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ABSTRACT: Research suggests that thyroid cancer incidence rates are increasing, and environmental exposures have

postulated to be playing a role. To explore this possibility, we conducted a pilot study to investigate the thyroid disrupting bioacti

of chemical mixtures isolated from personal silicone wristband samplers within a thyroid cancer aatlgrtwepecaluated

TR antagonism of chemical mixtures extracted from wristhar®y (vorn by adults in central North Carolina participating in a

case control study on papillary thyroid cancer. Sections of wristbands were solvent-extracted and analyzed via mass spectrome

quantify a suite of semivolatile chemicals. A second extract from each wristband was used in a bioassay &mtpgamti§nr R

in human embryonic kidney cells (HEK293/17) at concentrations ranging from 0.1 to 10% of the original extract (by volume

Approximately 70% of the sample extracts tested at a 1% extract concentration exltidite@iRigmtagonism, with a mean of

30% and a range of 000%. Inhibited cell viability was noted in >20% of samples that were tested at 5 and 10% concentration

Antagonism was positively associated with wristband concentrations of several phthalates, organophosphate esters, and bron
ame retardants. These results suggest that personal passive samplers may be useful in evaluating the bioactivities of mixtul

people contact on a daily basis. We also report tentative associations between thyroid receptor antagonism, chemical concentr

and papillary thyroid cancer case status. Future research utilizing larger sample sizes, prospective data collection, and measure

serum thyroid hormone levels (which were not possible in this study) should be utilized to more comprehensively evaluate tt

associations.

INTRODUCTION estimate exposure to contaminants via both dermal and

The gold standard for measuring human exposure to Orgam@alation routéS and can b_e utilize_d to c_reate p_ersonalized
contaminants is via measurement of biomarkers in hum&%Posure prées encompassing multiple microenvironrients.
blood and urine. However, these assessments are often bidreover, measurements from silicone wristband extracts have
di cult and expensive to collect, with high costs and logistida¢en demonstrated to correlate well with biomarkers of
limitations (e.g. scheduling dulties and small volumes of exposure in human biospecimens (serum and ‘rire),
biospecimens). As such, there is a critical need to develop afijgesting a robust association between external wristband
validate external, noninvasive sampling devices that c&bmical concentrations and internal chemical concentrations.

e ectively r.ecapltullate' human EXpOoSures. Silicone W”Stpaﬁ‘#{ase samplers also have superior performance in predicting
have been increasing in popularity and have shown promise in

measuring personal exposure to complex mixtures of volawe—

and semivolatile contaminants (SVOCs), including polycycligeceived: September 4, 2020
aromatic hydrocarbohs, brominated ame retardants and Accepted: October 30, 2020
organophosphate esters (BFRs and OPEs, respéttively),

pesticide$,® and other chemical§] with good performance

in recovery and stability tests across a wide range of chemical

classes.These personal passive samplers can be used to
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the internal dose for some compounds relative to externagértain heavy metals) in contributing to thyroid cancer
exposure methods, such as hand wipes, househdld alust, incidencé® The causal mechanism of action for thesetse
air monitoring sampletairistbands have been deployed in has been posited to be TR disruptfom support of this,
several human studies and have been used to evaluate chemaatolled exposure studievivowith well-characterized TR
exposures for diverse populations across multiple conéintagonists [including potassium perchlorate, propylthiouracil
nents''® suggesting utility in interrogating exposure to(PTU), and carbimazole] have demonstrated a causal role in
chemical mixtures. They also have been successfully utiliteel development and/or progression of PTE. However,
with childrefi’* and even pets!® demonstrating their research on causative contaminants in the development of
versatility. thyroid cancer has primarily focused on single contaminants
Many of the contaminants detected by wristbands amather than environmentally relevant mixtures.
considered to be endocrine disrupting chemicals (EDCSs) thatThyroid disrupting chemicals also have been implicated in
can disrupt normal hormone action and contribute to adversbyroid dysfunction and disease. Similar to cancer incidence,
outcomes in humans, wildlife, and laboratory anintdls. rates of thyroid disease also have been increasing, with >12% of
The proper and unimpeded function of hormones is essentid5 adults estimated to experience some form of thyroid
to normal development, maturation, and prevention of chronifisease in their lifetimes. In particular, hypothyroidism
diseases. While EDCs have been found to disrupt a number(¢tfiaracterized by high thyroid stimulating hormone [TSH]
