Agents Classified by the IARC Monographs: International Agency
for Research on Cancer; 2022 [Volume 1-132]. Available from: https://
monographs.iarc.who.int/list-of-classifications/

3. Rehman K, Fatima F, Waheed |, Akash MSH. Prevalence of exposure of
heavy metals and their impact on health consequences. J Cell Biochem.
2018;119(1):157-84.

4. Gandhi D, Rudrashetti AP, Rajasekaran S. The impact of environmental
and occupational exposures of manganese on pulmonary, hepatic, and
renal functions. J Appl Toxicol. 2022;42(1):103-29.

5. Joh JS, Kang MY, Myong JP. Dose-Response Relationship between
Environmental Exposure to Nickel and Pulmonary Function in the Korean
General Population Aged 40 or Older. Int J Environ Res Public Health.
2021;18(13).

6. Barregard L, Elinder C-G. Chapter 17 - Renal Effects of Exposure to Met-
als. In: Nordberg GF, Fowler BA, Nordberg M, editors. Handbook on the
Toxicology of Metals. 4th ed. San Diego: Academic Press; 2015. p. 333-50.

7. Barregard L, Sallsten G, Lundh T, M&lIne J. Low-level exposure to lead,
cadmium and mercury, and histopathological findings in kidney biopsies.
Environ Res. 2022;211:113119.

8. Orr SE, Bridges CC. Chronic Kidney Disease and Exposure to Nephrotoxic
Metals. Int J Mol Sci. 2017;18(5).

9. SunY, Zhou Q, Zheng J. Nephrotoxic metals of cadmium, lead, mercury
and arsenic and the odds of kidney stones in adults: An exposure-
response analysis of NHANES 2007-2016. Environ Int. 2019;132:105115.

10. Balali-Mood M, Naseri K, Tahergorabi Z, Khazdair MR, Sadeghi M. Toxic
Mechanisms of Five Heavy Metals: Mercury, Lead, Chromium, Cadmium,
and Arsenic. Front Pharmacol. 2021;12:643972.

11. Junaid M, Hashmi MZ, Tang YM, Malik RN, Pei DS. Potential health risk of
heavy metals in the leather manufacturing industries in Sialkot, Pakistan.
SciRep. 2017,7(1):8848.

12. Tchounwou P, Yedjou C, Patlolla A, Sutton D. Heavy metal toxicity and the
environment. Exp Suppl. 2012;101:133-64.

13. Health and safety in the printing industry: HSE: Information about health
and safety at work.; 2022 [Available from: https://www.hse.gov.uk/print
ing/index.htm.

14. Yongkun Sui CAZ. Review - Inkjet Printing of Metal Structures for Elec-
trochemical Sensor Applications. Journal of The Electrochemical Society.
2020;167(3).

15. Major types of printing processes. Washington, D.C.: United States
Environmental Protection Agency (US EPA). 2021. https://www.epa.gov/
air-emissions-monitoring-knowledgebase/monitoring-information-indus
try-printing-and-publishing#types. Accessed 30 Aug 2022.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

6.

Page 11 of 12

Kye-Si Kwon MKR, Thanh Huy Phung, Stephen D Hoath, Sunho Jeong,
and Jang Sub Kim. Review of digital printing technologies for electronic
materials. Flexible and Printed Electronics. 2020;5(4).

. Illinois Library: Printing Process Overview Urbana, IL [updated Aug 16,

2019. Available from: https://guides.library.illinois.edu/litho-topic-hub.

. Alexander Kamyshny JS, Shlomo Magdassi. Metal-based Inkjet Inks for

Printed Electronics. The Open Applied Physics Journal. 2011;4:19-36.

. Barbaric-Mikocevic Z, Orescanin V, Bolanca Z, Lulic S, Rozic M. Heavy met-

als in the products of deinking flotation of digital offset prints. J Environ
Sci Health A Tox Hazard Subst Environ Eng. 2004;39(11-12):2883-95.

. Eshkeiti A, Narakathu BB, Reddy ASG, Moorthi A, Atashbar MZ, Rebrosova

E, et al. Detection of heavy metal compounds using a novel inkjet printed
surface enhanced Raman spectroscopy (SERS) substrate. Sens Actuators
B Chem. 2012;171-172:705-11.

Nelo M, Myllymaki S, Juuti J, Uusimaki A, Jantunen H. Cobalt Nanoparticle
Inks for Printed High Frequency Applications on Polycarbonate. J Electron
Mater. 2015;44(12):4884-90.

