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Abstract

Agriculture in the United States employs youth ages ten and older in work environments with high 

pesticide levels. Younger children in rural areas may also be affected by indirect pesticide 

exposures. The long-term effects of pesticides on health and development are difficult to assess 

and poorly understood. Yet, epidemiologic studies suggest associations with cancer as well as 

cognitive deficits. We report a practical and cost-effective approach to assess environmental 

pesticide exposures and their biological consequences in children. Our approach combines silicone 

wristband personal samplers and DNA damage quantification from hair follicles, and was tested as 

part of a community-based participatory research (CBPR) project involving ten Latino children 

from farmworker households in North Carolina. Our study documents high acceptance among 

Latino children and their caregivers of these noninvasive sampling methods. The personal 
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samplers detected organophosphates, organochlorines, and pyrethroids in the majority of the 

participants (70%, 90%, 80%, respectively). Pesticides were detected in all participant samplers, 

with an average of 6.2 ± 2.4 detections/participant sampler. DNA damage in epithelial cells from 

the sheath and bulb of plucked hairs follicles was quantified by immunostaining 53BP1-labled 

DNA repair foci. This method is sensitive, as shown by dose response analyses to γ radiations 

where the lowest dose tested (0.1 Gy) led to significant increased 53BP1 foci density. 

Immunolabeling of DNA repair foci has significant advantages over the comet assay in that 

specific regions of the follicles can be analyzed. In this cohort of child participants, significant 

association was found between the number of pesticide detections and DNA damage in the papilla 

region of the hairs. We anticipate that this monitoring approach of bioavailable pesticides and 

genotoxicity will enhance our knowledge of the biological effects of pesticides to guide education 

programs and safety policies.
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1. Introduction

Modern agriculture relies on insecticides, fungicides and herbicides to which farmworkers 

and residents in rural areas are repeatedly exposed. Children in farmworker households are 

exposed to pesticides from different sources, including drift of applications in neighboring 

fields, residues brought home by farmworkers, and residential applications [1–3], which may 

have adverse health effects.

Organic pesticides are suspected of increasing the risk for severe health conditions, 

including asthma, neurologic deficits, and cancer [4, 5]. In contrast to acute toxicities from 

high dose exposures, the long-term effects of chronic lower-dose pesticide exposures on 

health and development are difficult to assess and therefore poorly understood [6], in 

particular for migrant and seasonal Latino workers and their families who rely on temporary 

employment in farming. For these populations, longitudinal studies tracking health 

conditions with long latencies, such as cancers, are challenging and scarce. Retrospective 

studies with medical or insurance records are also complicated due to scattered medical 

documentation and the high proportion of uninsured migrant and seasonal workers [7, 8]. 

For children, invasive biomonitoring approaches are not acceptable, which complicates 

studies on pesticide exposures and health for this age group.
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Using personal sampling devices and biomarkers to assess environmental exposures and 

predict their impact on health is a practical and cost-effective approach, complementary to 

long-term observational studies. Pesticides, including the widely used organophosphate 

insecticides, induce DNA damage [9, 10], which is a common pathological characteristic of 

neurological disorders [11–13] and which increases cancer risk. Pesticide exposures are 

indeed associated with increased prevalence of multiple malignancies including lung [14], 

bladder [15, 16], non-Hodgkin lymphoma [17, 18], multiple myeloma [19] and acute 

myeloid leukemia [20] in adults. Although the effects of chronic pesticide exposure in 

children and adolescents remain poorly understood, increased childhood leukemia and brain 

tumors have been reported in rural areas or in association with parental and household 

pesticide exposures [21–24].

