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1  | INTRODUC TION

Nail services is an 8.5  billion‐dollar business in the United States, 
with an estimated workforce of 380  000 nail technicians.1 Nail 

salons are largely owned and staffed by female (94%), Vietnamese 
(51%), and young workers (43% age <40).1 Most nail salons are small 
businesses, which usually provide limited knowledge and resources 
for health and safety, employing fewer than 10 nail technicians.2 
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Abstract
Nail technicians are exposed to volatile organic compounds (VOCs) from nail prod‐
ucts, but no studies have previously measured VOC biomarkers for these workers. 
This study of 10 nail technicians aimed to identify VOCs in nail salons and explore 
relationships between air concentrations and biomarkers. Personal and area air sam‐
ples were collected using thermal desorption tubes during a work shift and analyzed 
using gas chromatography/mass spectrometry (GC/MS) for 71 VOCs. Whole blood 
samples were collected pre‐shift and post‐shift, and analyzed using GC/MS for 43 
VOCs. Ventilation rates were determined using continuous CO2 measurements. 
Predominant air VOC levels were ethyl methacrylate (median 240  µg/m3), methyl 
methacrylate (median 205 µg/m3), toluene (median 100 µg/m3), and ethyl acetate 
(median 639 µg/m3). Blood levels were significantly higher post‐shift than pre‐shift 
for toluene (median pre‐shift 0.158 µg/L and post‐shift 0.360 µg/L) and ethyl acetate 
(median pre‐shift <0.158 µg/L and post‐shift 0.510 µg/L); methacrylates were not 
measured in blood because of their instability. Based on VOCs measured in these 
seven nail salons, we estimated that emissions from Greater Boston area nail salons 
may contribute to ambient VOCs. Ventilation rates did not always meet the ASHRAE 
guideline for nail salons. There is a need for changes in nail product formulation and 
better ventilation to reduce VOC occupational exposures.
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Limited English language skills in some nail technicians create ad‐
ditional occupational health and safety barriers.3

Nail technicians are exposed to a wide variety of chemicals 
during their work shift, while using products for doing manicures, 
pedicures, nail art, and artificial nails. Products common to the trade 
include those used for nail sculpting, as well as nail polishes and 
polish removers, which contain volatile organic compounds (VOCs) 
such as toluene, acetone, isopropyl acetate, ethyl acetate, and butyl 
acetate.4,5 Although most of these chemicals are listed as ingredi‐
ents in safety data sheets (SDS or MSDS), some are not, even if pres‐
ent in significant quantities.6 Exposure to nail product‐related VOCs 
may occur through inhalation and dermal contact as technicians pre‐
pare, apply, or remove these products,7 with the highest levels of 
exposure occurring during acrylic nail sculpting and gel nail polish 
procedures.8,9 There is also potential for dermal absorption of nail 
product VOCs by direct contact and permeation through gloves, and 
to a lesser extent from air.10

Exposure assessment of nail technicians has been limited by a 
number of occupational constraints requiring control and charac‐
terization including numerous product formulations, limited acces‐
sibility to worker populations, and work environments that are often 
small, confined, and have client visibility. Most research has involved 
assessing ventilation11,12 and educating nail technicians.13,14 These 
studies have found that nail salons with limited ventilation often have 
the highest levels of total volatile organic compound (TVOC, the 
sum of VOCs detected with a real‐time instrument).15,16 Nail salons 
do not always provide appropriate personal protective equipment 
(PPE), and management and employees have limited knowledge of 
appropriate health and safety precautions.14,15 Only a few studies 
have assessed worker exposure to VOCs, most finding strong odors 
and air levels well below occupational exposure limits (OELs) for 
individual VOCs or mixture of VOCs.5,9,16-20 There has been one 
study measuring nail technicians' urinary VOC biomarkers.21 In that 
study, urinary acetone and hippuric acid were found to be weakly 
correlated with acetone airborne concentrations (correlation coef‐
ficients of 0.49 and 0.45, respectively) and not significantly higher 
than those measured in a control group.21 The authors concluded 
that these acetone biomarkers were not ideal for assessing expo‐
sures of nail technicians.

A few studies have examined possible respiratory, dermal, neu‐
rological, and reproductive health outcomes in nail technicians.22-26 
Negative health risks identified are the same as those typically asso‐
ciated with VOC exposure.27-29 Because most of these epidemiological 
studies relied on self‐reported measures of exposure such as job title or 
number of nail procedures, negative health outcomes cannot be confi‐
dently related to the actual exposures. This ambiguity could be abated 
through biomonitoring, a direct exposure measurement method that 
quantifies exposures resulting from multiple exposure routes.30

We performed an in‐depth assessment of nail technicians’ ex‐
posure to VOCs. The objectives of this pilot study were to (a) 
characterize air concentrations of specific VOCs in salons and the 
breathing zone of nail technicians; (b) examine the relationship be‐
tween personal VOC exposure and blood biomarker concentrations; 

(c) understand occupational contribution to exposures during the 
work shift; and (d) test the appropriateness of the exposure assess‐
ment methods used in this study for this worker population.

2  | METHODS

2.1 | Study design

We assessed VOC exposure of 10 nail technicians over one work‐
day during the period of November 2016 to June 2017. Nail techni‐
cians were recruited from seven nail salons in the Greater Boston 
area, Massachusetts, United States, with the support of the 
Massachusetts Healthy Cosmetology Community (HCC). Nail sa‐
lons included some located in the City of Boston and others in the 
Boston metropolitan area. Inclusion criteria for participation were 
(a) female, (b) non‐smoker (smoking can be a source of VOCs), (c) 
>18 years of age, and (d) working full‐time (at least 35 hours a week) 
in a nail salon. Vietnamese language services were provided when 
needed. Once a participant confirmed interest in participating, we 
coordinated a first visit to the nail salon with both the participant 
and the salon owner. Potential participants read and signed a con‐
sent form. We scheduled sampling toward the end of a participant's 
workweek when workload typically increases to capture highest 
exposure levels and following biomonitoring guidelines.31 After col‐
lecting pre‐shift biological (blood and breath) samples and setting 
up other sampling equipment, we performed a ventilation check 
and observed work practices. At the end of the shift, we collected 
post‐shift biological samples and administered a survey. Study pro‐
tocols were approved by the Institutional Review Boards of the 
Harvard T.H. Chan School of Public Health and Boston University 
School of Public Health.

2.2 | Survey instrument

We administered a short questionnaire to all participants to 
document occupational factors—work practices, workload, and 
controls used such as local exhaust ventilation (LEV) and PPE—
and non‐occupational factors—demographics, use of nail polish, 
and health‐related behaviors—that may be have contributed to 
VOC exposure.

Practical Implications
•	 Nail technicians' elevated blood levels of toluene and 

ethyl acetate suggest occupational exposure to volatile 
organic compounds from nail products.

•	 Ventilation was found to be a key variable in the air lev‐
els of volatile organic compounds found in the salons.

•	 Changes in nail product formulation and better ventila‐
tion in nail salons would reduce volatile organic com‐
pounds occupational exposures.
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2.3 | Nail salon observations and ventilation check

During a walk‐through on the day of sampling, we documented 
processes and controls, including nail procedures performed, nail 
products used, room ventilation, and PPE used. Temperature, relative 
humidity, number of salon occupants, and CO2 level indoors were 
continuously recorded at 1‐minute intervals during the work shift 
using a TSI Q‐track indoor air quality monitor 7575, which was bump 
calibrated before the sampling day with a 400 ppm CO2 gas standard. 
CO2 level outdoors were also measured for estimating ventilation 
rates. Any existing general and LEV were checked using a Gastec 
Smoke Tube Kit (SKC Int.). Smoke generated with smoke tubes 
was effectively drawn into an LEV system and away from the nail 
technician's breathing zone when LEVs were operating adequately.

2.4 | Nail products safety data sheet review

We used Safety Data Sheets (SDS) to identify VOC ingredients in 
nail polish brands and other nail products found in the salons. Nail 
polish included two main products: standard defined as polish that 
lasts 1‐2 weeks and does not require ultraviolet light to cure, and gel 
defined as polish that lasts 2‐4 weeks and usually requires ultraviolet 
light to cure. Both nail polish products included a base, color, and top 
coat. Gel products also used a primer and a nail bonding agent. Other 
products included artificial nail sculpting ingredients, nail glues, nail 
cleaners, and nail polish removers. SDSs were obtained from online 
resources or directly from the nail product manufacturer as these were 
not found in the nail salons.