Pajor-Swierzy A, Socha R, Pawtowski R, Warszyriski P, Szczepanow-

icz K. Application of metallic inks based on nickel-silver core-shell
nanoparticles for fabrication of conductive films. Nanotechnology.
2019;30(22):225301.

Zhang X, Chen S, Ai F, Jin L, Zhu N, Meng XZ. Identification of industrial
sewage sludge based on heavy metal profiles: a case study of printing
and dyeing industry. Environ Sci Pollut Res Int. 2022;29(8):12377-86.
Kumari S, Jain MK, Elumalai SP. Assessment of Pollution and Health Risks
of Heavy Metals in Particulate Matter and Road Dust Along the Road
Network of Dhanbad, India. J Health Pollut. 2021;11(29):210305.

Tedla G, Jarabek AM, Byrley P, Boyes W, Rogers K. Human exposure to
metals in consumer-focused fused filament fabrication (FFF)/ 3D printing
processes. Sci Total Environ. 2022;814:152622.

Nayak L, Mohanty S, Nayak SK, Ramadoss A. A review on inkjet printing of
nanoparticle inks for flexible electronics. Journal of Materials Chemistry C.
2019;7(29):8771-95.

Decharat S. Chromium Exposure and Hygienic Behaviors in Printing
Workers in Southern Thailand. J Toxicol. 2015;2015:607435.

Talib. ZNAaAH. Impacts of Printing Presses Emissions upon Occupation-
ally Exposed Workers Health. IntJCurrMicrobiolAppSci. 2016;5(4):757-71.
Oke S, Phillips TE, Kolawole A, Ofiabulu CE, Adeyeye DA. Occupational
lead exposure in printing presses: An analytical approach. Pac J Sci Tech-
nol. 2008;9(1):263-71.

Nakhaee S, Amirabadizadeh A, Nakhaee S, Zardast M, Schimmel J,
Ahmadian-Moghadam J, et al. Blood lead level risk factors and reference
value derivation in a cross-sectional study of potentially lead-exposed
workers in Iran. BMJ Open. 2019,9(7):023867.

Ljunggren SA, Karlsson H, Stahlbom B, Krapi B, Fornander L, Karlsson LE,
et al. Biomonitoring of Metal Exposure During Additive Manufacturing
(3D Printing). Saf Health Work. 2019;10(4):518-26.

Jakubowski M. Biological monitoring versus air monitoring strategies

in assessing environmental-occupational exposure. J Environ Monit.
2012;14(2):348-52.

Viegas S, Zare Jeddi M, N BH, Bessems J, Palmen N, K SG, et al. Biomonitor-
ing as an Underused Exposure Assessment Tool in Occupational Safety
and Health Context-Challenges and Way Forward. Int J Environ Res Public
Health. 2020;17(16).

Burden TJ, Whitehead MW, Thompson RP, Powell JJ. Preparation of urine
samples for trace metal determination: a study with aluminium analysis
by inductively coupled plasma optical emission spectrometry. Ann Clin
Biochem. 1998;35(Pt 2):245-53.

ACIP Provisional Recommendations for Measles-Mumps-Rubella (MMR)
"Evidence of Immunity” Requirements for Healthcare Personnel [Available
from: http://www.cdc.gov/vaccines/recs/provisional/downloads/mmr-
evidence-immunity-Aug2009-508.pdf.

Killian B, Yuan TH, Tsai CH, Chiu THT, Chen YH, Chan CC. Emission-related
Heavy Metal Associated with Oxidative Stress in Children: Effect of Anti-
oxidant Intake. Int J Environ Res Public Health. 2020;17(11):3920.

IARC (The International Agency for Research on Cancer). Nickel

and nickel compounds. IARC Monogr Eval Carcinog Risk Hum.
2017;100C:169-218.

Rajan K, Roppolo |, Chiappone A, Bocchini S, Perrone D, Chiolerio A. Silver
nanoparticle ink technology: state of the art. Nanotechnol Sci Appl.
2016;9:1-13.


https://monographs.iarc.who.int/list-of-classifications/
https://monographs.iarc.who.int/list-of-classifications/
https://www.hse.gov.uk/printing/index.htm
https://www.hse.gov.uk/printing/index.htm
https://www.epa.gov/air-emissions-monitoring-knowledgebase/monitoring-information-industry-printing-and-publishing#types
https://www.epa.gov/air-emissions-monitoring-knowledgebase/monitoring-information-industry-printing-and-publishing#types
https://www.epa.gov/air-emissions-monitoring-knowledgebase/monitoring-information-industry-printing-and-publishing#types
https://guides.library.illinois.edu/litho-topic-hub
http://www.cdc.gov/vaccines/recs/provisional/downloads/mmr-evidence-immunity-Aug2009-508.pdf
http://www.cdc.gov/vaccines/recs/provisional/downloads/mmr-evidence-immunity-Aug2009-508.pdf

Sirinara et al. BMC Public Health

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

(2023) 23:31

Genchi G, Carocci A, Lauria G, Sinicropi M, Catalano A. Nickel: Human
Health and Environmental Toxicology. Int J Environ Res Public Health.
2020;,17(3).

