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BACKGROUND: Electronic cigarettes (e-cigarettes) generate an aerosol by heating a solution (e-liquid) with a metallic coil. Whether metals are trans-
ferred from the coil to the aerosol is unknown.

OBJECTIVE: Our goal was to investigate the transfer of metals from the heating coil to the e-liquid in the e-cigarette tank and the generated aerosol.

METHODS: We sampled 56 e-cigarette devices from daily e-cigarette users and obtained samples from the refilling dispenser, aerosol, and remaining
e-liquid in the tank. Aerosol liquid was collected via deposition of aerosol droplets in a series of conical pipette tips. Metals were reported as mass
fractions (ug/kg) in liquids and converted to mass concentrations (mg/m?) for aerosols.

RESULTS: Median metal concentrations (ig/kg) were higher in samples from the aerosol and tank vs. the dispenser (all p <0.001): 16.3 and 31.2 vs.
10.9 for Al; 8.38 and 55.4 vs. <0.5 for Cr; 68.4 and 233 vs. 2.03 for Ni; 14.8 and 40.2 vs. 0.476 for Pb; and 515 and 426 vs. 13.1 for Zn. Mn, Fe,
Cu, Sb, and Sn were detectable in most samples. Cd was detected in 0.0, 30.4, and 55.1% of the dispenser, aerosol, and tank samples respectively.
Arsenic was detected in 10.7% of dispenser samples (median 26.7 pug/kg) and these concentrations were similar in aerosol and tank samples. Aerosol
mass concentrations (mg/m?) for the detected metals spanned several orders of magnitude and exceeded current health-based limits in close to 50%
or more of the samples for Cr, Mn, Ni, and Pb.

ConcLusIoNs: Our findings indicate that e-cigarettes are a potential source of exposure to toxic metals (Cr, Ni, and Pb), and to metals that are toxic
when inhaled (Mn and Zn). Markedly higher concentrations in the aerosol and tank samples versus the dispenser demonstrate that coil contact induced

e-liquid contamination. https://doi.org/10.1289/EHP2175

Introduction

The use of electronic cigarettes (e-cigarettes) is increasing despite
uncertainties about their toxicity and health effects (Giovenco
et al. 2015; McCarthy 2015; Schoenborn and Gindi 2015;
McQueen et al. 2015; Orr and Asal 2014; Ambrose et al. 2014).
e-Cigarettes generate nicotine and non-nicotine containing aero-
sols by resistance heating a solution (e-liquid) through a metallic
coil (Williams et al. 2013; Fuoco et al. 2014). Commonly used
coils include Kanthal, made of iron, chromium, and aluminum,
and Nichrome, made of nickel and chromium (Farsalinos et al.
2015). Other metals such as tin are used in the joints (Williams
et al. 2015). A few studies have detected toxic metals such as
chromium, nickel, and lead in e-liquid and in the aerosol pro-
duced by e-cigarettes (Williams et al. 2013; Saffari et al. 2014;
Goniewicz et al. 2014; Hess et al., 2017). Concern for metal ex-
posure is derived from the serious health effects of metals, includ-
ing neurotoxicity (Garza et al. 2006) and cardiovascular disease
(Navas-Acien et al. 2007) for lead, and respiratory disease and
lung cancer for chromium (chromium VI) and nickel (IARC
2012a, 2012b; Jaishankar et al. 2014).
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Studies on metals in e-cigarettes have focused on cigalikes (Hess
et al., 2017; Mikheev et al. 2016; Williams et al. 2013), which are
first generation devices with the shape of conventional tobacco ciga-
rettes. These cigalikes contain a disposable cartomizer that contains
the coil and comes preloaded with e-liquid. Daily e-cigarette users,
however, often utilize reusable modified devices, known as mods or
tank-style devices, which come with a box or cylindrical-shaped bat-
tery and a mouthpiece with a tank to refill the e-liquid from a bottle
dispenser (Cooper et al. 2016). Tank-style devices are highly diverse
in voltage and coil composition, as they can be assembled and manip-
ulated by the user. Direct sampling from e-cigarette consumers rather
than purchasing e-cigarettes from a store or company is thus needed
to assess typically used devices. Previous research is also lacking in
comparisons between metal concentrations in e-liquid from the refill-
ing dispenser (before contact with the device and the heating coil), e-
liquid in the device itself (in contact with the heating coil), and the
generated aerosol (inhaled by the user).

The goal of this study was to evaluate the potential contribu-
tion of the heating coil to metal exposure in e-cigarette users by
analyzing a 15-metal panel in samples from different types of
tank-style e-cigarettes collected from daily e-cigarette consumers
from Maryland. The samples included e-liquid from the refilling
dispenser, the tank (after the device was used), and the generated
aerosol. We hypothesized higher metal concentrations in samples
that have been in contact with the heating coil (aerosol and tank)
compared with samples that have never been in contact with the
coil (refilling dispenser). We also compared metal concentrations
by the type of coil, device voltage, and frequency of coil change,
as reported by the user.

Methods
Study Population and Data Collection

We sampled tank-style devices from daily e-cigarette users who
were recruited as part of a study to evaluate e-cigarette use in
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Maryland (Aherrera et al. 2017). The study recruited 58 partici-
pants using tank-style devices through vaping conventions and
flyers posted in e-cigarette shops. Participants were instructed to
bring their regular e-cigarette device and refilling dispenser
on the day of the interview. One participant not bringing the
e-cigarette device and another not bringing the refilling dispenser
were excluded from the analyses, leaving 56 participants for this
study. The study was approved by the institutional review board
of the Johns Hopkins Bloomberg School of Public Health. All
participants provided informed consent.

Trained field workers administered a standardized question-
naire recording information on e-cigarette brand, voltage used
(estimated in volts), type of coil (self-reported by the participants
and categorized as Kanthal, other/combination, or unknown), and
frequency of coil change (self-reported by the participant and
categorized as <2 and >2 times per month). For each participant,
we collected three types of samples from their device and dis-
penser. First, we pipetted a minimum of 0.25 mL of the refilling
e-cigarette liquid (no contact with the coil) directly from the dis-
penser into a 1.5-mL centrifuge tube. Second, we collected
0.2-0.5 mL of the aerosol generated by the e-cigarette device
using the methodology described in Olmedo et al. (2016).
Briefly, a peristaltic pump placed inside a fume hood puffed the
e-cigarette and the generated aerosol was collected in a 1.5-mL
centrifuge tube via deposition in a series of conical pipette tips
and plastic tubing (1 L/min, 4 s per puff and 30-s interpuff time).
Based on these parameters, the mean puff volume of e-cigarettes
in our study was 66.67 mL. The collected aerosol sample was
then ready for analysis using methods similar to refilling liquid
from the dispenser, allowing a direct comparison between both
samples. Third, a minimum of 0.25 mL of the e-liquid remaining
in the mouthpiece tank after puffing the e-cigarette with the peri-
staltic pump was pipetted into a third centrifuge tube. We could
not obtain a sample from the tanks of seven devices, leaving 49
samples for those analyses. All samples were stored at room
temperature.