2.5 | Personal and area air VOC 
sampling and analysis

Volatile organic compound air monitoring used passive thermal 
desorption (TD) tube‐type samplers during the work shift, following 
manufacturer instructions. The TD tubes were standard industrial 
tubes (89 mm L × 6.4 mm o.d. × 5 mm i.d) packed with 200 mg of 
Tenax TA (Catalog No. C1‐AXXX‐5003; Markes International). For 
personal air sampling, a tube was fixed at the breast pocket of each 
nail technician using a proprietary pen clip with the sampling end 
turned up; sampling time averaged 493  minutes with a standard 
deviation (SD) of 86  minutes capturing their work shift. For area 
sampling, at least one tube per salon was fixed on a stand with 
the sampling end facing down in an area used during the day by 
the participant; sampling time averaged 531 minutes with a SD of 
110  minutes. In two of the seven salons, we placed replicate TD 
tubes side‐by‐side as part of quality control. These standard TD 
tubes have validated sampling rates ranging from 0.25 to 0.68 mL/
min depending on the compound in occupational settings.32

After sample collection, tube samples were sealed with stor‐
age caps and stored in sealed aluminum containers. Samples 
were shipped with field blanks to the Environmental Analytical 
Laboratory at the University of Memphis within 2 days of collection. 
The samples were analyzed within 5 days upon receipt as previously 

described by Jia and Fu.33 In brief, a tube was thermally desorbed 
at 260°C on an automated TD system (ULTRA 2+UNITY 2; Markes 
International), and the desorbed VOCs were then separated and an‐
alyzed on a gas chromatography/mass spectrometry (GC/MS) sys‐
tem (Agilent 7890A/5975C; Agilent). Data analysis was performed 
for 71 target VOCs, selected from EPA TO‐15 Method and common 
compounds previously found in nail salons. Method detection limits 
(MDLs) were derived from the analytical limit of detection (LOD) of 
the instrument for 8‐hour sampling (Table S1). Samples below the 
MDL were imputed as MDL/

√

2.34

2.6 | Sampling and analysis of VOC biomarkers

Two gray top vacutainer tubes of whole blood (7 mL) were collected 
from each participant at the work site, one at the beginning and one 
immediately at the end of the work shift. Contaminant‐free tubes 
were provided by the Centers for Disease Control and Prevention 
(CDC) VOC Laboratory. Trained nurses from the Beth Israel Deacons 
Medical Center performed venipuncture following the universal pre‐
cautions for working with blood and blood products.35 The tubes of 
whole blood were sent overnight (5ºC) to the CDC VOC Laboratory. 
Blood was analyzed within 5  days following headspace solid‐phase 
microextraction with benchtop GC‐MS CDC Method VOC54, as pre‐
viously described.36,37 MDLs were provided by the laboratory (Table 
S2). Concentrations below the MDL were imputed as MDL/

√

2.34 Of 
the 43 blood VOCs tested, eight were detected in blood; of the 71 
air VOCs that were screened, 22 were detected in air using TD tubes.

Sampled exhaled breath pre‐shift and post‐shift using 1‐L Tedlar 
bags were also measured at CDC. VOCs were analyzed using head‐
space solid‐phase microextraction (SPME) GC/MS method for the 
analytes detected in blood, as previously described by Sampson et 
al.38 However, semiquantative breath data (not shown) were below 
lowest calibration standard levels. For predominant blood VOCs de‐
tected, toluene and ethyl acetate, the lowest standard concentra‐
tions for exhaled breath measurements were 3.65 and 62.4 µg/m3 
(1.06 and 17.21 ppbv), respectively.

2.7 | Data analysis

The workload was defined as the number of nail procedures a tech‐
nician performed on the day of sampling. Data on workload were 
asked to technicians and verified by observations during the day. 
We estimated ventilation rates, or air exchanges per hour (ACHs), 
using CO2 measurements and number of occupants in the space at 
steady state, and using a steady‐state box model39-42; results were 
compared to ventilation guidelines for nail salons by the American 
Society of Heating, Refrigerating and Air‐Conditioning Engineering 
(ASHRAE).40 Details are shown in Supporting Information 7.

Air VOC samples were not blank corrected because monitored 
compounds were non‐detectable in field blanks. If there was more 
than one area air sample per salon during the same visit (ie, repli‐
cate samples or two technicians sampled in the same salon), mea‐
surements were averaged. Salon 7 was visited twice for different 
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participants, and the samples were treated as independent samples 
considering the large temporal variation.

We compared medians and ranges of blood concentrations with 
those from the 2013‐2014 US non‐smoking female general popu‐
lation.43 We compared personal air and blood concentrations to 
the lowest OELs and biological exposure indices (BEIs).31,44,45 For 
correlations between variables, we used Spearman correlation co‐
efficients; for contrasts between paired variables (eg, pre‐ and 
post‐shift blood VOCs) or to compare post‐shift blood and NHANES 
blood levels, we used Wilcoxon signed‐rank tests. Statistical analy‐
ses used AIHA IHstats V229, JMP 13.2.0, and SPSS 17.0.2, and sta‐
tistical significance level, α, was set at 0.05.

3  | RESULTS

3.1 | Characteristics of nail salons and nail 
technicians

Table 1 describes the seven nail salons we studied. The salons were 
small (45  m2)‐to‐medium size (279  m2) and opened 5‐7  days per TA
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TA B L E  2   Demographic and employment characteristics of nail 
technician participants (n = 10)

Participant characteristics
No. of 
respondents Mean (SD)

Demographics

Current age, y 10 45.0 (10.8)

Country of origin (survey language)

United States (English) 4  

Vietnam (Vietnamese) 6  

Employment

Occupation at current salon

Length, y   8.4 (6.4)

Nail technician 8  

Owner (also nail technician) 2  

Employment in nail industry

No other job as nail technician 10  

Full‐time, y 10 10 (7.7)

Part‐time, y 8 10 (12.4)

Work schedule

Weekly, h   37.9 (6.1)

Day of sampling, h   8.73 (1.4)

Nail procedures on day of sampling, by type

Manicure, count 8 2.1 (1.3)

Pedicure, count 8 1.5 (0.6)

Types of manicure/pedicure 
reported, count

3  

Acrylic (ie, new artificial nails)   6.0 (3.0)

Refill (ie, redo of artificial nails)   1.0 (0.0)

Gel nail polish (ie, UV light 
needed for curing)

  4.0 (0.0)
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week. Salons had up to nine manicure and 12 pedicure stations, 
although not all stations were occupied in some salons on the day 
of our visit. All but one of the salons performed acrylic nail en‐
hancements. Salons kept temperatures throughout the work shift 
between 18‐25°C and 32%‐53% relative humidity. Six salons had 
general exhaust ventilation while one relied on natural ventila‐
tion. The salon estimated general ventilation rates of 6.4‐88 cfm/
person and did not always meet the ASHRAE guideline for accept‐
able indoor air quality in nail salons of 25 cfm/person (equivalent 
to 7.5 m3/min‐person).39 Two salons used LEV systems (extraction 
hoods to filter contaminants before recirculating the air indoors) 
over the manicure stations, which we verified were in good operat‐
ing condition.

Table 2 summarizes demographic and employment characteris‐
tics of the ten nail technicians in our study. Six participants were 
Vietnamese, and four were White non‐Hispanic. The participants 
averaged 9 years in the profession. Participants worked an average 
of 9 hours on the day of our visit and usually worked 39 hours per 
week. The workload for technicians ranged from three to eight cli‐
ents on the sampling day. A few nail technicians used limited PPE 
during their work shift, including gloves (thin latex and nitrile), uni‐
forms, safety glasses, or respirators (disposable N95 with charcoal 
cartridges). Seven of the ten nail technicians reported washing their 
hands before eating and before leaving work. Additional informa‐
tion on the use of PPE and personal behaviors (eg, handwashing) is 
in Tables S3 and S4, but was not further analyzed due to the small 
sample size.