receptor systems, disruption of nuclear receptors is bett@nd low thyroxine [T4] concentrationsgets approximately
described than most receptors and has been linked to advepée of the US population aged2 year§; and rates have
outcomes at environmentally relevant [EvéfsNotably,  been increasing globally over the last several décadeés.
chemicals that disrupt thyroid receptor (TR) signaling havpreviously demonstrated that >40% of household dust extracts
been widely reported across the literature. Receptor agonigtemoted TR antagonisnin vitro®” The potency of TR
are infrequently reported in environmental matrices; theswtagonism was positively correlated with the serum-free
typically include endogenous hormones and pharmaceuticsityroxine (T4) concentrations of residéhtsyggesting that
which have low bioactiviti€$’ Receptor antagonists, in residents in households with more potent @Rtagonist
contrast, come from diverse chemical classes and have ba@ivities in dust had higher serum T4 levels. Other recent
widely reported in diverse environmental maftfices, work evaluating companion felines reported that greater
including natural and drinking water sotifceésaried source  tris(1,3-dichloro-2-propyl) phosphate (TDCIPP) concentra-
wastewateré, > and indoor household dd$t’ Chemicals  tions on silicone tags (worn on the collar) were associated with
that inhibit thyroid signaling have been linked to disruptedncreased incidence of hyperthyroidism in domestic cats
thyroid function; impaired neurodevelopment; behaviordhigher free triiodothyronine [T3] and thyroxine [T4]
modi cationsz,8‘38 40 metabolic health, adipogenesis, |ipo-concentration§f In sum, these studies provide evidence for
genesis, and thermogen&si& and the development of @ contributory role of TR antagonists in thyroid hormone
thyroid cancet*® dysregulation and dysregulated health in exposed humans and
Thyroid cancer rates have increased approximately 3.6% petmals.
year in the U$’ with current incidence rates of greater than Herein, we conducted a pilot study to evaluate the potential
14 per 100,006 this is mirrored internationally, with rates to measure TRantagonism of mixtures isolated from silicone
rising similarly in most other count‘t‘?e§'hyroid cancer is  Wwristbands that were worn for one week by adults from central
classied into four histological types, including papillaryNorth Carolina who were participating in a research study
( 80% of cases), follicularl6% of cases), anaplastic, and focused on PTC. One gram sections of wristband were solvent
medullary® While some researchers and clinicians havextracted and analyzed via mass spectrometry to quantify a
posited that these increases are due to improved surveillai@g@de of SVOCs (BFRs, OPEs, phthalates, and pesticides).
and diagnostic changéseveral factors suggest otherwise: (1)Separate wristband extracts were reconstituted in tissue culture
there has been an increase in papillary thyroid cancer (PT@)edia and tested for their ability to antagonizeubihg a
cases even with large tumor sizes that would presumably nof@eorter gene assay in human kidney cells. Bioactivity was
impacted by diagnostic changes, and (2) there has beergssessed across a range_of. _extract concentrations and was
parallel increase in thyroid cancer mortality that would bgupported by dual cell viability measurements to ensure
unexpected if there is improved surveillance and diagnosidoxicity-independent ects. Dose-related responses were
This worsening public health trend has promoted increas@served, and bioactivities ¢acies and potencies) were
attention to assess potential factors. We have long appreciggéfimated and utilized to assess associations with SVOCs and
a role for environmental contamination in thyroid cancePTC case status (i.e. thyroid cancer patient or control).
in uence, reporting sharp spikes in incidence followinjotably, this is therst study to assess the bioactivity of
radioactive iodine exposure in Cherridlayld Fukushinia mixtures of chemicals isolated from silicone wristbands on
accidents (though importantly, increases in thyroid canc8tclear receptor activation and may suggest that there are
incidence and mortality were evident before these di§astersadditional benés from these passive sampling devices.
and higher rates of incidence for populations living in volcanic
region%’.5 These and ndings of elevated thyroid cancer MATERIALS AND METHODS
incidence near National Priority Contaminated>Shese Chemicals.Chemicals purchased for use in bioassays are as
spurred investigations into the role of EDCs, particularly, TRIllows: triiodothyronine (T3; VWR ¢#0057-656, 98%)
disrupting chemicals. A recent review summarized evidencedad 1 850 (Millipore ca#609315, 98%). Stock solutions
elevated thyroid cancer incidence from occupational exposuwesre prepared in 100% cell-culture grade dimethyl sulfoxide
in various industries (e.g. construction, papermaking and wo@@MSO) (Sigma ca#D2650) and stored at 20 °C between
processing, agricultural activities, etc.) as well as evidenceuse. Wristband extraction and mass spectrometry solvents of
diverse SVOCs (particulariyhthmlates, bisphenols, and high-performance liquid chromatography grade (>99.5%) are