Metal Analyses

All e-liquid samples were shipped to the Institute of Chemistry,
University of Graz (Graz, Austria) for metal analyses. External
calibrations in the range of 0.01-10 pg/L were prepared in ultra-
pure water (18.2 MQ cm; Milli-Q, Merck Millipore; Merck KGaA,
Darmstadt, Germany) from aluminum (Al), antimony (Sb), arsenic
(As), cadmium (Cd), chromium (Cr), copper (Cu), iron (Fe),
lead (Pb), manganese (Mn), nickel (Ni), tin (Sn), titanium (Ti),
tungsten (W), uranium (U), and zinc (Zn) single-element stand-
ards [CertiPUR® single-element standard solutions for induc-
tively coupled plasma-mass spectrometry (ICP-MS); Merck
KGaA, Darmstadt, Germany]. An aliquot of each sample (typi-
cally 0.05-0.2 g depending on the available total amount) was
diluted with 5 mL ultrapure water. A solution of propylene
glycol (High purity grade, Amresco; Solon, OH) and glycerol
(Ultra pure; ICN Biochemicals, Aurora, OH) (70% propylene
glycol, 30% glycerol) was analyzed (n=6) as blank e-liquid to
study possible matrix effects. Three blank e-liquid samples
were also passed through the conical pipette tips and plastic
tubing using the peristaltic pump in the lab to account for
potential background air contamination as well as contamina-
tion within the sampling device (aerosol blanks). Metal levels
in e-liquid and aerosol blanks were in general under or close to
the limits of detection (LODs), and the median concentrations
are shown in Table S1. The median of the three aerosol blanks
was used to correct aerosol samples, whereas the median of the
six e-liquid blanks was used to correct the dispenser and tank
samples.
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The multielement measurements were performed on an
Agilent 8800 triple quadrupole ICP-MS (ICPQQQMS) (Agilent
Technologies, Santa Clara, CA). The instrument was equipped
with a micro-mist nebulizer (Glass Expansion, Melbourne,
Australia), a Scott double pass spray chamber, a 2.5-mm inter-
nal diameter quartz torch, a sampler cone made from copper
with a nickel tip and a skimmer cone made from nickel. The
instrument was tuned for suitable sensitivity and robustness
with cerium (Ce) oxide ratios <1.0% (156CeO+ /140Ce+) and
<2.0% doubly charged ions (70Ce+ /140Ce+ +) in no-gas
mode. Oxide ratios and doubly charged ratios were lower in col-
lision mode respectively. Different tune modes were used for the
quantification of the different elements. Both in no-gas mode and
in helium (He) mode (4.0 mL/min He), the ICPQQQMS was
operated in single-quadrupole mode.

Quality Assurance. To ensure accuracy of the results, we
used an internal standard and a reference standard. The multiele-
ment internal standard consisted of a solution containing
200 pg/L of each of the following: beryllium (Be), germanium
(Ge), indium (In), and lutetium (Lu) and was added online to the
samples prior to the nebulizer of the ICP-MS via a T-piece to
compensate for instrumental instabilities and possible matrix
effects. The solutions were prepared either in 50-mL or 15-mL
polypropylene (PP) flasks (Cellstar®; Greiner Bio-One GmbH,
Kremsmiinster, Austria). In addition to the use of an internal
standard, we reanalyzed a reference standard [Reference Material
SRM 1640a; NIST SRM® 1640a—Trace Elements in Natural
Water; National Institute of Standards and Technology (NIST),
Gaithersburg, MD] and two blanks after every 30 samples. All
elements of the reference standard were found within 5% of the
NIST-certified concentrations. Altogether we analyzed the stand-
ard 12 times, with a mean recovery of 98% + 2% standard devia-
tion, suggesting a very stable measurement. There was not
enough sample volume left for replicate analysis; nevertheless,
our quality assurance procedures insured accuracy of the results
based on the NIST results. In a previous study (Hess et al., 2017),
we conducted an interlaboratory comparison of metal concentra-
tions in e-liquid samples between the laboratory in Austria and
the Trace Metal Laboratory at Johns Hopkins University and
found high comparability between laboratories (intraclass corre-
lation coefficient for all metals of 0.99 or higher).

We reported metal concentrations in a weight/weight basis
[micrograms per kilogram (pg/kg)] due to the difficulty of meas-
uring volumes of thick and sticky e-liquid samples. LODs in
pg/kg were 5.0 for Al, 1.0 for As, 0.1 for Cd, 0.5 for Cr, 1.0 for
Cu, 5.0 for Fe, 1.0 for Mn, 1.0 for Ni, 0.2 for Pb, 0.1 for Sb, 0.1
for Sn, 5.0 for Ti, 0.1 for U, 0.1 for W, and 1.0 for Zn.
Concentrations under the LOD were replaced with the LOD di-
vided by the square root of 2 for analysis.

For comparison with aerosol standards and health-based ex-
posure limits, the collected aerosol was assumed to be equivalent
to daily consumption, and metal concentrations assumed to repre-
sent daily values. Concentrations were converted from the mass
fraction 6; (png/kg) of metal i in the collected liquid as reported
by the lab into an air concentration C; (mg/m?) using Equation 1.

Myor 0 x Myo;

C = 9,» X —=0;
' Vair Q X t X Number of puffs

(1]
where my,, is the total weight of the sample collected (mg), and
V.ir 1 the volume of air required to obtain each sample (m?). Viir
is calculated by multiplying the puffing flow rate Q (1 L/min)
times the puffing duration t (4 s/puff) and the number of puffs
required to collect the desired volume of aerosol (between 30 and
50 puffs). This number of puffs is an underestimation of a daily av-
erage based on our own self-reported data, and others (Aherrera
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et al. 2017; Robinson et al. 2015). This topography was used to
derive a conversion factor of 6.67 x 10> m* /puff to convert from
mg/m? to mg/puff.