3.2 | Nail products safety data sheet review

Nail polish was the most common nail product used in salons (typical 
nail salon carrying 4‐5 different nail polish brands, while some 
carrying as many as 10). Of the 22 brands we reviewed, standard nail 
polish products reported higher SDS‐disclosed percent by weight 
(% WT) content than gel products for ethyl acetate (<60% WT for 
standard vs <50% WT for gels) and toluene (<30% WT for standard 
vs 0% WT for gels). However, gel products had higher percent by 
weight content of acrylates (<100% WT for gels vs <30% WT for 
standard). Acrylates listed in nail polish SDSs included hydroxyethyl 
methacrylate, isobornyl acrylate, tetrahydrofurfuryl methacrylate, 
and ethyl methacrylate. The nail bonding agent listed 100% ethyl 
acetate.

Nail products used for sculpting artificial nails, commonly known 
as acrylic nails or enhancements, included liquid, powder, or pre‐mixed 
powder, composed of <100% acrylates. Acrylates listed in acrylic nail 
products' SDSs listed different polymerization fragments including 
ethyl and methyl methacrylate, butyl methacrylate, and ethyl 2‐cy‐
anoacrylate. Other nail products used during nail procedures that 
contained VOCs in their ingredients included nail glue or superglue 
(<100% acrylates) and nail cleaners (ie, 100% isopropyl alcohol). 
Further, nail polish removers used in the salons were all 100% ace‐
tone. Nail polish removers that do not contain acetone were not found 
in the salons studied.

3.3 | VOCs in personal and indoor air

Of the 71 monitored VOCs analyzed in air, 22 were detected in the 
nail salons studied (Table S1). The most abundant and frequently 
measured VOCs in air were toluene, ethyl acetate, ethyl methacrylate, 
methyl methacrylate, and d‐limonene (Table 3). Other VOCs detected 
in more than 50% of the samples included benzene, ethylbenzene, 
all the xylenes, styrene, p‐isopropyltoluene (p‐cymene), and carbon 
tetrachloride. Personal VOC air concentrations were significantly 
higher than area air (P < 0.001) for ethyl acetate, m,p‐xylenes (not o‐
xylene), methyl methacrylate, and d‐limonene. Conversely, personal 
VOC air concentrations were significantly lower than area air 
(P < 0.001) for benzene and ethyl methacrylate. All detected personal 
VOC levels were well below the lowest OELs, although OELs are not 
available for ethyl acrylate and p‐isopropyltoluene (Table 3).

Ventilation (ACH) was significantly correlated with a reduction in 
toluene personal air levels (Spearman r = −0.76, P = 0.017). However, 
ACH was significantly associated with an increase in methyl meth‐
acrylate salon air concentrations (Spearman r = 0.71, P = 0.034); al‐
though unexpected, perhaps a higher airflow in the salon increases 
evaporation of the acrylic monomer when products were opened. 
Other VOCs in personal air, salon air, and blood were not signifi‐
cantly correlated with ventilation.

Workload (ie, number of procedures during the work shift) was 
only significantly associated with ethyl acetate area air concentra‐
tions (Spearman r = 0.84, P = 0.002), similarly to that described by 
Quach et al.13

3.4 | Blood VOCs

Of the 43 VOCs analyzed in blood, only two had detection rates above 
50% in either pre‐ or post‐shift samples from nail salon participants 
(Table S2). VOCs detected in air that were not quantified in blood and 
breath samples were methyl and ethyl methacrylate because they 
are not stable in blood, and d‐limonene and p‐isopropyltoluene are 
not included in the blood VOC method because they have low tox‐
icity.46,47 Hazardous VOCs such as toluene and ethyl acetate were 
detected at >80% in post‐shift blood samples. Median concentra‐
tions of these two compounds increased significantly from pre‐shift 
to post‐shift (P < 0.02, Figure 1). Nevertheless, there was variability 
among the nail technician blood levels. Table 4 and Figure 1 show 
that post‐shift median blood concentrations of toluene (0.36  µg/L, 
maximum of 0.79  µg/L) and ethyl acetate (0.51  µg/L, maximum of 
1 µg/L) significantly exceeded the levels estimated in the general fe‐
male non‐smoking US population for toluene (0.056 µg/L, 95th per‐
centile of 0.225 µg/L) and ethyl acetate (<0.158 µg/L, 95th percentile 
of 0.158 µg/L), with P < 0.002.

Pre‐shift blood concentrations and personal air exposures dis‐
played significant associations for toluene (Spearman's r  =  0.68, 
P = 0.042), but ethyl acetate was not significant (Spearman's r = 0.27, 
P = 0.48). Blood post‐shift concentrations and personal air exposures 
displayed positive but insignificant associations: toluene r  =  0.53, 
P = 0.12; ethyl acetate r = 0.27, P = 0.46.
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4  | DISCUSSION

4.1 | Personal and area air VOC levels compared to 
previous studies

This pilot study documents the presence in nail salon air of several 
VOCs typically found in nail products: toluene, ethyl acetate, and 
ethyl and methyl methacrylates. Levels were similar to ranges 
previously documented in nail salons in the United States (Table 5). 
The levels of benzene, ethylbenzene, and the xylenes in our study 
were very low (non‐detect to low µg/m3) and comparable to ambient 
levels.28

While personal air concentration exceeded area air concentra‐
tions for four of the most frequently detected VOCs, the reverse 
was true for two VOCs, while there was no significant difference 
for the other six VOCs. Additional information (eg, technician use of 
specific products) and a larger data set may be needed to understand 
such patterns.

4.2 | Biomarkers of nail product‐related VOCs

Most of the VOCs detected in the salon air were below detection 
limits of the blood analysis, but of the VOCs detected in the air 
and blood samples, toluene and ethyl acetate predominated. Post‐
shift blood concentrations of these two compounds increased sig‐
nificantly during the shift, suggesting that nail salon work made an 
important contribution to nail technician's exposures. Median post‐
shift blood sample concentrations exceeded those found in the fe‐
male, non‐smoking US population.

Half‐lives for many stable VOCs such as toluene and ethyl ace‐
tate can extend up to 10 hours if the VOC has permeated into less 
polar tissues such as adipose,48-51 making them able to be measured 
throughout a work shift. However, we found venipuncture to be 
challenging in this worker population (ie, we failed to draw blood 
once after many attempts). Our attempt to use less invasive exhaled 
breath to measure VOCs was not successful at the low exposure 
levels (all non‐detects). Development of a more sensitive breath 

TA B L E  3   Nail technicians full‐shift personal and area air sampling results measured with thermal desorption tubes

Analytea

MDL

Nail technicians personal 
Air concentrations (n = 10)

Nail salon area 
Air concentrations (n = 8) ACGIH

%> Median Range %> Median Range TLV TWA

µg/m3 MDL µg/m3 µg/m3 MDL µg/m3 µg/m3 µg/m3

BETX

Benzene 0.16 90 0.46 <MDL‐3.4 100 2.4c 1.6‐4.7 1600

Toluene 0.26 100 39 4.8‐85 100 21 2.2‐105 75 300

Ethyl benzene 0.16 80 0.32 <MDL‐2.1 100 0.35 0.21‐0.91 434 000

o‐Xylene 0.23 60 0.33 <MDL‐2.6 88 0.50 <MDL‐0.74 434 000

m,p‐xylene 0.35 90 0.79b <MDL‐7.8 100 0.43 0.52‐1.8 434 000

Acrylates

Ethyl methacrylate 0.28 70 24 <MDL‐6900 75 240c <MDL‐5430 NA

Methyl methacrylate 0.37 80 190 <MDL‐2100 88 205 <MDL‐2580 410 000

Other VOCs documented in nail products

Ethyl acetate 0.28 100 760b 140‐2800 100 639 142‐2630 1 440 000

Styrene 0.17 50 0.17 <MDL‐0.50 88 0.39 <MDL‐0.86 85 141

VOC likely as a fragrance in cleaning products, lotions, makeup, or waxes

p‐isopropyltoluene 0.16 80 1.2 0.12‐3.3 90 0.52 <MDL‐2.52 NA

d‐limonene 0.53 100 9.3b 5.3‐180 100 6.4 4.2‐130 110 000d

Legacy VOC

Carbon tetrachloride 0.14 70 0.76 0.10‐1.5 90 0.29 0.1‐1.0 1078d

Total measured VOCs

Sum of 71 VOCs   100 2750 677‐7910 100 1970 584‐6280  

Note: Sum of 71 VOCs = sum of all analytes identified and quantified by the analysis of the thermal desorption tubes.
Abbreviations: ACGIH TLV TWA, threshold limit values, American Conference of Governmental Industrial Hygienists46 for an 8‐h time‐weighted 
average; BETX, benzene, toluene, ethylbenzene, and the xylenes; MDL, method detection limit.
aAnalytes listed are those with at least 50% detected samples from Table S1. 
bPersonal air significantly higher than area air. 
cArea air significantly higher than personal air. 
dGerman limit is reported for d‐limonene as TLV is not established; OSHA PEL was reported for carbon tetrachloride as is lower than the TLV.45 
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analysis method with pre‐concentration or analysis of intact VOCs 
in urine may be worth pursuing.

