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Abstract

Relatively little is known about the exposure of nail technicians to semivolatile organic compounds
(SVOCs) in nail salons. We collected preshift and postshift urine samples and silicone wrist bands
(SWBs) worn on lapels and wrists from 10 female nail technicians in the Boston area in 2016-17.
We analyzed samples for phthalates, phthalate alternatives, and organophosphate esters (OPES) or
their metabolites. Postshift urine concentrations were generally higher than preshift concentrations
for SVOC metabolites; the greatest change was for a metabolite of the phthalate alternative di(2-
ethylhexyl) terephthalate (DEHTP): mono(2-ethyl-5-carboxypentyl) terephthalate (MECPTP)
more than tripled from 11.7 to 36.6 (/g creatinine. DEHTP biomarkers were higher in our study
participants’ postshift urine compared to 2015-2016 National Health and Nutrition Examination
Survey females. Urinary MECPTP and another DEHTP metabolite were moderately correlated (r
= 0.37-0.60) with DEHTP on the SWBs, suggesting occupation as a source of exposure. Our
results suggest that nail technicians are occupationally exposed to certain phthalates, phthalate
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alternatives, and OPEs, with metabolites of DEHTP showing the largest increase across a work
day. The detection of several of these SVOCs on SWBs suggests that they can be used as a tool for
examining potential occupational exposures to SVOCs among nail salon workers.

Graphical Abstract
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INTRODUCTION

Nail salon workers encounter a variety of exposures from products they use at work,
including semivolatile organic compounds (SVOCs), which are added to personal care
products, including nail polish, to increase flexibility and longevity, improve fragrance, and
help nail polish adhere to fingernails.1:2 The SVOC most frequently used in nail polish in the
past was dibutyl phthalate (DBP),3 which is associated with birth defects and negative
developmental and reproductive system effects.* Because of health concerns, DBP and
other phthalates have been replaced by compounds claimed to be less harmful to human
health: organophosphate esters (OPES) such as triphenyl phosphate (TPHP), terephthalates
such as di(2-ethylhexyl) terephthalate (DEHTP), or other phthalate alternatives such as 1,2-
cyclohexane dicarboxylic acid and diisononyl ester (DINCH).3:6:7 However, choosing safer
products may be challenging as labels may not list all ingredients.3:

SVOC:s partition in the indoor environment between vapor, particles, and surfaces, including
human skin.8 Exposure occurs through inhalation, ingestion (e.g., via dust), and dermal
absorption.8 The latter can occur following contact with products containing SVOCs, indoor
surfaces, or air-to-skin partitioning.® Many SVOCs are metabolized into measurable urinary
metabolites.6:10

Nail salon workers are likely chronically more exposed to many SVOCs found in nail
products than the general public, however, few studies have been conducted on SVOC
exposure of nail salon workers.11-13 Hines et al. examined occupational exposure to certain
phthalates, including dimethyl phthalate (DMP), DBP, di-isobutyl phthalate (DiBP),
benzylbutyl phthalate (BzBP), and di(2-ethylhexyl) phthalate (DEHP), and reported that nail
salon workers had significantly higher (o < 0.05) postwork shift urinary metabolites of these
chemicals than the U.S. adult population from the National Health and Nutrition
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Examination Survey (NHANES).11 Kwapniewski et al. examined preshift versus postshift
DBP exposure among manicurists and found significantly higher (p < 0.05) urinary
metabolites of DBP in postshift urine samples compared to preshift samples with glove use
mitigating this effect.12 Tran and Kannan (2015) analyzed air samples for DMP, DEP, DiBP,
DBP, BzBP, and DEHP from various indoor environments, and found that hair and nail
salons had the highest total median concentrations of phthalates, an order of magnitude
greater than the other indoor environments tested.13

We are not aware of any research on nail technician exposures to newer phthalate alternative
compounds such as DEHTP and TPHP. Therefore, we conducted a pilot study using urinary
biomarkers to characterize preshift versus postshift exposure to a wide range of SVOCs
among nail salon workers in the Greater Boston Area. Silicone wrist bands (SWBSs) can be
used to estimate SVOC exposure, and may function partly as personal passive air samplers,
and also sample particulates and surface films;14 to our knowledge, SWBs have not been
previously used to measure exposure in nail salon technicians. A secondary goal of this
study was to determine whether SWBs can be used as an exposure assessment tool to
measure SVOCs encountered during a single work shift among nail salon workers.

MATERIALS AND METHODS

This study was approved by IRBs at Harvard T.H. Chan School of Public Health and Boston
University School of Public Health. All participants provided informed consent in their
native language prior to enrollment. The involvement of the Centers for Disease Control and
Prevention (CDC) laboratory was determined not to constitute engagement in human subject
research.