B https://dx.doi.org/10.1021/acs.est.0c05972
Environ. Sci. TechnofXXX, XXX, XX¥XXX


pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05972?ref=pdf

Environmental Science & Technology pubs.acs.org/est

as follows, unless otherwise spdcethyl acetate (Fisher Sci were extracted and processed based on aethedrsion of
#E196SK-4), hexane (J.T. Bak@R62-03, reagent grade, previously described methdd¥Vristbands were spiked with
>95%), methanol (Fisher S#A456-4), acetone (VWR a suite of isotopically labeled standards that were used for
#BDH20067.400), and dichloromethane (Fishe#[3Ib1- quanti cation of all analyte§gble S). Samples were then

4). extracted via sonication in 10 mL of a 50:50 (v/v) mixture of
Study Population. Silicone wristbands (= 72) were hexane/dichloromethane for 15 min. The extraction was
purchased from a commercial source (black in feityr// repeated three times, and the extracts were combined,

24hourwristbands.cprand were collected and processed asconcentrated to dryness, and reconstituted in 1 mL of hexane.
described previouéfy'? Brie y, wristbands were collected Extracts were then pued using 8 g of deactivated, 120
from participants in a cas®ntrol study assessing environ- mesh Acros Organics Florisil (Thermo Fisher Scienti
mental exposures and thyroid calicBatients were newly Waltham, MA, USA). Both an F1 (40 mL hexane) and an
diagnosed with PTC between 2017 and 2019 and referred K2 fraction (40 mL ethyl acetate) were eluted, collected, and
endocrinology or endocrine surgery at the Duke Canceombined before being concentrated to 1 mL in a TurboVap
Institute or Duke University Hospital; physicians approachedsenchtop concentrator (TurboVap II, Caliper Life Sciences).
and ascertained willingness to participate. Willing participarBample elutes were then concentrated to near dryness and
were consented and enrolled by the study tean3), and reconstituted in 1 mL of hexane. Aedint set of isotopically
age- and sex-matched control participants 86) were labeled standards were then spiked into each sample prior to
recruited from other Duke patients undergoing routinanass spectrometry analysis to measure the recoverysif the
wellness care or for unrelated medical conditions. Contradet of isotopically labeled standards. Samples were analyzed for
had no known history of malignant or benign thyroid diseas®PEs, pesticides, and phthalates using a Q Exactive GC
Serum samples were not collected from any study participariybrid Quadrupole-Orbitrap G®S/MS system (Thermo
and no serum thyroid hormone data were available for usekisher Scientt, Waltham, MA, USA) operated in full-scan
this study. Inclusion of piipants was restricted to electron ionization mode. Samples were analyzed for BFRs
individuals between 20 and 80 years of age; individuals livinging single quadrupole Q@S (Agilent 6890N and 5975,
in Durham, Orange, Granville, Alamance, Person, Wake, respectively) (Agilent Technologies, Inc., Santa Clara, CA,
Chatham County, North Carolina (USA); individuals who hadJSA) operated in electron capture negative chemical
lived in the same household for at least two years; andnization mode. Method detection limits were calculated as
individuals who were not pregnant. Study participanttree times the standard deviation of #id and lab blank
completed questionnaires with study stad provided responses. MDL values for all target analytes and percent
information on age, race/ethnicity, educational status, heighecoveries for all internal standards are presented in the
and weight for body mass index (BMI) calculations and otheBupporting InformatiofTables S1 and S2).
general health information. Participants were given a siliconeReporter Gene Activity Bioassays.Human embryonic
wristband and directed to wear throughout all activities for orlédney (HEK293/17) cells were obtained through the Duke
week; at the completion of the study period, wristbands wefgell Culture Facility (ATCC c&CRL-11268, |o#3579061)
wrapped in foil, sealed in a zip top bag, and mailed to oand were maintained as described previoudslls were
laboratory, where they were stored a0 °C until analysis. maintained in growth media (DMEM-HG, Gib£d995,
All study protocols were reviewed and approved by the Dukégth 10% fetal bovine serum and 1% penicillin/streptomycin),
University Health System Institutional Review Board. ensuring that cells did not reach cemcy. Cells were
Wristbands were precleaned via two 12 h Soxhlet extractiawitched to white media two days prior (DMEM-HG without
with 1:1 ethyl acetate/hexane and 1:1 ethyl acetate/methanphenol red, Gibco ca#31053; 10% charcoal-stripped fetal
and then allowed to dry in a fume hood. Wristbands were thdrovine serum, Gibc#A33821; and 1% penicillin and
wrapped in aluminum foil and placed in amber glass jars streptomycin) to transfection. Near amnt cells were
distribute to study participants. Field blanks were prepared tansfected in aask as described previotisi§®’ Brie'y,
above, not worn, and were stored at room temperature untiélls were transfected iasks using Lipofectamine LTX &
extraction. Plus (Invitrogen cat15338-100) according to manufacturer
Wristband Sample Collection and ProcessingSilicone instructions and plasmids: receptor (6 hTR 1-pSGb5),
wristbands { = 72 unique samples) were collected andreporter gene (9g; pGL4-TK-2X-TADRA4; receptor response
processed based on previously described nfettaisic- element linked to there y luciferase gene), and a
ipants were asked to wear wristbands for one week, after whicimstitutively active normalization vectorg3CMV- -Gal;
they were wrapped in foil and stored20 °C until analysis.  all plasmids were generous gifts of the Donald McDonnell Lab,
Half-gram sections were cut from each wristbandetthd Duke University). After 5 h of transfection, 15 mL of white
blank, weighed, and placed into glass centrifuge tubes. Sampledia was added to thesks for overnight recovery. The next
were extracted via a 20 min sonication in 3.0 mL of 1:#ay, the transfected cells were seeded at approximately 60,000
hexane/acetone and then evaporated to complete drynessls per well into 96-well tissue culture plates (Midsci cat
under nitrogen gas. Samples were then reconstituted in 1 LP92696) and allowed to settle for 4 h. Cells were then
of cell culture assay media and sonicated for a further 10 minduced with a graded dose series of positive/negative controls
and then transferred to vials and stored2ét°C. These and/or wristband extracts using a 0.1% DMSO vehicle. Four
extracts were used in bioassays and tested for their abilityblank bands were spiked with 1/10 (low/higmpl T3 or 1/
antagonize TR using a reporter gene assay in human kidne$¥0 mol 1 850 to serve as recovery controls for the bioassays.
cells. Cells were induced for approximately 18 h, then were lysed
Targeted Chemical Analysis.Separate 1 g sections of with buer (10% glycerol, 0.25 M tris base, 2 mM CDTA,
each wristband were analyzed via mass spectrometry &% Triton X-100, and 2 mM DTT), and the lysate was used
quantify BFRs, OPEs, pesticides, and phthalates. Samiitesluciferase and-galactosidase -gal) assays. Receptor

C https://dx.doi.org/10.1021/acs.est.0c05972
Environ. Sci. TechnofXXX, XXX, XX¥XXX


https://24hourwristbands.com
https://24hourwristbands.com
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05972/suppl_file/es0c05972_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c05972/suppl_file/es0c05972_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c05972?ref=pdf

Environmental Science & Technology pubs.acs.org/est

Table 1. Wristband Concentrations of Brominated Flame Retardants and Organophosphaté Esters

targeted contaminant acronym detection frequency (%) range (ng/g) geometric mean (ng/g)

Brominated Flame Retardants BFRs

2,4,4-tribromodiphenyl ether,,2,4-tribromodiphenyl ether BDE-28,33 94.4 <MBL1 4.1
2,2,4,4-tetrabromodiphenyl ether BDE-47 94.4 <MZ356.8 75.0
2,2,4,4,6-pentabromodiphenyl ether BDE-100 79.2 <NBB2.5 12.6
2,2,4,4,5,5-hexabromodiphenyl ether BDE-153 100.0 2036 4.3
2,2,4,4,5,6-hexabromodiphenyl ether BDE-154 93.1 <MDAR.0 3.2
decabromodiphenyl ether BDE-209 100.0 2263 314
2-ethylhexyl tetrabromobenzoate EH-TBB 100.0 20B8.2 72.8
bis(2-ethylhexyl) tetrabromophthalate BEH-TEBP 95.8 818D 70.0