Measuring the DNA-damaging effects of pesticides provides a mechanistic link between 

environmental exposures and health outcomes. Yet, it is impossible to accurately recreate in 
vitro or in animal models the complex mixtures of pesticides and pesticide metabolites to 

which farmworkers and their children are exposed, nor relevant exposure doses, times, and 

frequencies. Therefore, approaches to directly quantify DNA damage levels from study 

participants and to correlate these measures with exposure data are needed. Hair collection is 

minimally invasive, and can be done for most children and virtually anywhere since the 

procedure does not require a medical setting. Plucked hair follicles contain stem cells [25, 

26], which give rise to proliferating epithelial cells in the sheath of anaphase hairs. 

Mutagen’s effect on hair follicles may therefore parallel damage to the epithelium in other 

organs, relevant to carcinoma initiation. Plucked hair follicles have been used to characterize 

therapeutic responses in clinical trials for anticancer agents [27, 28] and isolated follicular 

cells have been used to monitor radiation-induced DNA damage by comet assay [29]. DNA 

damage can also be detected by immunostaining for DNA repair factors or chromatin 

modifications such as phosphorylated histone H2AX (γH2AX), which form distinct foci in 

nuclei [30]. The DNA repair factor 53BP1 is continuously expressed in the cell nucleus and 

rapidly accumulates at sites of DNA damage, specifically at highly deleterious DNA double-

strand breaks [31]. 53BP1 repair foci are very distinct and straightforward to enumerate 

[32], and are therefore frequently used to quantify DNA damage. Importantly, cells without 

DNA damage have pan-nuclear 53BP1 signals and can therefore be identified as such. In 

contrast, absence of labeling for γH2A or other posttranslational protein modifications can 

either be interpreted as absence of DNA damage or unsuccessful staining.

The present study focused on children from farmworker households in North Carolina, USA. 

The goal of the study was to test a combined approach to quantify pesticide exposure 

detected with wristband samplers with noninvasive DNA damage measurements based on 

immunostaining for DNA repair foci in participant hair follicles.

2. Materials and Methods

2.1. Study participants and data collection

Study participants included ten Latino children age 7–9, recruited in collaboration with our 

community partner, North Carolina (NC) Farmworkers Project, in the area of Benson, NC. A 

$45 incentive was provided for participation. Written parental permission and child assent 
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was obtained for each participant. Parents completed an interview providing background 

information for each child. The child was then given a wristband and instructed to wear it for 

one week. Hair samples were pulled from the scalp of the participants using flat tweezers. 

Immediately after collection, hair samples were incubated for 20 min in fixative (4% 

formaldehyde; Sigma cat# HT5011; 5 ml in 30 ml screw-cap jars); then transferred into 

phosphate buffer saline (PBS) supplemented with 50 mM glycine. Hair samples were kept at 

4°C and were analyzed within 3 days of collection. We determined that storage in PBS-

glycine up to 72h did not affect results (but that prolonged incubation in fixative was 

detrimental). From the ten participants, 45 hairs were collected, but only 20 (44%) passed 

visual inspection in the laboratory (i.e. had a visible follicle). Hair collection was therefore 

the bottleneck of this study, and the collection procedure will be improved for future 

investigations. Cognitive testing was also conducteded with the study participants, but is not 

reported here. This study was approved by the Institutional Review Board at Wake Forest 

School of Medicine (protocol number IRB00037775).

2.2. Pesticide assessment with PSDs

Exposures were measured using wristband personal sampling devices [33] worn by the 

participants. Each wristband was cleaned of particulate matter by rinsing twice with 18 

MΩ*cm water and once with isopropanol. To assess recovery during extraction of chemicals 

from wristbands, surrogate standards (TCMX, PCB-100, and PCB-209) were pipetted onto 

wristbands immediately before extraction. For extraction, each wristband was set in 100 ml 

of ethyl acetate in an amber glass jar for at least twelve hours at ambient temperature. The 

ethyl acetate (extract) was removed and the extraction was repeated with new ethyl acetate 

for two hours. For each wristband, the two extracts were combined and reduced to 1 ml. 