4.3 | Exposure sources and factors

Pre‐shift blood levels may partly reflect work on previous days or 
non‐work activities. Toluene was the only VOC measured in pre‐
shift blood at high detection rates (>89%). Toluene is ubiquitous,52 
and air salon concentrations were relatively low (median personal 
air of 39 µg/m3). Further, pre‐shift blood samples were collected 
in the salon approximately 20‐45  minutes after the technician 
arrived before nail services were provided, which may have 
given time for toluene blood level to equilibrate with the salon 
environment.53

To control for other VOC sources such as tobacco smoke and 
personal use of nail salon products, we recruited only non‐smokers 
and asked participants to refrain from painting their nails during the 
week before the start of the sampling day. Only one participant re‐
ported alcohol consumption on the day before sampling, and the lab‐
oratory did not report that ethanol interfered in the exhaled breath 
analysis. Nevertheless, there may be the potential for contributions 
from other VOC sources outside of work.

Of the four VOCs with the highest median concentrations in 
personal air—ethyl acetate highest median followed by methyl 
methacrylate, ethyl methacrylate, and then toluene—ethyl acetate 
and toluene were also detected at high rates in post‐shift blood. 

Methacrylates were not examined in blood because of their high 
instability in blood. Ethyl acetate, toluene, and acrylates were also 
identified as ingredients of nail polish and artificial nail products 
using SDS information. This information suggests that nail products 
are a source of exposure for nail technicians, similarly to that con‐
firmed by Zhong et al.16

Although d‐limonene and p‐isopropyltoluene occurred in the 
air of the nail salons, we did not identify these compounds as in‐
gredients in the SDSs we reviewed. It is possible that they may be 
classified as a fragrance, or are present in other products used in 
the salons that we did not review, such as lotions, scrubs, waxes, 
and cleaning products. Both substances are irritating agents for both 
eyes and skin, and d‐limonene may cause dermatitis.46,47 Carbon tet‐
rachloride was also found in most air samples but in very low levels 
typical of background indoor levels; this chemical is a legacy air con‐
taminant that was previously used in industrial cleaning, dry clean‐
ing, and aerosols.54

Besides environmental and occupational sources, other factors 
may affect VOC exposure of nail technicians such as ventilation, 
workload, and use of PPE. We estimated ventilation rates to be 
0.2‐3.8 ACH (6.4‐88 cfm per person), comparable to those in seven 
nail salons in the Los Angeles area55 (ACH from 0.2 to 5.7) and 17 nail 
salons in Michigan16 (ACH from 0.7 to 45.2) that also used CO2 mea‐
surements in their studies. As reported above, we found an asso‐
ciation between ventilation and toluene personal air concentration 
and workload and area air concentration for ethyl acetate; however, 

F I G U R E  1   Toluene and ethyl acetate blood levels measured before and after the work shift (2016‐2017) and compared to the US 
general population (NHANES 2013‐2014 for female non‐smokers). *Post‐shift blood levels significantly higher from pre‐shift or NHANES. 
†All NHANES ethyl acetate and all but two pre‐shift ethyl acetate samples were <MDL. Each color in the figure corresponds to the same 
participant
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more associations were not possible due to low statistical power or 
chance. Due to our small sample size, we could not adequately ana‐
lyze the effect of PPE.

4.4 | Significant contribution to ambient VOCs from 
nail salons

To understand the potential impact that the measured levels of 
VOCs in nail salons may have on annual emissions to the outdoor air, 
we estimated emissions per salon (calculation details described in 
Supporting Information 5). If we make a series of assumptions: (a) The 
seven nail salons studied were representative of a typical nail salon 
in the City of Boston, (b) City of Boston has 200 salons (data from 
the Boston Public Health Commission), and (c) salons operated all 
year, emissions from nail salons in the City of Boston (benzene 0.37, 
toluene 2.97, metric tons/y) would be comparable or higher than the 
emissions reported for all industrial facilities in Suffolk County in 
2016 (benzene 0.58, toluene 1.2, metric tons/y).56 In contrast, there 
were no emissions for these VOCs reported to the toxic release 
inventory for the City of Boston in 2016.56 Nail salon emissions 
would be higher for the Greater Boston area but an accurate count 
of nail salons for the area was not available. Although individual 
salons are not required to report emissions, the nail salon industry 
collectively may be a non‐negligible VOC emission source. Our 
rough estimates indicate that nail salon outdoor emissions would be 
important to explore in future studies because in the United States, 
urban air VOCs are increasingly derived from consumer products 
rather than industrial sites or transport‐related emissions.57

4.5 | Nail salon VOCs and nail technician's health

Salon air concentrations were below lowest OELs, and nail technician 
blood levels were less than BEIs (Tables 3 and 4). These measured 
levels have not been identified to cause acute and chronic health 
effects.

Health effects typical of long‐term toluene exposures in the 
ppmV range of a month, some of which are commonly reported by 
nail technicians, include the following: respiratory and eye irrita‐
tion; irritated, dry, and cracked skin; nervous system dysfunction; 
headaches; dizziness; fatigue; and developmental impairment.45,58,59 
While many nail polish brands are eliminating toluene,60 it may con‐
tinue to be found as a residue in nail products.

Ethyl acetate is a major ingredient in many nail polishes. Chronic 
ethyl acetate exposure in the ppmV range on the order of a month 
has been associated with eye, skin, nose, and throat irritation, as well 
as nervous system depression, edema of the liver and kidney, corneal 
clouding, and even anemia.61,62 There have been no studies of devel‐
opmental toxicity to the unborn child,63 which would be important 
for the high percentage of nail technicians in reproductive age.

Likely sources of methyl and ethyl methacrylate are nail polishes 
(especially gel products) and acrylic liquid or powder used for sculpt‐
ing nails. Methyl methacrylate has been banned in 32 US States, but 
not Massachusetts.64 The Food and Drug Administration (FDA) has TA

B
LE

 4
 

VO
C 

co
nc

en
tr

at
io

ns
 in

 b
lo

od
 c

ol
le

ct
ed

 fr
om

 n
ai

l t
ec

hn
ic

ia
ns

 b
ef

or
e 

an
d 

af
te

r t
he

 w
or

k 
sh

ift
 a

nd
 c

om
pa

re
d 

to
 th

e 
U

S 
ge

ne
ra

l p
op

ul
at

io
n

A
na

ly
te

b
M

D
L 

µg
/L

N
ai

l t
ec

hn
ic

ia
ns

 (n
 =

 9
a )

N
ai

l t
ec

hn
ic

ia
ns

 (n
 =

 1
0)

U
S 

ge
ne

ra
l p

op
ul

at
io

n

BE
I 

µg
/L

Pr
e‐

sh
ift

Po
st

‐s
hi

ft
20

13
‐2

01
4 

N
H

A
N

ES
 fe

m
al

e 
no

n‐
sm

ok
er

s43

Bl
oo

d 
co

nc
en

tr
at

io
ns

 
µg

/L
Bl

oo
d 

co
nc

en
tr

at
io

ns
 

µg
/L

Bl
oo

d 
co

nc
en

tr
at

io
ns

 
µg

/L

%
> 

M
D

L
M

ed
ia

n
Ra

ng
e

%
> 

M
D

L
M

ed
ia

n
Ra

ng
e

n
M

D
L

M
ed

ia
n

Ra
ng

e
95

th
 p

er
ce

nt
ile

Et
hy

l a
ce

ta
te

0.
16

22
<0

.1
6

<0
.1

6‐
0.

77
80

0.
51

c
<0

.1
6‐

1.
5

11
60

0.
16

<0
.1

6
<0

.1
6‐

7.
1

<0
.1

58
N
A

To
lu

en
e

0.
02

5
89

0.
16

<0
.0

25
‐0

.2
3

10
0

0.
36

c
0.