Study Population.

For this pilot study, we recruited and enrolled 10 nail salon technicians from seven nail
salons in the Greater Boston, Massachusetts area as previously described.1® Eligible nail
salon workers were nonsmoking females greater than 18 years of age employed full time
(=35 h per week) in nail salons primarily offering nail salon services. Participants were
compensated for their time.

We assessed exposure of nail salon workers to SVOCs—focusing on exposure to phthalates,
phthalate alternatives (e.g., DINCH and DEHTP), and OPEs—over the course of one work
shift between November 2016 and June 2017 (Table 1 shows analytes and abbreviations).
Upon enrollment, we scheduled a sampling visit for a shift where the participant had worked
the previous day. We employed a Vietnamese translator during sampling visits when
necessary. Prior to our study visit, we asked participants not to apply nail polish to
themselves within 72 h before sampling. We collected preshift and postshift spot urine
samples on site, and asked participants to wear a SWB on their wrist and pinned to their
lapel. Because of one participant opting not to wear one of the SWBs, and misplacement of
another, we collected nine each of SWBs pinned to lapels and worn on wrists. At the end of
the work shift, we administered a questionnaire including both work-related and nonwork-
related questions on factors that potentially contribute to exposure.
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Urine Sampling.

Participants provided spot urine samples (~30 mL) in sterile polypropylene containers using
nitrile gloves to prevent contamination. Samples were stored on ice and transported to the
Beth Israel Deaconess Medical Center (BIDMC) laboratory. Samples were stored at —20 °C,
thawed and aliquoted into 3 mL polypropylene microvials, and stored at —80 °C until
shipped for analysis.

Urine samples were analyzed at the Division of Laboratory Services at the National Center
for Environmental Health, CDC (Atlanta, GA) for creatinine and metabolites of SVOCs as
previously described.”-16:17 Briefly, urinary conjugates of target analytes were first
hydrolyzed by enzymatic hydrolysis. We then extracted the deconjugated urinary
metabolites using solid phase extraction, separated the target analytes from each other and
other compounds present in urine using high-performance liquid chromatography, and
quantified the target biomarkers using isotope-dilution tandem mass spectrometry. During
analysis, we included a duplicate urine aliquot from two separate participant samples for
each SVOC compound for quality assurance/quality control. The relative percent difference
between samples for SVOC compounds included in our analyses above the limit of detection
(LOD) (Table 1) ranged from 0 to 13.1% for phthalates, 0.4-5.7% for phthalate alternatives,
and 0.8-30.4% for OPEs.

Passive Air Sampling.

SWBs were prepared for sampling as previously described.1# Briefly, researchers purchased
commercially available SWBs (www.24hourwristbands.com), solvent-cleaned and dried
them in a fume hood, wrapped them in aluminum foil, and placed them in precleaned amber
glass jars until use. We collected four field blank SWBs during the course of the study,
which were transported to randomly selected study nail salons, removed from the amber jars
and aluminum foil, rewrapped immediately, and placed on ice. At the end of each
participant’s work shift, we collected and wrapped the SWBs in aluminum foil and placed
them in amber jars in coolers on ice, and transported them to the BIDMC laboratory for
storage at —20 °C until shipped for analysis. All SWBs were handled with nitrile gloves.

SWBs were analyzed at Duke University as previously described.1420 Briefly, SWBs were
weighed but not washed before analysis, spiked with internal standards dTDCPP and 13C
TPP, extracted, concentrated, and analyzed by gas chromatography—mass spectrometry.
Recoveries of dTDCPP and 13C TPP averaged 93.3 and 68.9%, respectively, for all samples.
Since the field blanks account for residual background levels that may be present on all
SWBs, the LOD (Table 1) was calculated as three times the standard deviation of the levels
measured in the field blanks. SVOC concentrations in SWBs were blank corrected using the
average concentrations measured in the field blanks. Results were expressed as ng/g SWB.

Since participants had different work-shift lengths, and thus SWBs were worn for different
durations, we also controlled for work shift length in our analyses (Tables S2 and S3).
However, we do not know whether the chemicals are in the linear or saturation phase of
uptake on the SWBs during the nail technicians’ work shifts, as to our knowledge a
calibration study of the uptake of these chemicals in SWBs has not been published. Because
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of this, and the fact that these work shift-duration-adjusted data were almost perfectly
correlated with the unadjusted data (Table S1), we focus on the unadjusted data in our results
section.

Statistical Analysis.