Aliquots of the wristband extracts were spiked with the internal standard p,p′-
dibromooctafluorobiphenyl and analyzed with gas chromatography. Extracts were diluted 

1:10 to reduce analytical interferences of background lipids and siloxanes. Wristband 

extracts were quantitatively analyzed for 72 pesticides and pesticide degradation products 

(listed in Supplementary Table S1) on a dual column gas chromatograph (Agilent 6890N) 

with dual micro-electron capture detection (GC-μECD, or “ECD”) as described previously 

[34]. Detection limits were determined as described previously [34]. Of 72 pesticides, 50 are 

classified as insecticides, 12 as herbicides, and ten as fungicides. Our method reflected 

interest in insecticides for their potential human health impacts and includes 41 

organochlorines (OC), 15 organophosphates (OP), seven pyrethroids, three phenylpyrazoles, 

and one neonicotinoid. To ensure that the samplers contained no measurable pesticide at the 

beginning of the exposure assessment period, the same extraction and analysis was 

conducted with unused wristband samplers before each group of experiments. 

Concentrations of pesticides in wristband extracts were corrected for dilution, surrogate 

recovery, and mass of the wristband. The amounts detected were divided by the time during 

which each sampler was worn, yielding time-weighted average concentration values of 72 

pesticides, expressed in ng/g wristband.

Quality assurance/quality control: Sample handling, analysis, and quantitation were 

performed as defined by laboratory data quality objectives and standard operating 

procedures. Surrogate standard compounds accounted for any loss during extraction and 
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analysis of PSDs. Instrument blanks and continuing calibration checks were analyzed 

regularly during chromatography. Samples were randomized for chemical analysis, and data 

was collected blind to the sample identity.

2.3. Hair follicle irradiation

For validation, hairs collected from adult volunteers were plucked from the scalp, resected to 

approx. 2 cm fragments including the follicular region, and transferred into DMEM medium 

in 35 mm dishes. A 137Cs irradiator (JL Sherperd MarkI, Model 68A) was used to deliver 

0.1, 0.5, 1, or 3 Gy or ionizing radiations. Controls were mock-irradiated. Hair samples were 

left to recover for 1h in a humidified cell culture incubator (37°C; 5% CO2) before analysis 

by immunostaining.

2.4. Immunostaining of follicular cells and DNA repair foci quantification

Hairs were visually inspected for presence of the follicle and transferred into 35 mm dishes. 

All incubation steps (except those with antibodies) were done with gentle agitation. After 

fixation and washes with PBS-glycine (3× 20 min), hairs were incubated 2h in blocking 

buffer [10% goat serum in immunofluorescence buffer (IF; 130 mM NaCl, 13.2 mM 

Na2HPO4, 3.5 mM NaH2PO4, 0.1% bovine serum albumin, 0.05% NaN3, 0.2% Triton 

X-100, and 0.05% Tween 20)]. Antibody dilutions made in blocking buffer (100 μl) were 

added to glass slides, at the center of 5 cm2 squares drawn with a hydrophobic PAP pen (to 

prevent leakage). Hair follicles were then immersed in the antibody solution, covered with 

parafilm, and incubated overnight at 4°C in humidified chambers. Hairs were washed with 

IF buffer (3× 20 min; 2 ml in 35 mm dishes), incubated with fluorescently labeled secondary 

antibodies (as above, but 1h at room temperature), washed with IF buffer (3× 20 min), and 

stained with 4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI; 0.5 μg/ml dilution in 

PBS; 10 min). After rinsing with IF buffer, hairs were mounted on microscopy slides using 

ProLong Gold Antifade (ThermoFisher). Primary antibodies to detect DNA damage were 

53BP1 (Abcam, Ab36823, 2 μg/ml) and γH2AX (Ser139; Millipore, clone JBW301, 1 μg/

ml). To ensure proper immunolabeling of the follicular cells, dual staining was performed 

with a constitutively expressed nuclear protein (NuMA), which served as staining control. 