Organophosphate Esters OPEs

tri(n-butyl) phosphate TnBP 100.0 12397.9 52.6
tris(2-carboxyethyl) phosphine TCEP 68.9 <MI38.8 22.4
tris(1-chloro-isopropyl) phosphate TCIPP 98.6 <MII07.4 319.1
tris(1,3-dichloro-2-propyl) phosphate TDCIPP 100.0 26242.7 359.6
tris(2-butoxyethyl) phosphate TBOEP 824 <MOI376.6 470.8
triphenyl phosphate TPHP 100.0 22168.6 267.1
ethylhexyl diphenyl phosphate EHDPP 100.0 ‘AROM 49.0
2-isopropylphenyl diphenyl phosphate 2-IPPDPP 100.0 167029 1145
3-isopropylphenyl diphenyl phosphate 3-IPPDPP 95.9 <MD 10.5
2+ertbutylphenyl diphenyl phosphate 2tBPDPP 20.3 <QBL <MDL
bis(2-isopropylphenyl) phenyl phosphate B2IPPPP 98.6 44Db 44.2
4-isopropylphenyl diphenyl phosphate 4-IPPDPP 98.6 Ralilale] 36.4
2,4-diisopropylphenyl diphenyl phosphate 2,4-DIPPDPP 86.5 S 36.6
4+ertbutylphenyl diphenyl phosphate 4tBPDPP 98.6 <V8.9 59.2
bis(3-isopropylphenyl) phenyl phosphate B3IPPPP 28.4 AaBL <MDL
bis(2tertbutylphenyl) phenyl phosphate B2tBPPP 135 <MDBL <MDL
bis(4-isopropylphenyl) phenyl phosphate B4IPPPP 95.9 |anL 4.4
tris(3-isopropylphenyl) phosphate T3IPPP 14.9 <MDI2 <MDL
bis(2,4-diisopropylphenyl) phenyl phosphate B24DIPPPP 29.7 49/DL <MDL
bis(4tertbutylphenyl) phenyl phosphate B4tBPPP 91.9 <IgDL2 23.4
tris(4-isopropylphenyl) phosphate T4IPPP 10.8 <NL <MDL
tris(4tertbutylphenyl) phosphate T4tBPP 79.7 <MBL8 3.2
Pesticides
lindane 23.0 <MDL 4.6 <MDL
chlorpyrifos 71.6 <MDL 103.2 3.6
transchlordane 824 <MDI523.1 11.9
cischlordane 48.6 <MDI301.6 <MDL
chlorfenapyr 8.1 <MDL 12.5% <MDL
cispermethrin 100.0 1.8018.6 60.3
transpermethrin 100.0 3.9000.4 86.6
cypermethrin 35.1 <MDI1930.6 <MDL
azoxystrobin 55.4 <MDb4.8 4.3
Phthalates
dimethyl phthalate DMP 54.1 <MD167.7 51.5
diethyl phthalate DEP 100.0 176.6813.8 1635.3
diisobutyl phthalate DiBP 135 <M0OI1168.1 <MDL
dibutyl phthalate DBP 100.0 31%725.9 1314.0
butyl benzyl phthalate BBP 100.0 1011894.4 631.3
di(2-ethylhexyl) adipate DEHA 100.0 16R1834.4 1674.6
bis(2-ethylhexyl) phthalate DEHP 100.0 31G8BE66.2 13,456.9
bis(2-ethylhexyl) terephthalate DEHT 100.0 2896366.6 12,425.3
diisononyl phthalate DINP 100.0 5852360295.9 62,942.5
tris(2-ethylhexyl) trimellitate TOTM 100.0 4'5350.4 480.3

®Descriptive statistics and detection frequencies for wristband extract concentrations of various semivolatile organic contamargants following
correction as described\Miaterials and Methads

bioactivities were calculated as a fold induction relative to tiiéiodothyronine (T3) response at itsggConcentration (1

0.1% DMSO solvent control and were then used to determimeM). Signicant bioactivities were only determined in the
relative responses to control chemicals. Forafifagonism, absence of sigoant toxicity (15% change in response of
activity is presented as a percent enhancement or inhibitionanstitutively an activegal promoter relative to the solvent
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Figure 1. Correlations among bioactivities and targeted chemical concentrations in wristband extracts. cBpedatiars between
concentrations of targeted SVOC concentrations (only performed for chemic@@9vithtection) in silicone wristband extracts. Correlations
performed using SAS 9.4; bolded samples represenasigpi< 0.05) correlations, and the color depicts the strength and direction of the
correlation. Darker colors represent a stronger correlation, blue coloration depicts positive correlations, and red depicts negative correla
TR_0.1% and TR_1% represent theazy/magnitude of TR antagonism at 0.1 and 1% wristband extract concentration, respectively. TR_EC10
and TR_EC20 represent the potencies of TR antagonism (concentration of wristband extract at which 10 or 20% TR antagonismwas observe
gal and LDH represent the magnitude of cell viability inhibition for each of these assays at 10% wristband concentration.

control) as described previodsfy. An additional cell wristbands were used as processing blanks and were placed
viability assay was performed to validate inhibited cell healtlext to the spiked wristbands. The wristbands were allowed to
using the CellTiter-Glo assay (cell viability via ATP contentiry in a hood overnight to evaporateany residual solvent.
Promega catG7572), as described previousBrie y, cells The following day, three spiked wristbands, and one blank,
were rinsed with DPBS, and all but B@vas removed from were extracted in 50:50 hexane/DCM, and three spiked
wells, with the remaining 30 mixed with 30L of CellTiter- wristbands, and one blank, were extracted in 50:50 hexane/
Glo reagent. Plates were incubated for 10 min and then readetone, as described above for all samples. Extracts were
for luminescence; viability was assessed as a percent chdnbgen to dryness with pueid nitrogen and reconstituted in 1
from solvent controls. Inhibited cell health was measured viaL of hexane for gas chromatograptass spectrometry
deviations of 15% in cell viability (ATP) assays. Four analysis as described above. The measured concentrations for
technical replicates (within each assay) and three biologieggch SVOC are presented in figoporting Information
replicates (separate assays/cell passages) were utilized (Fogure S2). Our results demonstrate no bias between the two
every test chemical and concentration. Positive and negatiaethods.
controls were utilized to assessagy, potency, and sensitivity ~ Statistical Analysis.Data for nuclear receptor bioactivities
of assays and compared to historical and literature valuesare presented as meaBEM from four technical replicates of
ensure consistendyigure S)L EC o Values were estimated two or three independent biological replicatesin Alitro
using curves generated from raw luminescence data using axperiments were performed and analyzed prior to receiving
parameter variable-slope Hill model in GraphPad Prism 8.0analytical and participant health outcome data, ensuring
QA/QC. Field blanks were extracted and pdrias appropriate blinding procedures until data analysis. Relation-
described above using cleaned wristbands that had not besips between bioactivities and the concentrations of each of
worn by study participants. Laboratory or solvent blanks wettge individual chemicals in wristband extracts were assessed for
prepared by performing the extraction process in the abserateemicals detected on greater than 60% of wristbands using
of a wristband to control for solvents and procedures utilize8pearmds correlations due to non-normal distributions. For
throughout extraction. To ensure that there was no bias these analyses, chemical concentrations below the method
chemical extractions using hexane/dichloromethane (DCMjetection limit (MDL) were imputed as the MDL divided by
versus hexane/acetone (i.e. how wristbands were extractedtfen. Logistic regressions were also performed to better assess
chemical analysis vs bioassays), we performed a snpaltential relationships between bioactivities and chemical
experiment in the laboratory. Six clean wristbands were spil@mhcentrations on the wristbands using log-transformed
with a small volume (10QL) of iso-octane containing 24 chemical concentrations as a continuous measure. Though
SVOCs (30 ng each) ranging in vapor pressure fromour sample size was quite small, we additionally conducted
approximately 3.0 10 7 to 3.0x 10 > mmHg. Two clean exploratory analyses investigating bioactivities and chemical
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concentrations in association with PTC using logistid@able 2. Thyroid Antagonism and Cell Viability across
regressions. Based on our a priori expectation of the potentidtistband Extract Concentratiots
for socioeconomic status and race to confound these

associatior’s, "t we adjusted for educational attainment TR antagonism el vl
(less than college degree or at least college degree), ri  wristband e cacy _ ) _
extraction range mean median % toxic % toxic