RESULTS

Where instrumental readings were unavailable, urine and SWB nondetected samples were
imputed using NDEXpo’s regression on order statistics application: a robust method to
handle nondetected samples, described by Helsel.18-19 We conducted statistical analyses for
compounds detected in at least 50% of the samples. We used the Shapiro-Wilk test to
examine whether SVOC concentrations were normally distributed; as concentrations were
approximately log-normally distributed, we log-transformed the data, and report geometric
means (GM), geometric standard deviations (GSD), medians, and ranges. We used paired t-
tests to compare: (1) SVOC levels on SWBs worn on the lapels versus wrists and (2) preshift
and postshift creatinine-corrected SVOC urinary metabolite concentrations. Postshift urine
concentrations of mono(2-ethyl-5-carboxypentyl) terephthalate (MECPTP), however, were
not normally or log-normally distributed, and we used the nonparametric Wilcoxon Rank
Sum test to compare the preshift and postshift samples. We computed Spearman correlations
between parent SVOCs in SWBs (a measure of external exposure during the shift) and their
metabolites in urine, using the difference between postshift and preshift creatinine-corrected
concentrations (an estimate of total exposure during the work shift). Statistical significance
was set at p < 0.05. We compared nail technician creatinine-corrected urinary SVOC
metabolites to those found in the general U.S. female population aged 3 and older in the
NHANES 2015-2016 presented in the National Report on Human Exposure to
Environmental Chemicals updated tables, the first time such data were available for DEHTP;
the exception was for OPE metabolites for which we used the NHANES 2013-2014 data of
U.S. females aged 6 and older.10-21 We performed all statistical analyses using SAS
statistical software (version 9.4; SAS Institute Inc., Cary, NC).

Participant characteristics are presented in Table 2. A detailed description of personal
protective equipment utilized by participants was described previously.1®

SVOCs in Urine.

Descriptive statistics of the SVOC metabolites detected in participant urine, along with the
postshift/preshift change in the SVOC concentrations are listed in Table 3. While the
majority of postshift creatinine-corrected GM urinary SVOC metabolite concentrations were
similar or higher than preshift urinary concentrations, none reached statistical significance.
Despite this, the postshift GM concentration was more than triple that of the preshift
samples for MECPTP. There was a general trend for higher urinary metabolite
concentrations in postshift urine samples among many but not all participants (Figure S1,
Supporting Information).

Table 3 also presents a comparison of our results with females in NHANES. Most SVOC
metabolites were similar or higher in the U.S. female population than in our study
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population’s postshift urine samples, however metabolites of DEHTP (MECPTP and
MEHHTP) were higher in postshift urine samples from our study participants than in
NHANES females.
SVOCs in Air.

A few of the participants’ SWB concentration results were estimated above the highest point
on the calibration curve for individual SVOCs, including one each with high levels of DBP,
DEHP, and DEHTP, and one with high levels of both DiNP and DEHTP; these values were
included in the overall analyses. Descriptive statistics of the SVOC concentrations detected
in lapel and wrist SWBs, along with the differences in SVOC concentrations and
correlations between lapel/wrist are listed in Table 4. With the exception of TCIPP and
TDCIPP, SVOC levels in lapel SWBs were higher compared with those worn on
participants’” wrists; however, none of these differences reached statistical significance
(Table 4, Figure S2). Correlations between the concentrations of SVOCs detected in lapel
and wrist SWBs varied; only the phthalate alternative DEHA reached statistical significance
(r=0.81, p<0.05).

Air Versus Urine SVOCs.

The correlations for differences between preshift and postshift urinary SVOC metabolites
and their parent compounds detected in SWBs are shown in Table 5. For DEHP, although
not statistically significant, the difference in postshift urinary concentrations compared to
preshift urinary concentrations was more correlated with SWBs worn on the lapel than on
the wrist. The differences between preshift urinary metabolites and postshift urinary
metabolites of DEHTP (MECPTP and MEHHTP) were moderately correlated with DEHTP
on lapel SWBs and wrist SWBs.

DISCUSSION

To our knowledge, our pilot study is the first to characterize nail salon worker exposure to
phthalates, phthalate alternatives, and OPEs, using both biomonitoring and SWBs, a
relatively novel tool. This study provides evidence of exposure to many of these compounds
and demonstrates the usefulness of SWBs.

Our most striking finding was evidence suggesting nail salon workers are occupationally
exposed to the phthalate alternative DEHTP, with postshift urinary concentrations of a
DEHTP metabolite (MECPTP) more than triple the level of preshift concentrations. This
change was moderately correlated with DEHTP levels on SWBs, suggesting an occupational
exposure source rather than primarily other exposure source such as diet that is unlikely to
be picked up by SWBs. Increases of MECPTP during the day have previously been observed
in general populations, however these increases were generally lower than what we observed
for our preshift to postshift change (e.g. 1.6 times from NHANES compared to 3.1 times in
our study, respectively), and further research is necessary to better understand this trend.?!