NuMA antibody (B1C11, 1:2) was a gift from Dr. Jeffrey Nickerson, UMass, Worcester, 

USA. Ki67 antibodies (ThermoFisher, PA5-19462, 1:1000) were used as proliferation 

marker. Secondary antibodies were highly cross-adsorbed goat anti-mouse and anti-rabbit 

IgGs labeled with Alexa Fluor dyes AF488 or AF568 (1:300 dilutions; ThermoFisher). 

Images were taken using a Zeiss CLSM710 confocal microscope, using a 20x objective. 

Efforts were made to image similar regions of the tip and proximal segments of the sheath 

and at similar tissue depths between participants. 53BP1 repair foci were quantified by 

visual scoring. Quantification was performed blind to the pesticide exposure assessment.

2.5. Statistical analyses

Statistical analysis was performed using Prism (GraphPad Software Inc.). Comparisons were 

performed using Kruskal-Wallis testing. A P value < 0.05 was considered significant.
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3. Results

3.1. Acceptability of the wristband pesticide samplers and hair collection in Latino children 
from farmworker communities

A protocol combining monitoring of pesticide exposures using wristband samplers, and 

DNA damage analysis from plucked hair follicles was established and tested on 10 Latino 

children ages 7–9 (average age 8.4; 6 boys and 4 girls) from farmworker households in 

North Carolina. Participant characteristics are listed in Table 1. All participants agreed to 

wear the wristband samplers. Although participants were instructed to wear the wristbands 

for 7 days, there was a range of 7–14 days that the wristbands were actually worn.

3.2. Pesticide exposures detected with personal passive sampling devices

Pesticides were detected in all participants, with 6.2 ± 2.4 (2 – 10) detections on average. 

The majority of participants had detections for OP (7/10), OC (9/10), and pyrethroids (8/10). 

A summary of detections is shown in Table 2.

3.3. Optimization and validation of DNA damage detection in hair follicles

Follicular cells were found associated with the tip and the sheath of plucked hairs from the 

scalp and the eyebrow from adult volunteers (Fig. 1A). Although most plucked eyebrow 

hairs had associated cells, scalp hairs were used because (1) they have a longer anagene 

(active growth) phase characterized with proliferating cells, and (2) the community partners 

agreed that scalp was preferable to eyebrow. After eliminating the hairs that broke during 

collection (visual inspection), it was determined that the majority of the plucked hairs had 

cells at the sheath (92%; 149/162) and at the tip, near the papilla (60%; 89/162).

To test our ability to measure DNA damage, hairs from the adult volunteers were irradiated 

and left to recover for 1h in culture medium at 37°C - a time sufficient for the activation of 

the DNA damage response in epithelial cells [32]. As expected, a robust and consistent 

increase in the number of DNA repair foci labeled by the DNA repair factor 53BP1 was 

measured in irradiated hairs. γH2AX foci were also detected after radiation exposure (Fig. 

1B). Detection sensitivity was determined with a radiation dose response. Doses as low as 

0.1 Gy, which produce no known deterministic effects [35], led to significant increased 

53BP1 foci (Fig. 1C). A similar result was obtained for cells at the tip of the hairs (Fig. 1B–

C). As expected, immunostaining for the Ki67 proliferation marker indicated the presence of 

proliferating cells in hair follicles [36]. Most proliferative cells were located towards the 

proximal region of the hair sheath, where mitotic figures were also observed, and at the tip 

of the hair (Fig. 1D).

3.4. DNA damage analysis in hairs collected from the children study participants

After establishing feasibility to detect DNA damage with high sensitivity in specific regions 

of plucked hairs, the same optimized staining protocol was tested with hairs from Latino 

children enrolled in our study. Hairs from seven participants passed visual inspection and 

were processed for 53BP1 immunostaining and imaged by confocal microscopy (Fig. 2A). 