(non-Hispanic white, non-Hispanic black, or other), and BMI ., ceniration (96) (9% actﬁ’vity) %) (%) (-Gal) (LDH)
Correlation and regression analyses were performed using Lo

o . ; 1 .063.2 10.2 4. . :

statistical software (version 9.4; SAS Institute, Inc., Cary, NC), 0 0.063 0 9 0.0 0.0

and all results were assessed=a0.05 for signcance. ! 001000 29.7 227 14 14
5 0.0 1000 665  69.2 20.8 23.6
10 0.0100.0 830 998 23.6 38.9

RESULTS
. . “Descriptive statistics for TR antagonism and cell viability across each
Seventy-two silicone wristbands, worn for one week Rysthand extract concentration. TR antagonism provided as a range

participants, were solvent-extracted and tested at conc@Rpercent antagonism across extracts as well as mean and median
trations of 0.1, 1, 5, and 10% (of the original extrachntagonism. Inhibited cell viability provided as the percentage of toxic
concentration or 1 g of wristband extracted into 1 mL of samples via indirect cell viability measures as perasigréduction
media) in cell assays. Two separate measurements of @e#l constitutively active promoter vigal assay and per LDH release
viability were used to ensure activity was occurringssay. Statistics providednfer72 samples.
independently of inhibited cell health. Analytical measure-
ments of select SVOCs were made from separate extracts figgni cant inhibition in 1% extract concentration and none
separate sections of the same wristbands, and relationship8.1% Figure 3. No signicant inhibition was observed in
between TRantagonism, chemical concentrations, and healthither wristbandeld blanks or laboratory (solvent) blanks
outcomes were assessed. (Figure SB

Concentrations of SVOCs in Wristband Extracts. TR Antagonism of Silicone Wristband Extracts. TR
Concentrations of 49 chemicals were measured in wristbaadtagonism at the 0.1% concentration ranged fr681296
extractsTable ), including OPEs, novel (EH-TBB and BEH- (percent inhibition of added ECT3), with 42% of the
TEBP) and legacy (polybrominated diphenyl ethers, PBDEspmples exhibiting sigrant antagonism, and a mean of 10%
BFRs, phthalates, and pesticides. Thirty-six of these chemi¢alsble 2 Figure 3. Receptor antagonism at 1% concentration
were detected in >60% of wristband extracts, and concemnged from 0100%, with 82% of the samples exhibiting
trations ranged over 2 orders of magnitude. The concesignicant antagonism, and a mean of 308blé 2. No
trations of PBDEs generally ranged fromb4g/g, and both  signi cant receptor antagonism was observed in either
novel BFRs had geometric mean levels of approximately Wéistband eld blanks or laboratory (solvent) blarikgi(re
ng/g and detection frequencieB0%. The concentrations of S3.
OPEs were generally much greater, ranging from approxCorrelations across bioactivity measures (at various
imately 4 470 ng/g, although more than 20% of the OPEsdilutions) were calculated to assess relationships among
were detected in <60% of wristband extracts. ConcentratiosamplesKigure ). Measures of TR &acy (the magnitude
of pesticides ranged from8% ng/g, and four of nine were of TR inhibition at 0.1 and 1%) were strongly and positively
detected at <60% frequency. Phthalates were reported meomrelatedR = 0.6) and strongly negatively correlated with
consistent and at greater concentrations, ranging fromeasures of TR potency (E@nd EG,; R, = 0.6 0.9), as

approximately 5@3,000 ng/g. would be expected. Both cell viability measurgal [and
Correlations across chemical classes were examined to agaetste dehydrogenase (LDH) at 10%)] were positively
the degree of co-occurrence in wristband extragtse ). correlated R = 0.6). TR ecacy at 1% was positively

PBDEs demonstrated high concordance across the chemumalrelated with both measures of inhibited cell viaBlity (
class, while weak or nonsigant relationships were observed 0.25 0.6), while TR ecacy at 0.1% was correlated with
with newer BFRs (EH-TBB and BEH-TEBP). The OPEs alsaeither. A similar relationship was observed with potencies, as
demonstrated particularly strong concordance, although théke EG, values were negatively correlated with both cell
associations were weaker for TnBP, TCEP, and TCIPP. TCE#bility measured:(= 0.25 to ( 0.5)), although the
and TCIPP were more highly correlated with each other thalBC,, values were only correlated with thgal cell viability
the other OPEs, and TnBP was only correlated with TDCIPResults Figure ).
Many of the BFRs were also sigamitly and positively Associations of TR Antagonism with Chemical
associated with most OPEs, most notably for BDE-209 arm@bncentrations in Wristband Extracts. Overall, chemical
EH-TBB Figure ). Pesticides were not appreciably correlatecconcentrations were not highly correlated with bioactivities.
with each other, with some exceptions. Chlorpyrifos wasCIPP concentrations were positively correlated with TR
positively correlated witihanschlordane, and permethrins e cacy at 0.1% but not at 1%; in contrast, EH-TBB, BBP,
were highly correlated with each other. The phthalates weblEEHP, DEHT, DINP, and TOTM concentrations were
highly intercorrelated with the exception of DEP, which wasositively correlated with TR @acy at 1% but not at 0.1%
correlated with none of the other chemicals measured herdirigure ). Concentrations of DEHP, DEHT, DiNP, and
(one negative correlation with BEH-TEBP). Phthalates wefEOTM were negatively correlated with TR potency at 20%
also positively correlated with most OPEs and several BFRactivity (EGy), but these were not sigcantly correlated with