02
8‐

0.
79

11
47

0.
02

5
0.

05
6

<0
.0

25
‐3

.7
9

0.
22

5
20

A
bb
re
vi
at
io
ns
: B
EI
, B
io
lo
gi
ca
l E
xp
os
ur
e 
In
de
x 
AC
G
IH
.46

; M
D

L,
 m

et
ho

d 
de

te
ct

io
n 

lim
it;

 N
, n

um
be

r o
f s

am
pl

es
.

a O
ne

 p
re

‐s
hi

ft
 s

am
pl

e 
w

as
 n

ot
 c

ol
le

ct
ed

 b
ec

au
se

 o
f c

ha
lle

ng
es

 d
ra

w
in

g 
bl

oo
d 

du
rin

g 
ph

le
bo

to
m

y.
 

b A
na
ly
te
s 
lis
te
d 
ar
e 
th
os
e 
w
ith
 >
50
%
 d
et
ec
t i
n 
at
 e
ith
er
 p
re
‐ o
r p
os
t‐
sh
ift
 s
am
pl
es
 fr
om
 T
ab
le
 S
2.
 

c Po
st

‐s
hi

ft
 b

lo
od

 le
ve

ls
 s

ig
ni

fic
an

tly
 h

ig
he

r f
ro

m
 p

re
‐s

hi
ft

 b
lo

od
 le

ve
ls

. 



     |  547CEBALLOS et al.

TA
B

LE
 5

 
Ra

ng
e 

of
 V

O
C 

co
nc

en
tr

at
io

ns
 d

et
ec

te
d 

in
 n

ai
l s

al
on

s 
in

 th
is

 s
tu

dy
 c

om
pa

re
d 

to
 o

th
er

 s
tu

di
es

Co
un

tr
y

Re
fe

re
nc

e
Pe

rs
on

al
 o

r a
re

a 
ai

r (
n)

# 
VO

Cs
Sa

m
pl

in
g 

m
et

ho
d

VO
C 

ai
r c

on
ce

nt
ra

tio
ns

 ra
ng

ea

To
lu

en
e

Et
hy

l m
et

ha
cr

yl
at

e
M

et
hy

l m
et

ha
cr

yl
at

e
Et

hy
l a

ce
ta

te
d‐

lim
on

en
e

µg
/m

3
µg

/m
3

µg
/m

3
µg

/m
3

µg
/m

3

U
S

Th
is

 s
tu

dy
Pe

rs
on

al
 (1

0)
72

Pa
ss

iv
e

4.
8‐

85
N

D
‐6

90
0

N
D

‐2
10

0
14

0‐
28

00
5.

3‐
18

0

 
A
re
a 
(8
)

72
 

2.
2‐

10
5

N
D

‐5
43

0
N

D
‐2

58
0

14
2‐

26
30

4.
2‐

13
0

Zh
on

g 
20

19
16

Pe
rs

on
al

 (3
4)

12
Pa

ss
iv

e
N

D
‐6

50
N

D
‐1

92
0

N
D

‐3
6 

00
0

17
0‐

96
50

N
D

‐3
00

 
A
re
a 
(3
4)

 
 

N
D

‐3
80

N
D

‐1
35

0
N

D
‐3

4 
20

0
84

‐6
90

0
N

D
‐2

00

Q
ua

ch
 2

01
813

Pe
rs

on
al

3
Pa

ss
iv

e
N

D
‐3

25
b

–
N

D
‐4

1 
00

0b
–

–

G
ar
ci
a 
20
15

20
Pe

rs
on

al
3

Pa
ss

iv
e

18
8‐

64
0

–
82

‐2
7 

88
0

–
–

A
la
ve
s 
20
13

19
A
re
a 
(1
2)

7
A
ct
iv
e

38
‐1

16
8

–
N

D
‐1

6 
81

0
18

0‐
72

00
–

Q
ua

ch
 2

01
15

Pe
rs

on
al

 (1
67

)
3

Pa
ss

iv
e

75
‐3

76
6

–
–

72
‐1

9 
80

0
–

 
A
re
a 
(3
)

6
A
ct
iv
e

38
‐2

26
–

49
2‐

53
30

72
‐5

40
–

M
ar

ty
 2

00
777

Pe
rs

on
al

2
A
ct
iv
e

–
18

7‐
14

5 
00

0
61

5‐
21

 3
20

–
–

Sp
en

ce
r 1

99
711

Pe
rs

on
al

, L
EV

 
(8

)
2

A
ct
iv
e

–
18

70
‐7

01
3

N
D

–
–

 
Pe

rs
on

al
, n

o 
LE

V
 (1

0)
3

 
–

32
 7

25
‐6

5 
45

0
N

D
–

–

A
lm
ag
ue
r 1
99
817

Pe
rs

on
al

 (1
)

4
A
ct
iv
e

–
 

N
D

–
–

 
A
re
a 
(6
)

4
 

–
N

D
‐3

2 
72

5
N

D
–

–

A
lm
ag
ue
r 1
99
278

Pe
rs

on
al

 (2
)

2
A
ct
iv
e

–
11

 0
00

‐1
2 

00
0

–
–

–

H
iip

ak
ka

 1
98

779
Pe

rs
on

al
 (1

7)
4

A
ct
iv
e

37
7‐

75
32

N
D

‐7
9 

47
5

–
–

–

Fr
oi

ne
s 

19
86

8
A
re
a 
(≤
25
)

3
A
ct
iv
e 
an
d 
pa
ss
iv
e

–
11

 2
20

‐4
3 

01
0

86
10

‐2
7 

88
0

–
–

N
or

w
ay

G
jø
ls
ta
d 
20
06

4
A
re
a

70
A
ct
iv
e

75
‐1

16
8

42
1‐

14
 9

60
82

‐3
28

36
‐4

28
4

–

Ko
re

a
Pa

rk
 2

01
480

A
re
a

 
Pa

ss
iv

e
N

D
‐1

 8
49

 0
00

N
D

‐2
85

 0
00

N
D

‐2
 5

00
 0

00
72

0‐
60

8 
00

0
–

Ya
ng
 2
01
021

A
re
a 
(≤
25
)

13
A
ct
iv
e

49
0‐

53
00

–
–

75
6‐

90
00

–

 
 

 
A
ct
iv
e

–
–

41
‐4

92
–

–

G
re
ec
e

Ts
ig

on
ia

 2
01

018
A
re
a

3
A
ct
iv
e

3.
0‐

67
–

–
N

D
‐4

4
N

D
‐2

27

A
bb
re
vi
at
io
ns
: n
, n
um
be
r o
f s
am
pl
es
 w
he
n 
av
ai
la
bl
e 
in
 th
e 
pu
bl
ic
at
io
n;
 N
D
, n
ot
 d
et
ec
te
d;
 V
O
C
s,
 v
ol
at
ile
 o
rg
an
ic
 c
om
po
un
ds
.

a Ra
ng

e 
w

as
 c

ho
se

n 
as

 th
e 

be
st

 c
om

pa
ris

on
 m

et
ric

 b
ec

au
se

 o
f t

he
 d

iff
er

en
t c

en
tr

al
 te

nd
en

ci
es

 re
po

rt
ed

 a
cr

os
s 

st
ud

ie
s.

 
b A
pp
ro
xi
m
at
e 
ra
ng
e 
de
du
ce
d 
fr
om
 s
ta
tis
tic
s 
gi
ve
n 
in
 th
e 
pu
bl
ic
at
io
n.
 



548  |     CEBALLOS et al.

recommended since the late 1970s that methyl methacrylate not be 
used in pure liquid form because of adverse skin reactions (sensitiz‐
ing),65,66 but it is not listed as a prohibited or restricted substance.66 
Methyl and ethyl acrylates may occur as residues in products that 
only disclose the presence of acrylated oligomer or copolymers. 
The wide variety of acrylate formulations in nail products makes 
measuring and controlling exposure challenging. We found methyl 
methacrylate in salon air and listed as an ingredient in some nail 
products (ie, acrylic powder SDS). The lowest air levels measured 
for both methacrylates were in salons that did not provide artificial 
nail procedures.