DNA damage quantification in the sheath and tip was possible for four and six participants, 

respectively (Table 1, Fig. 2B). The majority of cells had pan-nuclear 53BP1 signals, 
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indicative of a lack of DNA double-strand breaks. On average, cells from the tip had more 

DNA damage compared to cells from the sheath (Fig. 2C). No association was computed 

between DNA damage in hair sheaths and the number of pesticide exposures, whereas the 

number of exposures positively correlated with DNA damage in the papilla region, at the tip 

of the hairs (Fig. 2D; Spearman r = 0.9856, P = 0.0056). A subset of the pesticides identified 

in the study participants are known carcinogens or reproductive toxins according to the State 

of California Environmental Protection Agency (Cal/EPA; Supplementary Table S1). 

Children for whom at least one of these pollutants was detected had on average higher DNA 

damage levels detected in the hair papilla region compared to children without detection of 

these chemicals (0.41 ± 0.0.08 and 0.21 ± 0.15, respectively), but this difference was not 

significant (P = 0.109). No difference in DNA damage was found between males and 

females.

4. Discussion

Farmworkers involved in tending or picking crops are routinely exposed to a broad range of 

residual pesticides [37–40], as are their family members [1, 41–43]. The present exploratory 

study in partnership with a Latino farmworker community validated a new approach to study 

pesticide exposures and their biological effects in children. The high acceptance rate of the 

procedures in this study confirms enthusiasm for this newly validated approach, and 

highlights the capacity and potential for integrating basic science research methodology with 

CBPR methodology among rural Latino communities [44]. In addition, immunostaining of 

plucked hair follicles proved to be a sensitive, reliable, and non-invasive, procedure – 

provided that sufficient hair samples are collected.

Pesticide exposures were measured using wristband personal sampling devices (PSD) 

containing membranes that adsorb a large range of organic chemicals from any media they 

contact [33]. The wristbands concentrate organic compounds over time, which improves 

detection limits and reflects episodic exposures. By sampling through passive diffusion into 

a hydrophobic polymer, such as polydimethylsiloxane (silicone) [45], PSDs mimic uptake of 

chemicals by cellular lipid membranes. The technology is highly sensitive in multiple 

environmental settings, and is versatile in that it can be adapted for personal sampling of a 

wide range of compounds, including numerous pesticides (organochlorines, 

organophosphates, pyrethroids; [34, 45, 46]). As a result, the wristbands in this study 

captured chemicals from inhalation and dermal routes of exposure but did not account for 

ingestion. As mixed-media samplers, the calculation of environmental concentrations is 

difficult, but wristbands can be used to evaluate relative exposures over the time worn [34, 

45, 46]. Recent work showed concentrations of organophosphate flame retardants and 

polycyclic aromatic hydrocarbons (PAHs) in wristbands correlated with urinary metabolites 

of those compounds [47], which support a link between the ambient personal environment 

sampled by the wristbands and the internal environment.

As expected, select pesticides were detected in most participant wristbands, such as the 

semi-volatile insecticides α-chlordane and trans-nonachlor. Phased out of use in the US 

during the 1980s, both legacy OC insecticides were broadly used for residential and 

agricultural areas and are estimated to have half-lives of up to 20 years [48]. Exposures to 
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other pesticides, namely the current-use pyrethroid insecticides cis- and trans-permethrin, 

displayed greater concentration variability between participant wristbands. Hence, each 

participant was exposed to a unique blend of pesticides during the collection time. The 

advantage of the passive wristband samplers used in this study is their cumulative readout of 

diverse environmental pollutants that enable comprehensive assessments of exposures. In 

contrast, urinary pesticide biomarkers are difficult to interpret due to the differential and 

often rapid metabolization and clearance of pesticides. The major limitation of our sampling 

method is that external rather than internal exposures to pesticides are measured. Although 

studies show correlation between wristband sampling and urine detections [47], there is a 

growing interest to integrate exposure detections with toxicology bioassays, as implemented 

here with DNA damage measures.