Concentrations of DEHTP metabolites (MECPTP and MEHHTP) in nail technician postshift
urine samples were also higher than what was observed in NHANES. This difference may
be underestimated, as there is a significant downward trend in GM concentrations of
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MECPTP and MEHHTP (along with some other SVOCs) in NHANES with increasing age,
and the NHANES female population includes children under age 18,2 while our study
population only enrolled adult females over age 18. Although DEHTP is used as a
replacement for the phthalate DEHP, the literature on DEHTP exposure is relatively sparse,
but suggests increasing exposure in the U.S. and Europe.”21:22 Because of the lack of
studies examining the health consequences associated with DEHTP exposure in humans to
date, we do not fully understand whether increasing human exposure or long-term exposure
to low levels of it will negatively impact human health. Metabolites of DEHTP are generally
higher in females than in males,?! suggesting exposure via personal care products or a
similar source linked to behavioral differences between males and females. Interestingly,
DEHTP is not a traditional SVOC in nail polish and we do not know the source of the
DEHTP in nail salons. Although DEHTP may be present in some nail polishes, we found no
evidence for this in a recent nail product study.3 DEHTP is likely present in other personal
care products or materials used in nail salons, such as lotions, waxes, or skin scrubbing
exfoliants.

Previous studies have found higher concentrations of certain phthalates (e.g., DEP and DBP)
in nail salons compared to other indoor environments,13 and higher concentrations of certain
SVOC urinary metabolites from nail salon workers compared to the U.S. general population
(e.g. MBP and MEHP).1! While there was an upward trend for SVOC urinary metabolites
from preshift to postshift samples in our study, none reached statistical significance, perhaps
due to the small sample size. Exposure to many phthalates, phthalate alternatives, and OPEs
is ubiquitous in the U.S. due to their common usage in personal care and other consumer
products.19:17.21 Some SVOCs are also present in food or food packaging, a potential
explanation for the lack of correlation between urine and SWBs for some compounds as
SWABs do not capture dietary exposure sources.

Postshift urinary concentrations from our study participants were generally lower than
concentrations from U.S. females from NHANES, with the exception of urinary metabolites
of DEHTP, TCEP, and TPHP.10.21 As use of some of the more toxic phthalates such as DBP
and DEHP have been reduced and replaced in the U.S. over time with alternatives such as
DEHTP due to potential health concerns, concentrations of urinary metabolites such as MBP
and MEHP have decreased, while metabolites from phthalate alternatives such as MECPTP
and MEHHTP have increased.?1:23.24 Factors that may partly explain the lower urinary
metabolite concentrations from our participants include that NHANES includes females
under 18, which our study excludes, and that the NHANES data were largely from an earlier
time period (2013-2014 and 2015-2016) than our study (2016-2017).

Our pilot study demonstrated relatively high detection frequencies of a number of SVOCs on
SWBs after having been worn by nail salon workers for only one shift (e.g., 611 h). Little is
known about the kinetics of uptake of SVOCs by SWBs and we are aware of only one
previously published occupational exposure study (of polycyclic aromatic hydro-carbons).2>
The fact that SWBs not only function as passive air monitors, but can pick up material from
contact with surfaces and skin was evident in SWBs utilized by our study participants, as
many appeared dusty and/or had debris on the surface upon collection at the end of the work
shift. Interestingly, TPHP concentrations on lapel and wrist SWBs were not correlated,
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perhaps suggesting that different exposure sources of these compounds are encountered
based on contact with skin and surfaces (more likely with wrist SWBSs) versus those in the
air (more likely with lapel SWBs). More research is needed to understand this difference and
its implications for exposure routes. The results for DEHTP also add to the small body of
literature validating the use of SWBs with biomonitoring results.14.2526

The replacement of phthalates with alternatives, and the corresponding increased exposure
to the latter, is of concern since often we do not fully understand the toxicity of the
alternatives.2” For example, DEHTP is thought of as a safer alternative to DEHP, a known
male reproductive toxicant, since it is not known to cause reproductive toxicity.28 However,
exposure to DEHTP may be associated with other health concerns. A dietary study of
DEHTP fed to F-344 rats over 104 weeks found reduced weight gain and exacerbated
geriatric retinal degeneration with chronic, high dietary exposure (6000 or 12 000 ppm).2°
TPHP, another replacement chemical found in nail polish, has recently been identified as an
endocrine disrupter that may be negatively associated with thyroid function and reproductive
health.30-32 Future, larger biomonitoring studies of nail salon workers will help to verify and
identify replacement chemicals of particular concern from changes in formulations to
products used in nail salons.