Potential health concerns for ethyl and methyl methacrylate 
include irritation of the nose and throat, coughing, shortness of 
breath, nervous system effects, drowsiness, light‐headedness, dizzy 
spells, trembling of hands (suggested neurotoxicity), and skin sensi‐
tization or dermatitis.45,67,68 Of particular concern was the listing of 
polyurethanes as an ingredient in one of the nail polish brands found 
in the salons studied. Polyurethanes have been well documented as 
potent sensitizers in the autobody industry.69 This was particularly 
concerning, as the nail polish containing polyurethanes was labeled 
as non‐allergenic.

4.6 | Strengths and limitations

Major strengths of our study include the measurement of the 
occupational contribution to VOC blood levels for nail technicians 
and the use of TD tubes. The latter proved to be an ideal sampling 
technique because they are easy to use, small, inconspicuous, had a 
100% participation rate (ie, all technicians in the study agreed to wear 
TD tubes as part of the study) in the client‐oriented salon environment, 
and follow well‐defined sampling and analysis guidelines.32,70-72 TD 
tubes may serve for future studies to collect breath samples as it 
has been previously described.73-75 We characterized exposure to 
more VOCs than previous studies at nail salons. Nevertheless, we 
were not able to measure all VOCs typically found in nail salons, as 
our methods did not include acetone, formaldehyde, ethanol, butyl 
acetate, isopropyl alcohol, and other acrylates beyond ethyl and 
methyl methacrylates. An important limitation of our study was the 
small sample size, preventing conclusions regarding many exposure 
factors such as PPE. Further, data from only seven nail salons may 
not be representative of all nail salons in the Greater Boston area. 
However, the demographics of nail technicians we were able to 
recruit (60% Vietnamese and 40% Caucasian) were similar to the 
national statistics in the nail salon industry (56% Vietnamese and 
36% Caucasian).1

Since October 2018, nail salons in the City of Boston need to me‐
chanically exhaust air to the outside—instead of relying on air being 
passively exhausted through windows, doors, and cracks in the 
building like the salons in our study.76 Even if the ventilation changes 
result in improved air quality indoors, nail salons would need to ef‐
fectively filter exhausted air from VOCs to reduce current emissions 
to the ambient air. Thus, this study will serve as the basis for design‐
ing future studies to assess VOC exposure of nail technicians, the 

impact of safer alternatives in nail products, better controls includ‐
ing improved ventilation, and improved training and outreach to this 
worker population.

5  | CONCLUSIONS

Nail technicians are exposed to a variety of VOCs throughout their 
work life. Higher concentrations of some VOCs in the post‐shift 
blood of nail technicians compared to those measured pre‐shift or in 
the general US population indicate the importance of occupational 
exposure. Ethyl acetate and toluene found in air and blood were also 
listed as ingredients in nail products in the investigated salons. TD 
tubes were effective and easy to use for measuring a wide variety of 
VOC concentrations in indoor and personal air in nail salons. While 
blood was an effective VOC biomarker for investigating toluene and 
ethyl acetate exposures, venipuncture was challenging in this work 
environment, given that a whole tube of blood is needed for current 
analytical methods. While full‐shift VOC air concentrations were 
well below established OELs (not available for ethyl acrylate and p‐
isopropyltoluene), they could still contribute to chronic health effects 
such as respiratory and skin irritation, headaches, dizziness, dermatitis, 
and neurocognitive and reproductive toxicity. Reducing VOC exposure 
among nail technicians may require change in nail product formulation, 
better ventilation, and more consistent and effective use of personal 
protective equipment.

ACKNOWLEDG EMENTS

The authors are extremely grateful to the participating nail salons 
and nail technicians without whom this work would not have been 
possible. The authors express sincere acknowledgements to the 
Massachusetts Healthy Cosmetology Committee for their sup‐
port and technical guidance during the protocol preparation and 
recruitment. Special thanks to Nan Pham and Lori Ducharme for 
their industry expertise and dedicated assistance during recruiting. 
Thanks to Nan Pham, Tammy Nguyen, Vy Nguyen, Anna Young, 
Audrey Nathanson, Wendy Hori, and Zhao Tong for their assis‐
tance in the study. Thanks to the mentoring from John Spengler, 
Robert Herrick, Russ Hauser, David Christiani, Roberta White, and 
Petros Koutrakis.

CONFLIC T OF INTERE S T

The authors declare that they have no conflict of interest.

ORCID

Diana M. Ceballos   https://orcid.org/0000-0002-8789-2528 

Jessica Craig   https://orcid.org/0000-0002-9565-5557 

Xianqiang Fu   https://orcid.org/0000-0001-8789-4737 

Chunrong Jia   https://orcid.org/0000-0001-6541-6478 

https://orcid.org/0000-0002-8789-2528
https://orcid.org/0000-0002-8789-2528
https://orcid.org/0000-0002-9565-5557
https://orcid.org/0000-0002-9565-5557
https://orcid.org/0000-0001-8789-4737
https://orcid.org/0000-0001-8789-4737
https://orcid.org/0000-0001-6541-6478
https://orcid.org/0000-0001-6541-6478


     |  549CEBALLOS et al.

R E FE R E N C E S

	 1.	 NAILS. 2017–2018 NAILS big book statistics. In. Nails Magazine. Vol 
2018: Michelle Mullen;2018.

	 2.	 Lentz TJ, Sieber WK, Jones JH, Piacitelli GM, Catlett LR. Surveillance 
of safety and health programs and needs in small U.S. businesses. 
Appl Occup Environ Hyg. 2001;16(11):1016‐1021.

	 3.	 Cunningham TR, Guerin RJ, Keller BM, Flynn MA, Salgado C, 
Hudson D. Differences in safety training among smaller and larger 
construction firms with non‐native workers: Evidence of overlap‐
ping vulnerabilities. Saf Sci. 2018;103:62‐69.

	 4.	 Gjolstad M, Thorud S, Molander P. Occupational exposure 
to airborne solvents during nail sculpturing. J Environ Monit. 
2006;8(5):537‐542.

	 5.	 Quach T, Gunier R, Tran A, et al. Characterizing workplace expo‐
sures in Vietnamese women working in California nail salons. Am J 
Public Health. 2011;101(Suppl 1):S271‐S276.

	 6.	 Kopelovich L, Perez AL, Jacobs N, Mendelsohn E, Keenan JJ. 
Screening‐level human health risk assessment of toluene and dibu‐
tyl phthalate in nail lacquers. Food Chem Toxicol. 2015;81:46‐53.

	 7.	 Shakibaei N. Reducing workers’ exposures to chemicals and dust in 
nail salons using local exhaust ventilation systems: environmental 
and occupational health sciences, University of Washington; 2014.

	 8.	 Froines JR, Garabrant DH. Quantitative evaluation of manicurists 
exposure to methyl, ethyl and isobutyl methacrylate during produc‐
tion of synthetic fingernails. Appl Ind Hyg. 1986;1(2):70‐74.

	 9.	 Quach T, Von Behren J, Nelson DO, et al. Evaluating an owner‐to‐
worker training intervention in California nail salons using personal 
air monitoring. Am J Ind Med. 2018;61(10):831‐841.

	10.	 Chao KP, Lee PH, Wu MJ. Organic solvents permeation through 
protective nitrile gloves. J Hazard Mater. 2003;99(2):191‐201.

	11.	 Spencer AB, Estill CF, McCammon JB, Mickelsen RL, Johnston OE. 
Control of ethyl methacrylate exposures during the application of 
artificial fingernails. Am Ind Hyg Assoc J. 1997;58(3):214‐218.

	12.	 Local Hazardous Waste Management Program (LHWMP). Nail 
salon ventilation 2018; 2018. http://www.hazwa​stehe​lp.org/healt​
h/nail-salons-Venti​lation.aspx. Accessed October 24, 2018.

	13.	 Quach T, Von Behren J, Tsoh J, et al. Improving the knowledge 
and behavior of workplace chemical exposures in Vietnamese‐
American nail salon workers: a randomized controlled trial. Int Arch 
Occup Environ Health. 2018;91(8):1041‐1050.

	14.	 Goldin LJ, Ansher L, Berlin A, et al. Indoor air quality survey of nail 
salons in Boston. J Immigr Minor Health. 2014;16(3):508‐514.

	15.	 Pavilonis B, Roelofs C, Blair C. Assessing indoor air quality in New 
York City nail salons. J Occup Environ Hyg. 2018;15(5):422‐429.