We report air concentrations for Ni, Cr, Pb, Mn, and As
because these metals have at least one inhalation health-based
limit. We compared our Cr air concentrations to more than one
health-based limit because limits depend on the form of the com-
pound, which was not determined in our samples, and thus we
cannot be sure which applies. We have used the most protective
limits found for each metal. Arsenic is not included in our tables
because it was found in only 10/56 aerosol samples. Because
of the toxicity of As and the fact that there is no clear source or
reason for it to be present in e-liquid, we have reported the most
relevant As data in the manuscript text. We estimated m,,, by
weighing the final remaining sample after analyses, adding the
mass used for analysis, and subtracting the mean weight of the
vial. Maximum propagation of error (G) was calculated as 30%
using Equation 2:

2 2
_ c0 Gy 2 GVair
o= \/(9) - ( Myot ) - ( Vair > 2]

Statistical Analyses

Medians and interquartile ranges (IQRs) were calculated for each
sample type. We graphically described metal concentrations using
box plots stratified by sample type. We also described the correla-
tion among metals within and between each sample type using
Spearman correlation coefficients. To test whether metal concentra-
tions were higher in samples in contact with the heating coil, mean
differences of log-transformed metal concentrations in the aerosol
and tank samples were compared to that of the corresponding dis-
penser sample. This was carried out for each metal by using paired
t-test and by estimating geometric mean ratios (95% confidence
interval), where the mean difference (equivalent to the [ coeffi-
cient) and corresponding 95% CI are both exponentiated. We fur-
ther compared metal concentrations by device voltage tertiles, coil
materials, and coil change frequency using the test of Kruskal-
Wallis. We could not compare metal levels by device brand
because a total of 20 different brands were reported by the partici-
pants, ranging from 1 up to 9 (median 1) participants per brand.
We used R (version 3.3.0; R Core Team) to perform the statistical
and graphical analysis of the data. The significance level was set at
0.05 and all tests were two-sided.

Results

Metal Detection

Of the 15 elements analyzed, with results included in Table 1,
four (As, Ti, U, and W) were excluded from further analyses
shown in Tables 2—-8 due to low detection in a majority of the
samples. As, Ti, and U were detected in less than 20% of all sam-
ple types and W was detected in less than 20% of dispenser and
aerosol samples. For the other 11 metals, the percentages of sam-
ples with detectable metal concentrations ranged from 0.0% for
Cd to 92.9% for Zn in the dispenser samples; from 30.4% for Cd
to 100% for Sn in the aerosol samples; and from 55.1% for Cd to
100% for Cr, Cu, Fe, Ni, Pb, Sn, and Zn in the tank samples.

Metal Concentrations

Compared with e-liquid from the dispenser, metal concentrations
were higher in aerosol samples, and markedly higher in tank sam-
ples for most metals (Figure 1). For Al, Cr, and Ni, metals known
to be part of the coil alloys, median concentrations increased

Environmental Health Perspectives

Table 1. Number (percentage) of e-cigarette samples with detectable metal
concentrations in each sample type.

Metal LOD (ug/kg) Dispenser (1=56) Aecrosol (n=56) Tank (n=49)

Al 5.0 45 (30.4) 55 (98.2) 48 (98.0)
As 1.0 6 (10.7) 10 (17.9) 6 (12.2)
cd 0.1 0 (0.0) 17 (30.4) 27 (55.1)
Cr 0.5 26 (46.4) 36 (64.3) 49 (100)
Cu 1.0 32 (57.1) 46 (82.1) 49 (100)
Fe 5.0 44 (78.6) 33 (58.9) 49 (100)
Mn 1.0 30 (53.6) 36 (64.3) 48 (98.0)
Ni 1.0 31 (55.4) 48 (85.7) 49 (100)
Pb 0.2 45 (80.4) 53 (94.6) 49 (100)
Sb 0.1 17 (30.4) 34 (60.7) 35(71.4)
Sn 0.1 49 (87.5) 56 (100) 49 (100)
Ti 5.0 1(1.8) 1(1.8) 4(82)

U 0.1 3(5.4) 0 (0.0) 3(6.1)

w 0.1 4(7.1) 8 (14.3) 21 (42.9)
Zn 1.0 52 (92.9) 53 (94.6) 49 (100)

Note: Al, aluminum; As, arsenic; Cd, cadmium; Cr, chromium; Cu, copper; Fe, iron;
LOD, limit of detection; Mn, manganese; Ni, nickel; Pb, lead; Sb, antimony; Sn, tin; Ti,
titanium; U, uranium; W, tungsten; Zn zinc.

from the dispenser sample to the aerosol and tank samples from
10.9 to 16.3, and 31.2 pg/kg respectively for Al, from <0.5 to
8.38, and 55.4 pg/kg respectively for Cr, and from 2.03 to 68.4,
and 233 pg/kg respectively for Ni (Table 2). Metals for which
the median (interquartile range) concentration increased between
the dispenser and aerosol, but was similar between aerosol and
tank samples, included Pb [from 0.476 (0.243, 1.05) to 14.8
(3.10, 37.1) and 40.2 (13.6, 189) ug/kg, respectively] and Zn
[from 13.1 (6.74, 23.0) to 515 (228, 809) and 426 (152, 1,540)
pg/kg, respectively]. In contrast, Cu, Mn, Sb, and Sn showed
moderate increases in the aerosol samples, but much larger
increases in the tank samples compared with dispenser samples.
Cd was below the LOD in all dispenser samples and in 70% of
aerosol samples, but was detected in 55% of tank samples, with a
median value of 0.126 pg/kg (IQR <0.1, 0.267) pg/kg. The me-
dian (IQR) concentrations among 22 samples with detectable ar-
senic were 26.7 (12.0-45.6) ng/kg for the dispenser (n=6), 12.9
(9.33-55.2) pg/kg for the aerosol (n=10), and 28.5 (12.6-47.6)
pg/kg for the tank samples (n = 6) (data not shown).

In paired sample analyses within devices, the increases in
metal concentrations in the aerosol and tank samples compared
with the original e-liquid from the dispenser were all statistically
significant (all p < 0.008), except for Fe in the aerosol (Table 3).
The highest increases were for Zn (ratio 29.5), Pb (ratio 25.4), Ni
(ratio 8.43), and Cr (6.78) in the aerosol, and for Pb (ratio 116),

Table 2. Median (interquartile range) and limit of detection of metal concen-
trations (pg/kg) in e-cigarette samples from the dispenser (no previous con-
tact with the device), the aerosol, and the tank (in contact with the device).