Cell Viability. Signicant inhibition of cell viability was EC,, values. TDCIPP concentrations were sigmily and
noted for >20% of samples in both viability assays at 5 apdsitively correlated with both cell viability measures. DBP,
10% wristband extract concentratioreble 2 Figure ). DEHT, and DiNP were positively correlated with inhibited cell
Therefore, these concentrations were largely not utilized feiability in the -gal assay but were not sigantly associated
bioactivity determinations. Only one sample exhibiteth the LDH release assay. In contrast, DEHA was positively
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Figure 2.Representative wristband extract-induced inhibited cell viability. HEK293T cells were transfected with plasmids and induced w
wristband extracts and/or control chemicals as describelllaidhals and MethadRepresentative dose response curves are provided based on
concentration of extraction in contact with the cells (0.1% = 1000-fold dilution of the extract into the exposure media). Cells were induced
approximately 18 h, after which cell viability was assessed bgramb miieasures: via sigant reduction in-gal activity as per constitutively

active promoter plasmid relative to vehicle/solvent control (A) and vieasigrelease of LDH relative to a cytotoxic control (B). Data
presented as meanSEM from two or three independent experiments and four technical replicates of each concentration within each.

and cigtranspermethrin was negatively correlated withassociated with inhibited cell viability in the LDH assay
inhibited cell viability in the LDH assay but not in tggal (Figure Sp
assay. Associations of TR Antagonism, Chemical Concen-
Logistic regressions also were performed to further assésdions, and Health Outcomes. Regressions were also
relationships between bioactivities (classifying samples pEsformed to assess relationships between thadeRtivity
either active or inactive) and chemical concentrations on thmeasures, chemical concentrations, and PTC. Across the four
wristbandsKigure # using log-normalized chemical concen-TR measures (maximal eacy at 0.1 and 1% extract
trations as a continuous measure. Concentrations of BEEbncentrations and potency/concentration at 10 or 20%
TEBP, TCIPP, and TDCIPP were sigantly associated with inhibition of positive control), consistent trends were observed
TR antagonism in these models, with odd ratios of 2.9 (95%ith elevated odds for PTC with increased bioacfvifyré
con dence intervals, 1.12.41p< 0.05), 3.0 (1.083.52p < 5) after controlling for potential confounding by educational
0.05), and 3.0 (1.08.51,p < 0.05), respectively. This can be attainment, BMI, and race/ethnicity. Spadly, participants
roughly translated to indicate that each log unit increase with wristbands active for TRntagonism were 1.49 and 2.13
concentration results in a sample betmes as likely to be (p= 0.12) as likely to have PTC using TRacies of 1 and
active for TR antagonism (TR@cy at 0.1%). Associations 0.1%, respectively; howev®Rs were not statistically
with TR e cacy at 1% were not evident. Concentrations o$igni cant. For regression analyses, potency was separated
DEP and DiNP were positively associated and BEH-TEBP wiato tertiles. The low tertile represents the least potent samples
negatively associated with inhibited cell viability viaghle  (highest values and the weakest TR potencies). Odds ratios
assay Kigure Sy Concentrations of DINP and DEHA were were higher for the high tertile and PTC (highest tertile for
positively associated arigltranspermethrin were negatively EC,, values consisting of the most potent samples; OR =
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Figure 3.Representative wristband extract-inducedif@gonism. HEK293T cells were transfected with plasmids and induced with wristband
extracts and/or control chemicals as described ihatieeials and MethadRepresentative dose response curves are provided for antagonistic
extracts that did not exhibit inhibited cell viability based on concentration of extraction in contact with the cells (0.1% = 1000-fold dilution of t
extract into the exposure media). Cells were induced for approximately 18 h, after velniztg@sm was assessed via reduction in luciferase
luminescence relative to EC50 (1 nM) concentration of T3 (A). Cell viability was assessed with the same cells in the same plaes by two di
measures: via sigrant reduction in-gal activity as per constitutively active promoter plasmid relative to vehicle/solvent control (B) and via
signi cant release of LDH relative to a cytotoxic control (C). Data presented asSfatafrom two or three independent experiments and four
technical replicates of each concentration within each.
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Figure 4. TR antagonism regressions by chemical concentrations. Results of logistic regression models performed in SAS 9.4 using che
concentrations in wristband extracts (log-transformed) an@fitRgonism as measured by reporter gene assay at 0.1% extract concentration.
Log-transformed chemicals were included as a continuous measure, and antagonism as a logistic measure (inactive araattive for sigr
antagonism). Filled circles denote signi dierence between inactive to active samples forcspleemicals, and open circles denote
insignicance. Odds ratios indicate the likelihood that the extracts will be active for TR antagonism with each log increase in chemi
concentrations. Interpretation: TCIPP with an odds ratio of 3.0 suggests that for each log unit increase in TDCIPP, the likelihood that a sample
be active is approximately 3 times as high.

1.91); however, they were not statistically sagrti While  0.05), respectively. For each log unit increase in DINP in

not signicant, both TR activity measures demonstrated trendaristband extracts, for example, samples @grdimes as

for increased odds of PTC with increased wristband TRIlikely to be from a PTC patieritigure §. In contrast, BDE-

antagonism. 100 concentrations had an odds ratio that wascsigthy less
Regression analyses were also performed between individgan one (OR = 0.5, 0.30.94,p < 0.05), suggesting an

chemical contaminants on wristbands and the odds of PTfVerse association.

Concentrations of TCEP, TDCIPP, 4-tBPDPP, B4tBPPP,

T4tBPP, DINP, and TOTM were sigrntly associated with DISCUSSION

increased odds of PTC case status: odds ratios of 2.3 (1.0Zhese results demonstrate for th& time the viability of

5.05p<0.05), 3.5 (1.2010.47p < 0.05), 4.6 (1.6712.71p measuring nuclear receptor bioactivity from silicone wristband

< 0.01), 5.6 (2.0315.34,p < 0.001), 3.6 (1.74.37,p < extracts worn by study participants. We report that up to 80%

0.001), 9.5 (2.3738.29p < 0.01), and 3.5 (1.091.15p < of wristband extracts was able to signtly antagonize TR
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Figure 5.TR antagonism and PTC case status. Logistic regression models performed in SAS 9.4 to assess relationships between TR antac
metrics (maximal inhibition at 0.1% wristband extract concentration, potency of inhibition via concentration at which 20% of added agonist cor
was inhibited; Ef9 and participant PTC status. These models controlled for potential confounding by race, BMI, and educational status, whic
we anticipated could be related to both exposure and health outcomes. Interpretation: odds ratio of 2.1 (A) suggest that active samples
approximately twice as likely to come from cases.