Gu J, Karrasch S, Salthammer T. Review of the characteristics and possible
health effects of particles emitted from laser printing devices. Indoor Air.
2020;30(3):396-421.

Tramontana M, Bianchi L, Hansel K, Agostinelli D, Stingeni L. Nickel
Allergy: Epidemiology, Pathomechanism, Clinical Patterns, Treatment
and Prevention Programs. Endocr Metab Immune Disord Drug Targets.
2020;20(7):992-1002.

Rao L, Tang J,Hu S, Shen L, Xu'Y, Li R, et al. Inkjet printing assisted electro-
less Ni plating to fabricate nickel coated polypropylene membrane with
improved performance. J Colloid Interface Sci. 2020;565:546-54.

Neha Thakur HM. Nickel-Based Inks for Inkjet Printing: A Review on Latest
Trends. American Journal of Materials Science. 2021;11(1):20-35.
Agency for Toxic Substances and Disease Registry (ATSDR) Toxicological
Profile for Nickel. Atlanta, GA: U.S. Department of Health and Human
Services, Public Health Service; 2005.

Lee HW, Jose CC, Cuddapah S. Epithelial-mesenchymal transition: Insights
into nickel-induced lung diseases. Semin Cancer Biol. 2021;76:99-109.
Duarte I, Mendonga RF, Korkes KL, Lazzarini R, Hafner MFS. Nickel, chro-
mium and cobalt: the relevant allergens in allergic contact dermatitis.
Comparative study between two periods: 1995-2002 and 2003-2015. An
Bras Dermatol. 2018;93(1):59-62.

Ahlstrém MG, Thyssen JPB, Wennervaldt M, Menné T, Johansen JD. Nickel
allergy and allergic contact dermatitis: A clinical review of immunol-
ogy, epidemiology, exposure, and treatment. Contact Dermatitis.
2019;81(4):227-41.

Seilkop SK, Oller AR. Respiratory cancer risks associated with low-

level nickel exposure: an integrated assessment based on animal,
epidemiological, and mechanistic data. Regul Toxicol Pharmacol.
2003;37(2):173-90.

Mahmood MA, Ur Rehman A, Ristoscu C, Demir M, Popescu-Pelin G, Pitir
F, et al. Advances in Laser Additive Manufacturing of Cobalt-Chromium
Alloy Multi-Layer Mesoscopic Analytical Modelling with Experimental
Correlations: From Micro-Dendrite Grains to Bulk Objects. Nanomaterials.
2022;12(5):802.

Srivastava V, Kohout T, Sillanpéaa M. Potential of cobalt ferrite nanoparti-
cles (CoFe204) for remediation of hexavalent chromium from synthetic
and printing press wastewater. J Environ Chem Eng. 2016;4(3):2922-32.
Farcas MT, Stefaniak AB, Knepp AK, Bowers L, Mandler WK, Kashon M,

et al. Acrylonitrile butadiene styrene (ABS) and polycarbonate (PC) fila-
ments three-dimensional (3-D) printer emissions-induced cell toxicity.
Toxicol Lett. 2019;317:1-12.

Agency for Toxic Substances and Disease Registry (ATSDR) Toxicological
Profile for Cobalt. Atlanta, GA: U.S. Department of Health and Human
Services, Public Health Service; 2005.

Adams TN, Butt YM, Batra K, Glazer CS. Cobalt related interstitial lung
disease. Respir Med. 2017;129:91-7.

Du X, Liu J, Wang Y, Jin M, Ye Q. Cobalt-related interstitial lung disease

or hard metal lung disease: A case series of Chinese workers. Toxicol Ind
Health. 2021;37(5):280-8.

Wan R, Mo, Zhang Z, Jiang M, Tang S, Zhang Q. Cobalt nanoparticles
induce lung injury, DNA damage and mutations in mice. Part Fibre Toxi-
col. 2017;14(1):38.

Guo H, Liu H, Wu H, Cui H, Fang J, Zuo Z, et al. Nickel Carcinogenesis
Mechanism: DNA Damage. Int J Mol Sci. 2019;20(19).