Metal Dispenser (n=56) Aerosol (n=56) Tank (n =49)
Al 10.9 (7.22-20.2) 16.3 (12.2-22.2) 31.2(17.5-128)
Cd <0.1 (<0.1, <0.1) <0.1(<0.1,0.134)  0.126 (<0.1, 0.267)
Cr <0.5 (<0.5-2.26) 8.38 (<0.543.9) 55.4(17.4-217)
Cu 5.14 (<1.0-16.1) 15.1 (5.70-51.0) 148 (42.0-543)
Fe 26.9 (9.14-91.3) 21.7 (<0.5-236) 382 (127-1,360)
Mn 1.09 (<1.0-2.74) 2.42 (<1.0-9.56) 31.9(13.0-93.9)
Ni 2.03 (<1.042.1) 68.4 (6.19-289) 233 (69.5-675)
Pb 0.476 (0.243-1.05) 14.8 (3.10-37.1) 40.2 (13.6-189)
Sb <0.1(<0.1-0.219)  0.553 (<0.1-1.93) 0.563 (<0.1-2.57)
Sn 1.33 (0.489-3.55) 5.65 (2.38-19.4) 20.3 (9.10-72.2)
Zn 13.1 (6.74-23.0) 515 (228-809) 426 (152-1,540)

Note: Metals with >50% detection in at least one sample type. The number next to the
symbol < corresponds to the limit of detection for each specific metal. For some sam-
ples the median, the 25th percentile and/or the 75th percentile were below the limit of
detection. Al, aluminum; Cd, cadmium; Cr, chromium; Cu, copper; Fe, iron; Mn, man-
ganese; Ni, nickel; Pb, lead; Sb, antimony; Sn, tin; Zn zinc.
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Table 3. Ratio (95% confidence interval) of metal concentrations in e-cigarette
aerosol and tank samples compared with dispenser sample.

Aerosol vs. Dispenser Tank vs. Dispenser

(n=56) (n=49)
Metal Ratio (95% CI) p-Value Ratio (95% CI) p-Value
Al 1.73 (1.27, 2.36) <0.001 3.79 (2.62, 5.50) <0.001
Cd 1.60 (1.26, 2.04) <0.001 2.30 (1.68, 3.15) <0.001
Cr 6.78 (3.46, 13.3) <0.001 70.7 (41.4, 121) <0.001
Cu 3.30 (1.54, 7.07) 0.003 51.4 (24.8, 106) <0.001
Fe 1.29 (0.69, 2.40) 0.41 17.6 (9.71, 31.9) <0.001
Mn 1.93 (1.20, 3.09) 0.007 19.6 (12.1, 32.0) <0.001
Ni 8.43 (3.17,22.4) <0.001 64.6 (27.2, 153) <0.001
Pb 25.4 (14.0, 45.9) <0.001 116 (64.0, 211) <0.001
Sb 3.58 (2.26, 5.69) <0.001 4.65 (2.81,7.71) <0.001
Sn 6.59 (4.16, 10.4) <0.001 24.2 (14.3, 40.7) <0.001
Zn 29.5 (17.4, 50.2) <0.001 36.7 (21.4, 62.7) <0.001

Note: The ratio of the geometric mean of metal concentrations in e-cigarette aerosol and
tank samples compared with the dispenser was obtained by exponentiating the corre-
sponding mean difference (95% confidence interval) in log-transformed metal concen-
trations. The p-values were obtained with a paired r-test. All tests were two-sided.
Al, aluminum; Cd, cadmium; CI, confidence interval; Cr, chromium; Cu, copper; Fe,
iron; Mn, manganese; Ni, nickel; Pb, lead; Sb, antimony; Sn, tin; Zn zinc.

Cr (ratio 70.7), Ni (ratio 64.6), Cu (51.4), and Zn (36.7) in the
tank. Only Cd (ratio 2.30), Al (ratio 3.79), and Sb (ratio 4.65) dis-
played ratios below 10 in tank compared with dispenser samples.

Metal Correlations

Across metals, Spearman correlations in e-liquid from the dis-
penser were generally low (well below 0.40) except for Al and
Mn (r=0.40), Fe and Mn (r=0.49), Sn and Zn (r=0.41), Mn
and Zn (r=0.43), and Ni and Cu (r=0.69) (see Figure S1); they
were higher in aerosol samples, with three correlations being
above 0.70 (Cr and Fe, Cr and Mn, and Fe and Mn) and 24 above
0.40 (Figure 2A); and they were markedly higher in tank samples
with 23 correlations above 0.40 and 5 above 0.80 (Figure 2B).
Within-metal correlations between the dispenser and aerosol
samples were statistically significant for Fe, Mn, Sb, and Sn
(ranging from 0.28 for Fe to 0.42 for Sb) (Table 4); between the
dispenser and tank samples, they were statistically significant for
Al, Mn, and Sb (ranging between 0.29 for Al and 0.39 for Mn);
and between the aerosol and tank samples, they were all statisti-
cally significant, except for Cd and Cu, and ranged between 0.37
for Mn and 0.52 for Al. For As, among the detectable samples,
the within-metal correlation was 0.84, 0.97, and 0.81 between the

Table 4. Within-metal Spearman correlations in e-cigarette samples.

Dispenser vs. Dispenser vs. Tank Aerosol vs. Tank
Aerosol (n=56) (n=49) (n=49)

Metal Correlation p-Value Correlation p-Value Correlation p-Value

Al 0.13 0.33 0.29 0.046 0.52 <0.001
Ca“ — — — — 0.17 0.26

Cr 0.16 0.22 0.27 0.064 0.48 <0.001
Cu -0.14 0.32 0.20 0.16 0.19 0.19

Fe 0.28 0.038 0.16 0.28 0.42 0.003
Mn 0.30 0.025 0.39 0.006 0.37 0.009
Ni -0.22 0.11 0.04 0.79 0.43 0.002
Pb 0.23 0.095 0.23 0.11 0.43 0.002
Sb 0.42 0.001 0.34 0.016 0.44 0.002
Sn 0.38 0.004 0.25 0.081 0.46 0.001
Zn 0.25 0.064 0.18 0.22 0.45 0.001
Note: The p-values were obtained from the Spearman correlation coefficient test. —, no

data; Al, aluminum; Cd, cadmium; Cr, chromium; Cu, copper; Fe, iron; Mn, manganese;
Ni, nickel; Pb, lead; Sb, antimony; Sn, tin; Zn zinc.

“Cd was not detected in any of the dispenser samples; therefore, Dispenser vs. Aerosol
and Dispenser vs. Tank correlations were not calculated.
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Table 5. Median (interquartile range) metal concentrations (pg/kg) in samples from the dispenser, aerosol, and tank, by voltage tertile.