Our study has a number of limitations, particularly the small sample size that limited
statistical power. We used the difference between postshift and preshift metabolite
concentrations in urine as a measure of exposure during the work day, but while this
approach has several advantages (e.g. assessing exposure across inhalation, dermal, and
other routes), it also has disadvantages. The appearance of metabolites in urine has a time
lag due to pharmacokinetics (e.g., absorption and metabolism rate). As we were not able to
collect urine later in the day after the shift (or the following first morning void), we may
have missed some exposure. The human half-lives of many of these compounds is not
known, but believed to be on the order of hours to days. Thus, if we collected participants’
urine for a longer time period (e.g. 24 or 48 h after their work shift) we would likely obtain a
better understanding of these occupational exposures. As we only sampled participants on
days when they had worked the previous day, preshift urine samples may partly reflect
previous occupational exposure for the relatively more persistent SVOCs. A potential
explanation of why we generally saw higher concentrations on SWBs pinned to participants’
lapels compared to the ones worn on their wrists is that those on the wrist may have been
covered up by participants’ sleeves, thus in future studies it would be beneficial to ensure
that all SWBs are exposed to salon air for the duration of participants’ work shifts.
Additionally, asking participants to wear SWBs during working hours on multiple work days
during a given work week may have captured more information on occupational SVOC
exposures. We did not attempt to assess exposure at home, while commuting, or via diet.

Strengths of our study of nail salon workers include the use of biomonitoring, demonstration
of the use of SWBs, collection of these samples in a sometimes difficult to reach population,
and analysis for a wide spectrum of SVOCs. An additional strength is the paired use of
biomonitoring and SWB data, which suggested that the increase of urinary DEHTP
metabolites was due to occupational exposure rather than other sources such as diet.
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Higher concentrations of SVOC urinary metabolites detected in postshift urine samples
compared to preshift samples and the presence of parent compounds detected on SWBs
worn during the work shift indicate that nail salon workers are occupationally exposed to
SVOCs. The higher concentrations of DEHTP metabolites in our study population compared
to the U.S. female population from the NHANES study, and more than tripling of preshift to
postshift concentrations of MECPTP measured in urine suggest that nail salon workers are
exposed to DEHTP during the work day. Finally, the detection of several phthalates,
phthalate alternatives, and OPEs on SWBs worn during the work shift indicates that SWBs
can be used as an exposure assessment tool for nail salon workers for future studies. Future,
larger biomonitoring studies with more statistical power, and a longer sampling timeframe
would help further clarify which SVOCs nail technicians are exposed to at work. Finally, it
would be useful to compare the SVOCs detected on SWBs to active air samples collected
during the work day to validate the effectiveness of SWBs as an occupational exposure
assessment tool in nail salons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Table 2.

Characteristics of 10 Nail Salon Participants, Greater Boston Area (2016-2017)

participant characteristics N participants(n =10) median range
current age 45 21-642
Country of Origin (Primary Language Spoken)
USA (English) 4
Vietnam (Vietnamese) 6
Occupational Title
nail technician 8
nail salon owner 2
Employment History
full-time in Nail Salon 10 <1237
part-time in Nail Salon 6 <1-332
Hoursworked
per week 40 20-507
day of sampling 9 6—Ilb
Number of Procedures
regular manicure 8 1-5°
acrylic manicure 2 3.9¢
gel manicure 3 1-4°
refill 1 1€
pedicure 8 1-3¢
aYears.
bHours.

cNumber of procedures.
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Table 5.

Page 18

Correlations between SVOCs in SWBs and Creatinine-Corrected Urinary Metabolites in Postshift Minus

Preshift Urine Samples from Nail Salon Workers in the Greater Boston Area (2016-2017)

Spearman correlation coefficients for difference of postshift and preshift urine

SWB parent compound  urinary metabolite

DEHP

DiNP

DEHTP

TCIPP
TDCIPP
TPHP

MEHP
MEHHP
MEOHP
MECPP

MCOP

MONP

MECPTP
MEHHTP

BCIPP
BDCIPP
DPHP

lapel SWB
Phthalates
0.18
0.28
0.17
0.63
0.27
-0.08
Phthalate Alternatives
0.60
0.38
OPEs
-0.40
-0.10
0.13

Wrist SWB

0.15
0.18
0.07
0.22
0.45
0.30

0.37
0.57

-0.30
0.20
0.28
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