at levels up to 100% inhibition of angET3 agonist, hepatocytés and alter thyroid hormone signaling in
independent of inhibited cell viability. Notably, we measuredevelopmentally exposed chickeBEH-TEBP has been
these bioactivities at extract concentrations df%.{of the reported to be associated with thyroid hormone (T3/T4)
extract from 1.0 g of wristband) in contact with the cells, as 5concentrations in humdfi§/ and its metabolite, mono(2-
10% concentrations exhibited st inhibited cell viability.  ethyhexyl) tetrabromophthalate (TBMEHP), reduced thyroid
These low concentrations allow for greater use in a rangetarmone concentrations in the rat nfddehd deiodinase
di erent bioassays, limiting the need for extracting largaetivity in a rat liver microsome model described previously
sections of the wristbands. REF. Developmental exposures to both BEH-TEBP and EH-
TR antagonism was positively correlated with concerFBB have been demonstrated to inhibit thyroid hormone (T3/
trations of TCIPP, EH-TBB, BBP, DEHP, DEHT, DINP, andT4) concentrations and thyroid-dependent gene expression in
TOTM on wristbands. We also observed signi associa- zebrash®® As such, while some mechanistic assays do not
tions via logistic regressions with BEH-TEBP, TCIPP, andemonstrate direct receptor antagonism at the level of the
TDCIPP ( < 0.05) promoting increased odds of TR receptor, there is evidence for the majority of these phthalates,
antagonism. A number of phthalate esters have been rigoroBREs, and BFRs directly or indirectly interfering with thyroid
demonstrated to act as TR antagonists in diverse models arrmone signaling as described above.
or be associated with thyroid dysfunction in humans. DEHT We also report that concentrations of TCEP, TDCIPP, 4-
was demonstrated to disrupt thyroxine and TSH levels int8 PDPP, B4tBPPP, T4tBPP, DIiNP, and TOTM were
rodent modef? and direct TR antagonism has been signicantly associated with PTC, with &5 times greater
demonstratech vitrofor DEHP:%"® DiINP;*’* and BBP’ likelihood of being a case relative to a control with each log
While we have not found literature evaluating impacts dficrease in DINP concentrations on wristbands. Multiple
TOTM on modulation of thyroid hormone signaling, there isstudies have demonstrated thyroid cancer cell prolifaration
evidence for ects on estrogen receptoaind activation in vitro and in viv@® and also sigriant associations between
a reporter gene asSagnd it demonstrated higher binding DEHP and thyroid cancer incidence and/or malignancy in
a nity to sex hormone binding globulin than dihydrotestostefauman cohorts. > DEHT was shown to increase thyroid C-
one did in molecular docking experimén®ur laboratory  cell hyperplasia in female rats chronically exposed to all
previously reported that these OPEs/BFRs (TCIPP, TDCIPRjoses: While there is no evidence of direct carcinogenicity for
EH-TBB, and BEH-TEBP) were incapable of smymiy DiNP, it has been demonstrated to promote autoimmune
antagonizing TRusing a stably transfected human constructhyroid disease through increased oxidative stress and
in human bone cefl§though there are cating results in  activation of the Akt/mTOR pathw&yNotably, previous
the literature. Other research supported an absence of activitgrk from our laboratory reported sigant associations
for both TR and in a Chinese hamster ovary cell reporterbetween concentrations of TCEP in household dust and PTC,
gene modéll with some research in a thyroid hormone- particularly for larger, more aggressive tihaltough a
dependent cell proliferation assay reporting agonéstis. & separate study measuring urinary TCEP at the time of
Conversely, others have reported antagonistits dor EH- diagnosis did not report an associdfioie also report a
TBB and BEH-TEBP using a stable reporter assay (rarotective eect for BDE-100, which has been observed
pituitary cells constitutively expressing boti TR®and the previously for serum concentrations in two separate stud-
Tox21 database reports TR antagonist activity for TDCIPRes]"*® although only in the middle tertile or quartile of
Outside of direct receptor testing, treatment with TDCIPP hasxposure and not in the highest exposure groups. We did not
been demonstrated to sigmintly inhibit thyroid hormone observe a sigmiant protective ect in our previous sty
concentrations in developmentally expo¥ear adult-  but did report exacerbated risk with increasing BDE-209
exposetf zebrash and in developmentally exposed chickens exposure, which we did not observe here.
and disrupt thyroid hormone synthesis and signaling in Many of these and/or similar chemicals have been described
rodent$* TCIPP previously has been reported to modulateas TR antagonists. While not statistically signij the extent
thyroid-dependent gene expression in chicken embryoraé TR antagonism measured herein was also positively
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Figure 6.Targeted chemical concentrations and PTC case status. Results of logistic regression models performed in SAS 9.4 using che
concentrations in wristband extracts (log-transformed) and PTC case status of participants. Log-transformed chemicals are included
continuous variable. Filled circles denote signip < 0.05, and open circles denpte 0.05. Odds ratios represent the likelihood that a
participant will be a PTC case with each log increase in chemical concentrations. Interpretation: DiINP with odds ratio of 9.5 suggests an 8.5-1
greater likelihood of having PTC with each log increase in DiINP concentration.

associated with PTC. All four TR metricscéey at 0.1 and  to thyroid hormone resistance and cafid®esearchers have

1% wristband extract concentration and potency at 10 and 2@¥eviously demonstrated in mice that inducing a dominant
antagonism) demonstrated a consistent positive relationshipgative mutation in the TRgene disrupts the thyroid
between the PTC status and TRcacy and potency, pituitary axis, increases TSH and thyroid hormone concen-
suggesting a potential role for TR antagonism in the PT@ations, and subsequently leads to hyperplasia of the thyroid
associations. Thyroid hormones have long had well-appfetlicular epitheliurt?® More detailed analysis of the
ciated roles in angiogenesis, proliferation, and thyroid®@anceprogression to metastasis of this follicular carcinoma suggested
with thyroid hormone receptor mutations in particular linkechctivation of TSH signaling pathways and repression of
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peroxisome Eroliferator-activated receptor gamma (PPARprovided quantitative measures per mass of wristband for the
signaling®*'°? suggesting that TRmight act as a tumor purpose of comparison to the values reported here.
suppressor gene. To evaluate a causal role for elevated TSH,Vde also reported sigoant inhibition of cell viability by the
major stimulator for thyrocyte proliferation, wildtype micewristband extracts with increasing concentrations, with 20
were treated with PTU to inhibit thyroid hormones; these40% exhibiting sigeiant inhibition at wristband concen-
mice exhibited enlarged thyroids but no metastatic thyroittations of 5 and 10%. Moreover, we reported associations
cancel’?® suggesting that TSH-induced growth is a preregbetween our indirect measures of toxicity and concentrations
uisite but not sucient for metastasis. Notably, a range ofof several contaminants in the wristband extracts: TDCIPP was
thyroid disruption can potentially contribute to thyroid positively correlated with both cell viability measures; DBP,
dysfunction, disease, and subsequent development of cane&HT, and DINP were positively correlated in thel assay
including iodide uptake, TSH signaling, deiodination/only; and DEHA was positively amttranspermethrin were
sulfation/glucuronidation enzyme activity modulation, dishegatively correlated in the LDH assay only. We previously
ruption of transporters, and mdt&here is also an apparent assessed the toxicity and inhibited cell viability for each of the
contributory role for PPARas mice with PPARsu ciency ~ chemicals examined herein at concentrations up todfd
demonstrated increased cell proliferation and carcinogened@ not report any sigmiant cell viability impacts, suggesting