Cross-sectional studies have identified increased DNA damage in adult farmworkers and 

applicators compared to controls with lesser exposure to pesticides [49–52]. A few studies 

that quantified DNA damage in children indicate a correlation between OP exposure and 

DNA breaks [53, 54], which is associated with increased risk for most solid tumors and 

hematological malignancies [55–57]. Importantly, childhood and adolescence are viewed as 

windows of susceptibility for malignancies [58]. Our data indicate a possible association 

between pesticide detections and DNA damage levels in cells near hair papilla. In contrast to 

radiation used for assay validation (where each cell experiences a similar level of DNA 

damage), it is likely that pesticides and other toxicants in the blood stream predominantly 

affect cells from the tip of the hair, near the papilla irrigated by blood capillaries. Future 

studies based on the approach described herein will further assess associations between 

pesticide exposure and DNA damage in children. Model selection procedures may even 

identify subsets of pesticides or specific pesticide combinations causing DNA damage. This 

knowledge is important to (1) improve our understanding of environmental exposures and 

their effect on health and development; (2) inform changes needed in the organization of 

work to reduce occupational and para-occupational pesticide exposures; (3) help develop 

work safety education programs; and (4) provide a framework for public health policy 

regulations aimed at reducing health disparities between rural minority populations and the 

general US population.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• DNA damage detection by 53BP1 immunostaining in plucked hair follicles

• Silicone wristband personal sampling devices to quantify pesticide exposures

• High acceptance of hair and pesticide sampling methods in children

• Pesticide exposures associated with DNA damage in cells near the hair papilla
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Fig. 1. 
Detection of DNA breaks in plucked hair follicles. (A) Bright field images and nuclei 

staining (DAPI) in hairs from the eyebrows and the scalp. Arrowheads indicate the outer 

sheath region (S) and hair tip (T). (B) Confocal microscopy images of 53BP1 and γH2AX 

staining in the sheath (top) or tip (bottom) of hairs plucked from the scalp, and either 

irradiated (IR, 3 Gy) or left untreated (control). Single cell nuclei are shown in the insets. 

(C) Quantification of 53BP1 foci per nucleus cross-section as a function of IR doses. 

Different letters indicate significant differences (P < 0.01; Kruskal-Wallis and Dunn’s 

multiple comparison test, N > 100 nuclei from 5 different hairs). (D) Proliferation of hair 

follicular cells. Ki67 staining of a hair tip and sheath is shown. A mitotic figure is displayed 

in the inset. Scale bars, 200 μm (A, D [top]) or 20 μm (B and D [bottom]).

Vidi et al. Page 14

Mutat Res. Author manuscript; available in PMC 2018 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Association between pesticide exposures and DNA damage in children hair follicles. (A) 

Staining of a child participant hair with antibodies against 53BP1 (DNA damage) and 

NuMA (staining control). The arrowhead points to a nucleus with DNA repair foci. Nuclei 

were counterstained with DAPI. (B) Illustration of the sheath (S) and tip (T) regions of a 

scalp hair follicle plucked from a participant. (C) DNA damage (average number of 53BP1 

foci/nucleus cross-section ± SEM) in the sheath and tip regions. (D) DNA damage in hair 

sheaths or at hair tips, plotted against the number of pesticides detected with PSD in each 

participant. (E) Confocal images of 53BP1 staining (left) and DNA damage quantification 

(right) in participants with or without detection of pesticides described as carcinogenic by 

Cal/EPA. Individual values are plotted and means are indicated. Scale bars, 20 μm.
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Table 1

Characteristics of the study participants.

Participant ID Wristband worn (days) Hairs collected (N)

Immunostaining results of DNA damage

Hair sheath Hair tip

100 7 5 X X

101 7 5 X X

102 10 6 X

103 7 6 X

104 7 4

105 9 3

106 8 3 X

107 8 5

108 14 5 X

109 8 3 X X
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