Voltage
tertile (V)

Zn

0.718 (0.460-3.09) 13.2 (8.49-24.1)

Sn

Pb

<1.0 (<1.0-18.1) 0.507 (0.238-1.16)
9.86 (<1.0-65.8) 0.513 (0.345-1.11)

Mn

<1.0 (<1.0-1.48)

Fe
46.1 (14.4-64.5)

30.1 (9.90-115)
22.8 (11.6-73.2)

Cu

Cr
1.13 (<0.5-2.50) 2.04 (<1.0-17.6)

<0.5 (<0.5-0.87) 17.20 (4.48-34.0)
0.509 (<0.5-2.02) 2.87 (<1.0-11.7)

n®

Sample

18  8.80 (4.32-16.6)
18

18

<4.02
4.02-4.42

Dispenser

2.29 (0.852-5.13) 11.4(5.62-26.1)

2.41 (<1.04.30)
1.21 (<1.0-2.93)

11.8 (7.37-25.2)
13.3 (9.12-16.3)

(n=>54)

1.16 (0.394-2.99) 12.8 (6.82-14.9)

1.83 (<1.0-53.7) 0.462 (0.134-0.754)

>4.42

0.79
549 (234-1,090)

0.36
4.86 (2.15-20.9)
7.22 (2.20-19.7)

0.60
14.0 (2.49-38.5)
13.0 (3.41-28.3)

0.18
12.5 (6.24-270)

0.19
0.869 (<1.0-7.99)

0.71
<5.0 (<5.0-164)

0.19

0.21
<0.5 (<0.5-40.4) 15.1(9.29-51.0)

19.7 (4.18-36.9)

0.50
15.5 (12.4-17.1)

18.5 (13.3-26.5)

p-Value

<4.02
4.02-4.42

18
18

Aerosol

483 (384-681)

2.71 (<1.0-5.527) 101 (8.88-284)

59.3 (<5.0-467.4)

13.8 (1.41-28.1)

(n=>54)
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413 (166-1,190)
201 (102-537)

24.3 (18.7-122)

42.8 (31.6-192)

448 (116-4,250)

61.0 (32.3-262)
105 (49.6-302)

1,080 (333-2,970)

165 (51.9-377)

4.00-4.40 16 62.7(32.9-136)
17

=47)

(n

10.2 (7.45-27.6)

17.7 (11.7-77.8)

23.2 (7.73-41.1)

218 (70.4-1,400)

19.2 (13.6-32.9)  21.7(9.73-152)

>4.40

0.07 0.46 0.04 0.03 0.05 0.20 0.08 0.37

0.04
Note: The p-values were obtained from Kruskal-Wallis tests. All tests were two-sided. Al, aluminum; Cr, chromium; Cu, copper; Fe, iron; Mn, manganese; Ni, nickel; Pb, lead; Sn, tin; Zn zinc.

“Two participants did not report the voltage of their devices and were not included in this analysis.

p-Value
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Table 8. Median (range) of daily metal concentrations (mg/m?) in collected aerosol samples with regulatory and health-based limits for Ni, Cr, Pb, and Mn.

Value Ni Cr Pb Mn
Median 4.44x107* 8.46x 107 1.06x 107* 1.97x107°
Range (4.35x10°101.12x107")  (7.97x107102.95x1072)  (1.49%x107°t02.75x1072)  (1.39x10°t01.42x 1073)
Regulatory or health-based limits® 2.00% 1074 5.00% 107°¢ 1.50x 1074 3.00% 107%¢
(Percent exceeding limit [%]) 57 (68) (48) (14)
1.00x 1074 1.50x 1073 6.00 x 107"
(46) (11 (75)

Note: To convert results in mg/m? to mg/puff, multiply by 6.67 x 107 m? /puff. ATSDR, Agency for Toxic Substances and Disease Registry; Cr, chromium; Mn, manganese; MRL,
minimum risk level; NAAQS, National Ambient Air Quality Standard; Ni, nickel; Pb, lead; RfC, cancer reference concentration.

“U.S. EPA NAAQS are regulatory, all other limits are health based.
®ATSDR MRL for Ni (ATSDR 2005a; U.S. EPA 2000a).

‘MRL for Cr(VI) in mists (ATSDR 2012a). MRLs are daily averages.
“U.S. EPA NAAQS (rolling 3-month average) (U.S. EPA 2016).
“MRL for Mn (ATSDR 2012b). MRLs are daily averages.

/MRL for soluble Cr(III) (ATSDR 2012a). MRLs are daily averages.
SU.S. EPA NAAQS for non-attainment areas (U.S. EPA 2016).

"J.S. EPA RfC, daily values (U.S. EPA 2012).

dispenser and aerosol, dispenser and tank, and aerosol and tank
samples, respectively (data not shown).

Metal Concentrations by Voltage, Type of Coil, and
Frequency of Coil Change

All metals in Table 2 are shown in these analyses except Cd and
Sb, because their concentrations were below 1 pg/kg for most
samples. Metal concentrations in dispenser and aerosol samples
were not statistically different by voltage (Table 5). In tank samples
we found statistically significant differences by voltage tertiles
for Al, Fe, and Mn, with the intermediate tertile presenting the
highest metal concentrations. For Ni, the difference by voltage
was borderline significant (p =0.05) with concentrations also
higher at the intermediate tertile (4.00-4.40 V). When analyzed
by type of coil, metal concentrations in dispenser samples were
similar (Table 6). In aerosol samples, Cr, Fe, Mn, Ni, Pb, and
Sn concentrations were higher in those from devices with a
Kanthal coil compared with other coils. In tank samples, those

1e+05
E 3
10000 -

1000

from devices for which the user did not know the type of coil
showed the highest concentrations for all metals. These differ-
ences of metal concentrations by type of coil were not significant
(except for Cu in tank samples). There were no statistically signifi-
cant differences in metal concentrations by frequency of coil change
for dispenser and tank samples (Table 7). In aerosol samples, all
metals were more concentrated in the aerosol from users who
change the coils more than twice per month, with significant differ-
ences for Al, Cr, and Mn (Table 7). In tank samples, Al, Cr, Fe,
Mn, Ni, and Sn concentrations were also higher for samples from
devices for which the participants reported coil change more than
twice per month.