Scanlon SE, Scanlon CD, Hegan DC, Sulkowski PL, Glazer PM. Nickel
induces transcriptional down-regulation of DNA repair pathways

in tumorigenic and non-tumorigenic lung cells. Carcinogenesis.
2017,38(6):627-37.

Alarcon WA. Elevated Blood Lead Levels Among Employed

Adults - United States, 1994-2013. MMWR Morb Mortal Wkly Rep.
2016;63(55):59-65.

Kumar S. Occupational and Environmental Exposure to Lead and Repro-
ductive Health Impairment: An Overview. Indian J Occup Environ Med.
2018;22(3):128-37.

Nickel and nickel compounds. IARC Monogr Eval Carcinog Risk Chem
Man. 1976;11:75-112.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71

Page 12 of 12

Mosconi G, Bacis M, Vitali MT, Leghissa P, Sabbioni E. Cobalt excretion in
urine: results of a study on workers producing diamond grinding tools
and on a control group. Sci Total Environ. 1994;150(1-3):133-9.

Collin MS, Venkatraman SK, Vijayakumar N, KanimozhiV, Arbaaz SM,
Stacey RGS, et al. Bioaccumulation of lead (Pb) and its effects on human:
A review. Journal of Hazardous Materials Advances. 2022;7:100094.

What is the Biological Fate of Lead in the Body? : Agency for Toxic Sub-
stance and Disease Registry (ATSDR); 2019 [Available from: https.//www.
atsdr.cdc.gov/csem/leadtoxicity/biologic_fate.html.

Al-Awadeen MA A-HA, Massadeh AM, Khader YS. Determination of
Selected Heavy Metal Levels in Scalp Hair and Fingernail Samples from
Dental Laboratory Technicians. J Interdiscipl Med Dent Sci.2.

Patel E, Lynch C, RuffV, Reynolds M. Co-exposure to nickel and cobalt
chloride enhances cytotoxicity and oxidative stress in human lung
epithelial cells. Toxicol Appl Pharmacol. 2012;258(3):367-75.

Li X, ZhaoY, Yu J, Liu Q, Chen R, Zhang H, et al. Layer-by-layer inkjet print-
ing GO film and Ag nanoparticles supported nickel cobalt layered double
hydroxide as a flexible and binder-free electrode for supercapacitors. J
Colloid Interface Sci. 2019;557:691-9.

Kusaka Y, Yokoyama K, Sera'Y, Yamamoto S, Sone S, Kyono H, et al. Respira-
tory diseases in hard metal workers: an occupational hygiene study in a
factory. Br J Ind Med. 1986;43(7):474-85.

Kraus T, Schramel P, Schaller KH, Zébelein P, Weber A, Angerer J. Exposure
assessment in the hard metal manufacturing industry with special regard
to tungsten and its compounds. Occup Environ Med. 2001;58(10):631-4.
Printing and Publishing Monitoring Information. Washington, D.C.: United
States Environmental Protection Agency (US EPA). 2021. https://www.
epa.gov/air-emissions-monitoringknowledge-base/printing-and-publi
shing-monitoring-information. Accessed 9 Nov 2022.

Blaurock-Busch E, Amin OR, Rabah T. Heavy metals and trace elements

in hair and urine of a sample of arab children with autistic spectrum
disorder. Maedica (Bucur). 2011;6(4):247-57.

Grundler F, Séralini GE, Mesnage R, Peynet V, Wilhelmi de Toledo F. Excre-
tion of Heavy Metals and Glyphosate in Urine and Hair Before and After
Long-Term Fasting in Humans. Front Nutr. 2021;8:708069.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.atsdr.cdc.gov/csem/leadtoxicity/biologic_fate.html
https://www.atsdr.cdc.gov/csem/leadtoxicity/biologic_fate.html
https://www.epa.gov/air-emissions-monitoringknowledge-base/printing-and-publishing-monitoring-information
https://www.epa.gov/air-emissions-monitoringknowledge-base/printing-and-publishing-monitoring-information
https://www.epa.gov/air-emissions-monitoringknowledge-base/printing-and-publishing-monitoring-information

	“Assessing exposure of printing factory workers in thailand to selected heavy metals using urine and hair as non-invasive matrices”
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Study area and study participants
	Sample collection and preparation
	Quantification of the elements
	Quality assurance and quality control
	Statistical analysis

	Results
	General characteristics of the study participants
	Element concentration in urine and hair samples of printing factory workers

	Discussion
	Conclusions
	Acknowledgements
	References