	16.	 Zhong L, Batterman S, Milando CW. VOC sources and exposures in 
nail salons: a pilot study in Michigan, USA. Int Arch Occup Environ 
Health. 2019;92(1):141‐153.

	17.	 Almaguer D, Malkin R. The Grand Experience Salon. Chicago, IL: 
National Institute for Occupational Safety and Health; 1998.

	18.	 Tsigonia A, Lagoudi A, Chandrinou S, Linos A, Evlogias N, 
Alexopoulos EC. Indoor air in beauty salons and occupational 
health exposure of cosmetologists to chemical substances. Int J 
Environ Res Public Health. 2010;7(1):314‐324.

	19.	 Alaves VM, Sleeth DK, Thiese MS, Larson RR. Characterization of 
indoor air contaminants in a randomly selected set of commercial 
nail salons in Salt Lake County, Utah, USA. Int J Environ Health Res. 
2013;23(5):419‐433.

	20.	 Garcia E, Sharma S, Pierce M, et al. Evaluating a county‐based healthy 
nail salon recognition program. Am J Ind Med. 2015;58(2):193‐202.

	21.	 Yang JH, Kim JY, Eom A, Hyoung HK, Koh S, Sciences EH. 
Relationships between airborne exposure and urinary metabolites 
of nail technicians. Toxicol Environ Health Sci. 2010;2(3):175‐181.

	22.	 Roelofs C, Azaroff LS, Holcroft C, Nguyen H, Doan T. Results 
from a community‐based occupational health survey of 

Vietnamese‐American nail salon workers. J Immigr Minor Health. 
2008;10(4):353‐361.

	23.	 Quach T, Von Behren J, Goldberg D, Layefsky M, Reynolds P. 
Adverse birth outcomes and maternal complications in licensed 
cosmetologists and manicurists in California. Int Arch Occup Environ 
Health. 2015;88(7):823‐833.

	24.	 Harris‐Roberts J, Bowen J, Sumner J, et al. Work‐related symptoms 
in nail salon technicians. Occup Med (Lond). 2011;61(5):335‐340.

	25.	 Peretz J, Gallicchio L, Miller S, Greene T, Zacur H, Flaws JA. Infertility 
among cosmetologists. Reprod Toxicol. 2009;28(3):359‐364.

	26.	 Gallicchio L, Miller SR, Greene T, Zacur H, Flaws JA. Adverse health 
outcomes among cosmetologists and noncosmetologists in the 
Reproductive Outcomes of Salon Employees (ROSE) study. J Toxicol 
Environ Health A. 2011;74(1):52‐61.

	27.	 Jones AP. Indoor air quality and health. Atmos Environ. 
1999;33(28):4535‐4564.

	28.	 Bolden AL, Kwiatkowski CF, Colborn T. New look at BTEX: are am‐
bient levels a problem? Environ Sci Technol. 2015;49(9):5261‐5276.

	29.	 Woodall GM, Smith RL. The air toxics health effects database 
(ATHED). Toxicol Appl Pharmacol. 2008;233(1):20‐24.

	30.	 McIntosh DL, Spengler JD. Environmental Health Criteria 214. 
Geneva, Switzerland: World Health Organization; 2000.

	31.	 ACGIH. American Conference of Governmental Industrial Hygienist 
2018 TLVs® and BEIs®. 2018.

	32.	 ASTM International. Standard practice for choosing sorbents, sam‐
pling parameters and thermal desorption analytical conditions for 
monitoring volatile organic chemicals in air. West Conshohocken, PA: 
ASTM International

	33.	 Jia C, Fu X. Diffusive uptake rates of volatile organic compounds on 
standard ATD tubes for environmental and workplace applications. 
Environments. 2017;4(4):87.

	34.	 Hornung RW, Reed LD. Estimation of average concentration in 
the presence of nondetectable values. Appl Occup Environ Hyg. 
1990;5(1):46‐51.

	35.	 OSHA. OSHA factsheet: OSHA’s bloodborne pathogens standard.
	36.	 Blount B, Kobelski R, Mcelprang D, et al. Quantification of 31 vola‐

tile organic compounds in whole blood using solid‐phase microex‐
traction and gas chromatography‐mass spectrometry. J Chromatogr 
B Analyt Technol Biomed Life Sci. 2006;832(2):292‐301.

	37.	 Chambers DM, Blount BC, McElprang DO, Waterhouse MG, 
Morrow JC. Picogram measurement of volatile n‐alkanes (n‐hexane 
through n‐dodecane) in blood using solid‐phase microextraction to 
assess nonoccupational petroleum‐based fuel exposure. Anal Chem. 
2008;80(12):4666‐4674.

	38.	 Sampson MM, Chambers DM, Pazo DY, Moliere F, Blount 
BC, Watson CH. Simultaneous analysis of 22 volatile organic 
compounds in cigarette smoke using gas sampling bags for 
high‐throughput solid‐phase microextraction. Anal Chem. 2014;86(14):7088‐ 
7095.

	39.	 Tucker W. ASHRAE Standard 62: Ventilation for Acceptable Indoor Air 
Quality. In: Agency EP, ed. Washington, DC: USEPA; 1992.

	40.	 ASHRAE. Aircraft, design conditions, ventilation. 2011 (ASHRAE 
HandBook, HVAC applications).

	41.	 Siconolfi SMCLSF. Carbon dioxide and water vapor production at 
rest and during exercise: a report on data collection for the crew 
and thermal systems division, NASA Technical Paper no 3500. Vol 
1. Washington, DC: United States. National Aeronautics and Space 
Administration; 1994.

	42.	 Persily AK. Evaluating building IAQ and ventilation with indoor carbon 
dioxide. Atlanta, GA: American Society of Heating, Refrigerating 
and Air‐Conditioning Engineers, Inc.; 1997.

	43.	 CDC. Fourth report on human exposure to environmental chemi‐
cals, updated tables, (March 2018). Atlanta, GA: U.S. Department 
of Health and Human Services, Centers for Disease Control and 
Prevention; October 24, 2018.

http://www.hazwastehelp.org/health/nail-salons-Ventilation.aspx
http://www.hazwastehelp.org/health/nail-salons-Ventilation.aspx


550  |     CEBALLOS et al.

	44.	 OSHA. Annotated OSHA Z‐2 table. 2018; https​://www.osha.gov/
dsg/annot​ated-pels/tablez-2.html. Accessed October 24, 2018.

	45.	 NIOSH. NIOSH Pocket Guide to Chemical Hazards. Ann Arbor, MI; 
Centers for Disease Control and Prevention; 2007.

	46.	 NIH. Toxic summary for D‐limonene. https​://toxnet.nlm.nih.gov/
cgi-bin/sis/searc​h/a?dbs+hsdb:@term+@DOCNO​+1809. Accessed 
October 24, 2018.

	47.	 NIH. Substance p‐cymene. https​://chem.nlm.nih.gov/chemi​dplus/​
rn/99-87-6. Accessed October 24, 2018.

	48.	 USHHS. Toxicological profile for toluene.
	49.	 Nise G, Attewell R, Skerfving S, Orbaek P. Elimination of toluene 

from venous blood and adipose tissue after occupational exposure. 
Br J Ind Med. 1989;46(6):407‐411.

	50.	 Pellizzari ED, Wallace LA, Gordon SM. Elimination kinetics of vol‐
atile organics in humans using breath measurements. J Expo Anal 
Environ Epidemiol. 1992;2(3):341‐355.

	51.	 Brugnone F, Perbellini L, Apostoli P, Locatelli M, Mariotto P. 
Decline of blood and alveolar toluene concentration following 
two accidental human poisonings. Int Arch Occup Environ Health. 
1983;53(2):157‐165.

	52.	 McDonald BC, de Gouw JA, Gilman JB, et al. Volatile chemical prod‐
ucts emerging as largest petrochemical source of urban organic 
emissions. Science. 2018;359(6377):760‐764.

	53.	 Ashley DL, Prah JD. Time dependence of blood concentrations 
during and after exposure to a mixture of volatile organic com‐
pounds. Arch Environ Health. 1997;52(1):26‐33.

	54.	 ATSDR. Carbon tetrachloride poisoning. https://www.atsdr.cdc.
gov/csem/carbon_tetrachloride/docs/Carbon_Tetra_Patient_Ed_
Sheet-508.pdf. Accessed December 19, 2018.