Aerosol Metal Concentrations

Concentrations for each of the detected metals are estimated to be
daily averages, and span several orders of magnitude (Table 8).
We focus on Ni, Cr, Pb, Mn, and As because, due to their toxic-
ity when found in aerosols, these compounds have health-based

100

Metal Concentrations, ug/kg
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Al Cr Cu Fe

i1 Dispenser
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T 13 T T T 1

Mn Ni Pb Sn Zn

B Tank

Figure 1. Boxplots of metal concentrations in e-cigarette dispenser, aerosol, and tank samples. The dispenser sample has not had any contact with the e-cigarette
device. The horizontal lines within boxes indicate medians; boxes, interquartile ranges; whiskers, values within 1.5 times the interquartile range from boxes; solid
circles outside the boxes, outlier data values. Table 2 lists the raw data for all metals represented in this figure. All metals in Table 2 are represented in this figure
except Cd and Sb, as their concentrations were below 1 pig/kg for most samples. Note: For samples with >25% of the samples below the limit of detection, the
minimum and the percentile 25th values are the same and therefore the lower whisker is missing.
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Cr
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Mn
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Figure 2. Correlations between metals in samples from e-cigarette devices: (A) aerosol samples, and (B) tank samples. All metals shown in Figure 1 are shown
here. The diagonal panel shows the histograms of the log,-transformed distribution of each metal. The upper part of the panel represents the Spearman pair-
wise correlation coefficients between metals. The axes indicate the log;, metal concentrations values that are represented in the histograms. Correlations >0.50

are bolded.

limit concentrations. Ni concentrations ranged from 4.35 x 107 to
1.12x 107" (median 4.44 x 10™) mg/m>, and 57% of e-cigarette
aerosol samples exceeded the Agency for Toxic Substances Disease
Registry (ATSDR 2016) daily chronic minimum risk level (MRL)
for Ni of 2.00x 10~ mg/m* (ATSDR 2005a; U.S. EPA 2000a).
Cr concentrations ranged from 7.97 x 1077 to 2.95 x 10~2 (median
8.46 x 107°) mg/m>. Because we did not determine the valence
state of Cr in our samples, we do not know what proportion was Cr
(VI) (hexavalent) and which was trivalent. If Cr in our samples
were Cr(VI), 68% of the samples would exceed the daily MRL for
Cr(VD) in mist (5.00 x 107° mg/ m?), and 46% of the samples
would exceed daily MRL for soluble Cr(IIl) (1.00 X 1074 mg/ m?)
if Cr in our samples were Cr(IIl) (ATSDR 2012a). Pb concentrations
ranged from 1.49 X 107%t02.75 x 1072 (median 1.06 x 107%)
mg/m?3, with 48% of aerosol samples exceeding the U.S. EPA
National Ambient Air Quality Standard (NAAQS) (U.S. EPA 2016)
of 1.50 x 107* mg/m> and 11% exceeding the standard in nonat-
tainment areas of 1.50 x 1072 mg/m?>. Mn concentrations ranged
from 1.39 X 107 to 1.42 x 107 (median 1.97 x 10~°) mg/m?;
14% of samples exceeded the daily Mn MRL of 3.00 x 107*
mg/m? (ATSDR 2012b) and 75% exceeded the U.S. EPA daily can-
cer reference concentration (RfC) of 6.00 x 10~° mg/ m? (U.S. EPA
2012). Arsenic concentrations, calculated only among the 10 aerosol
samples (17.9%) with detectable arsenic (data not shown) ranged
from 7.72x 107° to 1.04 x 10> (median 1.50 X 10™*) mg/m?>.
All other metals investigated were also found in concentrations

Environmental Health Perspectives

spanning three to four orders of magnitude (Figure 1) in the con-
densed aerosol, which would translate to several orders of magnitude
in the air using Equation 1.

Discussion

In this assessment of metal concentrations in samples collected from
tank-style devices of daily e-cigarette users in Maryland, we found
that, for most metals, concentrations were markedly higher in sam-
ples collected from the tank and the aerosol compared with those
collected from the refilling dispenser. Dramatic increases were
observed in tank samples for Cr, Cu, Ni, Pb, and Zn concentrations
(more than 35 times higher than in the dispenser samples) as well as
in aerosol samples for Pb and Zn (more than 25 times higher than in
the dispenser samples) and for Cr, Ni, and Sn (more than 6 times
higher than in the dispenser samples). For Mn, the concentrations in
tank and aerosol samples were 19.6 and 1.93 times higher than the
dispenser samples respectively. For Al, Cd, and Sb, the concentra-
tions were between 2.30 and 4.65 times higher in the tank and
between 1.60 and 3.58 times higher in the aerosol compared with
the dispenser samples. The finding of Pb in e-cigarette aerosol sam-
ples, a metal not listed among the components of heating coils but
that can be present in metal alloys, is of major concern both directly
for the consumer as well as for those involuntarily exposed to
e-cigarette aerosol, especially children. For As, 10.7% of the dis-
penser samples had As detected. The similar concentrations found

027010-7
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Figure 2. (Continued.)

in the dispenser, aerosol and tank samples, and the high correlation
between detected As levels in the dispenser and those found in the
aerosol and tank samples supports that when As is present in the dis-
penser e-liquid it gets transferred to the aerosol. It is concerning that
there are e-liquid brands on the market that contain As and Pb in the
dispenser. More research is necessary to confirm these findings and
to determine how often As and Pb are present in e-liquids, and
whether they are related to specific brands or manufacturers.

Higher correlations across metals in the aerosol and tank sam-
ples than in the dispenser suggest that several metals are being
transferred from the device to the e-liquid in the tank as well as
to the aerosol that is inhaled by the user. The most likely source
of metals in the device is the heating coil, composed of complex
metal alloys in most devices, although we cannot rule out that
other parts of the device also contribute.

In our estimations of daily mass concentrations in the aerosol,
57% of e-cigarette aerosol samples exceeded the ATSDR (2016)
daily chronic MRL for Ni of 2.00x 10~ mg/m? (ATSDR 2005a;
U.S. EPA 2000a). Sixty eight percent of the samples exceeded the
daily MRL for Cr(VI) in mist (5.00 X 1076 mg/m3) if Cr in our
samples were Cr(VI), and 46% of the samples would exceed daily
MRL for soluble Cr(IIT) (1.00 x 1074 mg/ m?), if Cr in our samples
were Cr(IIl) (ATSDR 2012a). For Pb, 48% of aerosol samples
exceeded the U.S. EPA NAAQS of 1.50x 10~ mg/m? (U.S.
EPA 2016). For Mn, 14% of samples exceeded the daily MRL of
3.00x 107* mg/ m> (ATSDR 2012b) and 75% exceeded the U.S.
EPA daily RfC of 6.00x 107 mg/m? (U.S. EPA 2012). Aerosol
mass concentrations are likely underestimated, as in our formula
we assumed that daily exposure is equivalent to 50 puffs, whereas
recent research indicates the average is closer to 200 daily puffs

Environmental Health Perspectives

l 0.50 0.28 0.33 0.43

Ni
' 0.75 0.61 0.56
Pb
. 0.64 0.70
Sn
I 0.55

Zn

r A

1.2 3 4

(Aherrera et al. 2017; Robinson et al. 2015). We also assumed that
we collected the total weight of the emitted aerosol, although we
know that around 20% remains in the tubing and around 10% of
the aerosol is lost through the venting groove of the collection
device.