and treatment with a PPARgonist-delayed thyroid cancer Potent impacts from the mixtures of contaminants isolated
progressiof:'®* which may help explain the exacerbated’om wristbands. Consistemidings of toxicity for TDCIPP

cancer risk in obese individuals/anifials. between assays suggest a potential causal role for this

While no research previously has assessed bioactivities f@taminant. While the use of TDCIPP has increased in the
wristband extracts, a number of studies have measured TigSidential indoor environment following the PBDE phase-out
antagonism in household dust extracts. Research by 32005, ithas been in use since the 1960s. It was phased out of
laboratory using a stably transfected human construct #$€ N C?é'gréﬂ pajamas in 1977 after it was described as
human bone cells reported sigaint antagonism for 42% of Mutagenic™ but has become one of the most W'd?g’ used
dust extracts, while another study from our group reported ame_retar_dants in polyurethane foam over the_ last T 3/ears.
that 76% of samples exhibited sigmit TR antagonism While this research presents some novel information and

when tested using the transient transfection reporter assay u hts, it is not without several limitations. For cancer

in the current experiments, which has a greater dynanﬁésociations, it is important to note that PTC is an indolent
range® Other researchers have assessed TR bioactivities ncer, with estimated latency believed to be years to decades.

dust extracts, reporting antagonism from both indoor an erefore, while we abserved sigmit associations between

outdoor environmerit§ but at considerably higher concen- specic chemicals and the odds of concurrent PTC in this
&[oss-sectlonal study, these trends should be interpreted with

trations than our previous research. We report a simil . : .
Caution. Because our sample size was relatively small and our

i 0
frf:eqvlfglr};:ly ?rf1 %gﬁggg‘éi;n ﬁg) ut;nWhﬁ;[e Wsearggti(r:;iiies udy population was drawn from central North Carolina, our
p y 9 PRsults may not be generalizable to the broader U.S.

transfection reporter assay, although this was achieved VELi ulation. Nonetheless, we do not anticipate that the sample
4

much lower concentrations of wristband extracts relative . P
. r the heter nei f our mples will im h
those required for household dust. As such, these extrag e or the heterogeneity of our study samples pact the

o . ; ) idity of the comparisons made herein. Moreover, the limited
coulc_i be ut|I.|zed to interrogate a d|verS|_ty of nuclear receptofiia available for the participants in this study limited our
and interactions (agonism and antagonism) that would not

ibl ina h hol ; hich th e si ility to account for a range of other potential confounding
possible using household dust, for which the sample size afgpiapies. Additional research in a larger population with

can be limiting. , prospective data collection is needed tarothese ndings.

We have previously reported concentrations for a number @jnjje we assessed 49 SVOCs herein, with 36 detected in >60%
these OPEs and BFRs on wristbands in other human coho$g.yristhand extracts, it is likely that there are hundreds to
Levels of BFRs were previously measured on wristbands frofd§,sands of chemicals that we are exposed to daily. For
similar geographic region (central NC) in August 2016, WitRyample, household dust is estimated to contain thousands of
geometric mean concentrations of BFRs ranging from 2 to 88emicals!%'* As such, it is likely that there are other active
ng/g er_stbandGeome_trlc means herein ranged from 3 to 73¢gnstituents that are yet to be idesdiand measured, and
ng/g, with 2-fold variances observed relative to previougtyre research should evaluate other potential contributory
ones. Levels of the OPEs were previously measured incgntaminants via both target and nontargeted analytical
separate study of children (August 2015 to April 2016) from gethods. A larger cohort would also support the use of a
similar geographic regionThis study did not provide mixture model approach, which might be more informative
geometric means, but comparing median concentrations figan examining associations with individual chemicals present
those here revealed equivalent levels of TGERimes  in the mixture. It is also possible that some associations
higher TCIPP levels, two-times higher TDCIPP levels, angbserved here are due to co-occurring contaminants or mixture
three-times lower levels of TPHP on current adult wristbands ects, which should be evaluated in future studies. We also
relative to previous child wristbalfdRecent collaborative appreciate the potential limited application of a direct TR
work from our group examined 22 OPEs on wristbands, withinding screen, particularly given the small ligand binding
concentrations ranging from 20 to 520 hY/¢Most OPEs  domain of TR relative to other nuclear receptéf®revious
exhibited equivalent concentrations to present ones (withiwork has described limited direct TR binding in the Tox21
two or three-fold), although we reported5times higher  library:** though this analysis had less success in evaluating
detection frequencies here relative to previou$’6kidisile TR binding related to antagonism. These high throughput
previous studies have reported the presence and detectiorsofeens are often limited in species and tissue diversity,
phthalates and pesticides on wristbands, they have rnmatentially limiting their generalizability. However, it should be
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similar to what we observed in our previous study using house States

dust. However, wristbands may be a better sampling tool, aslulie Ann Sosa Department of Surgery, University of

they help account for exposures across multiple environments California at San Francisco, San Francisco, California

(encompassing home, work, and outside life), allow for a 94143, United States

greater diversity of bioassay and analytical measuremenfiete contact information is available at:

testing, and are amenable to citizen science projects (sta {Fps://pubs.acs.orgllo.1021/acs.est.0c05972

at room temperature and/or mail back to the study

laboratory. These passive samplers have been demonstratgﬁinding

to capture both dermal and inhalation expdSiaes reect h H broject naril ted b ot )
signi cant correlations with internal biomarkers of exposure fqQr IS résearch project was primarily supported by a piiot gran
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