	55.	 Nguyen C. Indoor Air Quality of Nail Salons in the Greater Los Angeles 
Area: Assessment of Chemical and Particulate Matter Exposures and 
Ventilation. Los Angeles, CA: University of California, Los Angeles; 
2016: Open Access via eScholarship http://escho​larsh​ip.org/uc/
item/0rv805bd

	56.	 USEPA. Toxics release inventory (TRI) program. 2018. https​://www.
epa.gov/toxics-relea​se-inven​tory-tri-program. Accessed October 
24, 2018.

	57.	 Lewis AC. The changing face of urban air pollution. Science. 
2018;359(6377):744‐745.

	58.	 NIH. Toxic summary for toluene. https​://toxnet.nlm.nih.gov/cgi-
bin/sis/searc​h/a?dbs+hsdb:@term+@DOCNO​+131. Accessed 
October 24, 2018.

	59.	 Grandjean P, Landrigan PJ. Neurobehavioural effects of develop‐
mental toxicity. Lancet Neurol. 2014;13(3):330‐338.

	60.	 Young AS, Allen JG, Kim U‐J, et al. Phthalate and organophosphate 
plasticizers in nail polish: evaluation of labels and ingredients. 
Environ Sci Technol. 2018;52(21):12841‐12850.

	61.	 Lewis R. Sax's Dangerous Properties of Industrial Materials. Hoboken, 
NJ: Wiley‐Interscience, Wiley & Sons, Inc.; 2004.

	62.	 NIH. Toxic summary for ethyl acetate. https​://toxnet.nlm.nih.gov/
cgi-bin/sis/searc​h2/f?./temp/~cGq4f​g:3. Accessed October 24, 
2018.

	63.	 Grandjean P, Landrigan PJ. Developmental neurotoxicity of indus‐
trial chemicals. Lancet. 2006;368(9553):2167‐2178.

	64.	 Safe Cosmetics. Acrylates. http://www.safec​osmet​ics.org/get-the-
facts/​chemi​cals-of-conce​rn/2978/. Accessed October 24, 2018.

	65.	 USFDA. Nail care products. https​://www.fda.gov/Cosme​tics/Produ​
ctsIn​gredi​ents/Produ​cts/ucm12​7068.htm. Accessed October 24, 
2018.

	66.	 USFDA. Prohibited & restricted ingredients. https​://www.fda.gov/
cosme​tics/guida​ncere​gulat​ion/lawsr​egula​tions/​ucm12​7406.htm. 
Accessed October 24, 2018.

	67.	 Romita P, Foti C, Masciopinto L, et al. Allergic contact dermatitis to 
acrylates. J Biol Regul Homeost Agents. 2017;31(2):529‐534.

	68.	 Gatica‐Ortega ME, Pastor‐Nieto MA, Mercader‐Garcia P, Silvestre‐
Salvador JF. Allergic contact dermatitis caused by (meth)acrylates 
in long‐lasting nail polish ‐ are we facing a new epidemic in the 
beauty industry? Contact Dermatitis. 2017;77(6):360‐366.

	69.	 Reeb‐Whitaker C, Anderson NJ, Bonauto DK. Prevention guidance 
for isocyanate‐induced asthma using occupational surveillance 
data. J Occup Environ Hyg. 2013;10(11):597‐608.

	70.	 ISO. Indoor, Ambient and Workplace Air — Sampling and Analysis of 
Volatile Organic Compounds by Sorbent Tube/Thermal Desorption/
Capillary Gas Chromatography — Part 2: Diffusive Sampling. Geneva, 
Switzerland: ISO 16017‐2:2003; 2003:35.

	71.	 USEPA. Compendium Method TO‐17 Determination of Volatile Organic 
Compounds in Ambient Air Using Active Sampling Onto Sorbent Tubes. 
Cincinnati, OH: U.S. Environmental Protection Agency; 1999.

	72.	 USEPA. EPA Method 325b, Volatile Organic Compounds from 
Fugitive and Area Sources: Sampler Preparation and Analysis. 
Washington, DC: U.S. Environmental Protection Agency; 2015.

	73.	 Reynolds JC. Volatile organic compound mixtures in human breath: 
Monitoring and data interpretation. Workshop on New Directions 
and Advances in Biological and Chemical Exposure Assessment 
for Epidemiologic and Risk Characterization; 2008; University of 
California, Los Angeles.

	74.	 Batterman S, Godwin C, Jia CR. Design and evaluation of a new 
breath monitoring system for volatile organic compounds. Paper 
presented at: International Council of Chemical Association (ICCA) 
Biomonitoring Workshop2006; Minneapolis, MN, USA.

	75.	 Markers International. Application note 013. The Bio‐VOC – A 
low‐cost, simple device for biological monitoring of VOCs in breath. 
2015.

	76.	 Boston Public Health Commission. Ventilation requirements: nail 
salons ventilation requirements. http://www.bphc.org/whatw​edo/
healt​hy-homes-envir​onmen​t/safe-shops/​nail-salon​s/Pages/​Venti​
lation-Requi​remen​ts.aspx. Accessed January 5, 2019.

	77.	 Marty A. Ethyl Methacrylate and Methyl Methacrylate Exposure 
among Fingernail Sculptors. Tampa, FL: University of South Florida; 
2007: Open Access via eScholarship https​://schol​arcom​mons.usf.
edu/etd/2278/.

	78.	 Almaguer D, Malkin R. Haute Nails. Norman, OK: National Institute 
for Occupational Safety and Health; 1992.

	79.	 Hiipakka D, Samimi B. Exposure of acrylic fingernail sculptors 
to organic vapors and methacrylate dusts. A Ind Hyg Assoc J. 
1987;48(3):230‐237.

	80.	 Park SA, Gwak S, Choi S. Assessment of occupational symptoms 
and chemical exposures for nail salon technicians in Daegu City. 
Korea. J Prev Med Public Health. 2014;47(3):169‐176.

SUPPORTING INFORMATION

Additional supporting information may be found online in the 
Supporting Information section at the end of the article. 

How to cite this article: Ceballos DM, Craig J, Fu X, et al. 
Biological and environmental exposure monitoring of volatile 
organic compounds among nail technicians in the Greater 
Boston area. Indoor Air. 2019;29:539–550. https​://doi.
org/10.1111/ina.12564​

https://www.osha.gov/dsg/annotated-pels/tablez-2.html
https://www.osha.gov/dsg/annotated-pels/tablez-2.html
https://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+1809
https://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+1809
https://chem.nlm.nih.gov/chemidplus/rn/99-87-6
https://chem.nlm.nih.gov/chemidplus/rn/99-87-6
http://escholarship.org/uc/item/0rv805bd
http://escholarship.org/uc/item/0rv805bd
https://www.epa.gov/toxics-release-inventory-tri-program
https://www.epa.gov/toxics-release-inventory-tri-program
https://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+131
https://toxnet.nlm.nih.gov/cgi-bin/sis/search/a?dbs+hsdb:@term+@DOCNO+131
https://toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./temp/~cGq4fg:3
https://toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./temp/~cGq4fg:3
http://www.safecosmetics.org/get-the-facts/chemicals-of-concern/2978/
http://www.safecosmetics.org/get-the-facts/chemicals-of-concern/2978/
https://www.fda.gov/Cosmetics/ProductsIngredients/Products/ucm127068.htm
https://www.fda.gov/Cosmetics/ProductsIngredients/Products/ucm127068.htm
https://www.fda.gov/cosmetics/guidanceregulation/lawsregulations/ucm127406.htm
https://www.fda.gov/cosmetics/guidanceregulation/lawsregulations/ucm127406.htm
http://www.bphc.org/whatwedo/healthy-homes-environment/safe-shops/nail-salons/Pages/Ventilation-Requirements.aspx
http://www.bphc.org/whatwedo/healthy-homes-environment/safe-shops/nail-salons/Pages/Ventilation-Requirements.aspx
http://www.bphc.org/whatwedo/healthy-homes-environment/safe-shops/nail-salons/Pages/Ventilation-Requirements.aspx
https://scholarcommons.usf.edu/etd/2278/
https://scholarcommons.usf.edu/etd/2278/
https://doi.org/10.1111/ina.12564
https://doi.org/10.1111/ina.12564