Only a few studies have addressed exposure to metals through
e-cigarette aerosol. Most of them evaluated only one or two prod-
ucts and none of them formally compared the concentrations of
metals in the aerosol to the concentrations in the original e-liquid
before being in contact with the heating coil. These studies, how-
ever, provide useful information on which metals are detected in
e-cigarette emissions and which ones are in higher concentrations
compared with others. In a study of secondhand exposure from
indoor usage of a single brand tank-style European device, aerosol-
laden air was collected on quartz filters and analyzed for metals
(Saffari et al. 2014). Indoor air concentrations of the metals with
health-based limits (in mg/ m3) were: 4.22x 107 for Cr, 4.73 x
107° for Mn, 6.14x 107 for Ni, and 9.85x 107° for Pb, whereas
we estimated mainstream aerosol concentrations (mg/ m?) of 8.46 x
107 for Cr, 1.97 x 107 for Mn, 4.44 x 10~* for Ni, and 1.06 X 10~
for Pb (Table 8). A reason for why our values are at least an order
of magnitude higher is that mainstream aerosol has not undergone
mixing in indoor air like secondhand aerosol, which is what was
measured in the study by Saffari et al. (2014). Also, the sampling
of particles in their study (using quartz filters) could miss metals
in vapor phase. In a study of metals in aerosol from 12 electronic
cigarettes (with cartridges or cartomizers), collected using gas
washing bottles with methanol, immersed in an acetone and dry-ice
bath, Cd [range, non-detectable (ND)-0.22 pg/150 puffs], Ni
(range, 0.11-0.29 pg/150 puffs), and Pb (range, 0.03-0.57 pg/150

027010-8



puffs) were detected in almost all the devices tested (Goniewicz et al.
2014). Based on a 70-mL puff, as reported by Goniewicz et al. their
results in mg/m?> would be (ranges)—Cd (ND-2.10 x 10> mg/m?),
Ni (1.05x107%t02.76 x 10> mg/m?), and Pb
(2.86 X 1072 t05.43 x 107 mg/m>)—which are similar to the
ranges that we obtained for Ni (4.35 x 107 to 1.12 x 10~! mg/m?)
and Pb (1.49 x 107° t02.75 x 1072 mg/m?>) (Table 8).

Another study determined metal concentrations in the aero-
sol of several cigalike devices and a tank-style device (Mikheev
et al. 2016) by collecting total particulate matter (TPM) on
quartz filters. Of the metals that we report, based on the vaping
topography that Mikheev et al. described, and following their
assumption that the average mass of TPM/puff was 2 mg, we
estimated the following concentration ranges: for As (2.7 x 107
t02.7x 102 mg/m?), Cr (1.1 x 1072 to 1.3 x 10! mg/m?), Ni
(1.3x107t01.3x 107 mg/m?), and Zn (4.0x 10 to 1.3mg/m?>)
(Mikheev et al. 2016). These results need to be compared with cau-
tion because Mikheev et al. (2016) analyzed mostly cigalike devices
and, in their own words, they provide only a rough assessment of
metal content. Nevertheless, it is interesting to note that even a
rough assessment provides mass fractions and variability similar to
our results.

In a study of 22 cigalike cartomizers, aerosol was character-
ized by size, and found that particles >1 um contained Sn, Ag,
Fe, Ni, and Al, while nanoparticles <100 nm contained Sn, Cr,
and Ni (Williams et al. 2013). Pb was also detected in the aerosol
using ICP-optical emission spectrometry (0.017 pg/10 puffs). In
a more recent study by the same investigators, 35 of 36 screened
elements were detected in the aerosols of disposable e-cigarettes
and electronic hookahs, whereas only 15 were detected in conven-
tional tobacco smoke (Williams et al., 2017). Metals such as Pb,
Cu, Ni, or Sn were present at significantly higher concentrations in
the aerosols compared with cigarette smoke (Williams et al., 2017).
In a study of e-liquid in the cartomizers of five cigalike brands
purchased in Maryland, Cd (mean concentration ranged from
0.42-205 pg/L), Cr (53.9-2,110 pg/L), Pb (4.89-1,970 pg/L),
Mn (28.7-6,910 pg/L), and Ni (0.059-22.6 mg/L) were found
in the e-liquids analyzed that were in contact with the unused car-
tomizer coil, indicating the transfer of metals from the coil to the
e-liquid in cigalike devices (Hess et al. 2017). A French study ana-
lyzing 15 trace elements in e-liquids from refilling dispenser have
also shown low concentrations (with the majority of the samples
under the lower limits of quantification) of most metals analyzed,
except for Al, As, Co, Cr, and Sb (average concentrations 12.9,
1.57,0.262, 7.16, and 7.21 ppb, respectively) (Beauval et al. 2016).
This is similar to what we found in our study as many of the metals
were under the LOD in most of the dispenser e-liquid samples, and
those metals detectable in over 50% of the e-liquid samples (Al
Cu, Fe, Mn, Ni, Pb, Sn, and Zn) in general presented low median
metal concentrations.

In our study, metal concentrations tended to be lower in aero-
sol than in tank samples. Correlations between concentrations of
different metals were lower in the aerosol than in the tank. We do
not have a definite explanation for these differences, but metal
concentrations in the tank e-liquid cannot be expected to be equal
to those in the aerosol for the following reasons: a) Mass transfer
of metal compounds into the aerosol can be expected to be metal
specific. b) Some of the metals have been shown to exist as solid
beads within the aerosol droplets, and it is hypothesized that the
beads originate from metallic e-cigarette components such as the
heating coil (Williams et al. 2013). Transfer of these beads from
the tank to the aerosol can be expected to be element- and size-
specific where size in turn is likely element specific. ¢) Metals
may continue to leach from the coil to the tank even after the
generation of the aerosol has stopped. d) The efficiency of our
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aerosol collection device can be expected to depend on aerosol
droplet size (Tien and Ramarao 2007, Long and Hilpert 2009),
and it cannot be assumed that different metals are equally distrib-
uted in different size fractions. At the beginning of our collection
process, (within the first puffs), when drops are starting to be
formed inside the tubing, more droplets in the 300-500 nm range
will escape from the collection device than larger and smaller
droplets, which are more efficiently collected on the device walls
due to the processes of impaction and diffusion, respectively.
After the first liquid drop forms, completely filling the inside di-
ameter of the tubing, all particle sizes are collected with equal
efficiency through interception. The liquid formed is pushed
towards the collection tube with the incoming aerosol.

Furthermore, we do not know at this point if our collection
method can efficiently capture metals in the gas phase of the aero-
sol, such as those from potentially volatile compounds of Pb and
7Zn. However, we found similar concentrations of Pb and Zn in
aerosol and tank samples compared with other metals, suggesting
that the significant loss of these potentially volatile compounds
did not occur. More research is needed to investigate the distribu-
tion of metals generated in e-cigarettes within particulate and gas
phases. In a biomonitoring study conducted with the users of the
e-cigarettes analyzed in the present study, concentrations of Ni and
Cr in the urine and saliva of these e-cigarette users were more
strongly associated with the corresponding metal concentrations
measured in the aerosol than with metal concentrations in the tank,
supporting that our aerosol sample reflects what an e-cigarette user
is inhaling (Aherrera et al. 2017).

Our findings suggest that using e-cigarettes instead of conven-
tional cigarettes may result in less exposure to Cd but not to other
hazardous metals found in tobacco. In mainstream smoke from
conventional tobacco cigarettes available in the United States
(Pappas et al. 2014), the highest concentrations were found for Cd
(ranging from <5.0 to 80 ng per cigarette), followed by Pb (rang-
ing from <5.0 to 23 ng per cigarette). The rest of the element ana-
lyzed (As, Co, Cr, Mn and Ni) were below 10 ng/cigarette. For Ni
and Cr, specifically, most samples were below the lower detection
limits. In the Surgeon General Report (CDC 2010), the range of
metal concentrations in mainstream smoke were the following for
As (40-120 ng/cigarette), Ni (ND-600 ng/cigarette), Cr (hexava-
lent) (4-70 ng/cigarette), Cd (41-62ng/cigarette), Co (0.13-0.20
ng/cigarette), and Pb (inorganic) (34-85ng/cigarette). Directly
comparing smoking a cigarette to vaping behavior is difficult and
was not the purpose of our study. However, if we assume that 15
puffs is equivalent to one cigarette (St Helen et al. 2016), and
based on a mean puff volume of e-cigarettes in our study of
66.67 mL, the range (median) of metal concentration (in nano-
grams per 15 puffs) in our study would be 0.004-110 (0.444) for
Ni, 0.001-30.0 (0.085) for Cr, 0.002-27.0 (0.106) for Pb, 0.001-
1.40 (0.020) for Mn, 0.002-66.1 (4.49) for Zn, and 0.008-1.00
(0.151) for As. Saffari et al. (2014) compared the emission rates of
different metals in an e-cigarette to a conventional combustible
tobacco cigarette and found the emission rates were higher in
e-cigarettes for elements like Ti, Cr, Ni, and Ag, and lower for ele-
ments like Cu, Cd, Zn, and Pb. Our findings are consistent for Cr,
Ni, and Cd; however, for Pb and Zn we found concentrations that
were similar to those found in cigarette smoking in some samples.
Additional research, including biomarker studies, are needed to
compare cigarette smoking and e-cigarette use as sources of metal
exposure.

The metals detected in e-cigarettes have been associated
with multiple adverse health effects under chronic conditions
of exposure. Pb is a major neurotoxicant both for children and
aging populations and is also associated with increased risk of
cardiovascular disease and kidney disease (Navas-Acien et al.
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2007; Fadrowski et al. 2010), diseases that are a major motiva-
tion for smokers to quit. Pb is especially of concern because it
cannot be easily excreted from the body and because the health
effects have been observed at low levels of exposure with no
evidence of a threshold (Lin et al. 2006). Any unnecessary Pb
exposure should be avoided. In addition, Cr and Ni are estab-
lished inhalation carcinogens (IARC 2012a, 2012b). The U.S.
EPA has stated that the classification of Cr(VI) as a known
human carcinogen raises a concern for the carcinogenic poten-
tial of Cr(III) because of the possible oxidation of Cr(III) to Cr
(VI) within the oxygen-rich environment of the lungs (U.S.
EPA 2000b). Therefore, even though we did not speciate our
samples for the Cr oxidation state, these results can be of
concern.

Other metals that are essential nutrients through the ingestion
route can have serious negative effects when inhaled. For example,
Fe can produce respiratory irritation, metal fume fever, siderosis,
and fibrosis (Johnson et al., 1985); Mn can induce lung irritation,
coughing, bronchitis and pneumonitis, reduced lung function,
pneumonia, manganism (a Parkinson-like disease), and other neu-
rological outcomes (ATSDR 2012b; O’Neal and Zheng 2015). Cu
can produce respiratory irritation, coughing, sneezing, chest pain,
and runny nose (ATSDR 2004); and Zn can cause metal fume
fever, reduced lung function, chest pain, coughing, dyspnea, and
shortness of breath (ATSDR 2005b). The health effects for inha-
lation of Fe, Mn, Cu, and Zn have been detected mostly in occu-
pational settings during both acute and chronic exposures at
relatively high levels. These effects might not translate into
chronic e-cigarette exposure. Arsenic, detected in 17.9% of our
aerosol samples, also represents a potential concern due to its
high toxicity in numerous organs and body systems; for example,
cancer and cardiovascular disease have both been associated
with inorganic As exposure (Saint-Jacques et al. 2014; Moon
et al. 2012). Arsenic speciation, however, was not conducted.
Additional research is needed to identify which As species are
present in e-cigarette aerosol.

In addition to the device composition, other factors could play
a role in e-cigarette metal exposure. We found some suggestion
for a role of voltage; among metals that are associated with com-
monly used coils, Al, Fe, Cr, and Ni concentrations were higher
in the middle voltage tertile for tank samples but not for aerosol
samples. However, tank concentrations tended to be lower in the
upper tertile than in the medium one, whereas aerosol concentra-
tions tended to be higher. These voltage-dependent concentra-
tions need to be interpreted carefully because they are based on
self-reported data but they could be related to the rates of mass
transfer of the metals and their compounds among the solid alloy
of the coil, the tank’s e-liquid surrounding the coil, and the vapor
as well as on the chemical equilibria between these different ther-
modynamic phases. For instance, the higher aerosol concentra-
tions in the upper voltage tertile can at least be partially attributed
to a saturated vapor pressure, which increases with temperature
and hence voltage. The increased vapor pressure should increase
transfer of dissolved metal compounds into the vapor phase, from
which the aerosol is formed. This would be consistent with an e-
cigarette study that examined parameters affecting the release of
aldehydes (Sleiman et al. 2016). They observed that increasing
the voltage applied to a single-coil device from 3.3 to 4.8 V
caused the mass of e-liquid consumed to double and the total
aldehyde emission rates to triple. Age of the device, temperature,
and vaping regime could contribute to the degradation of the coil
and other metallic parts of the device and increase exposure to
metals, although we lacked information on those factors in this
study. However, leaching of metals from the coil into the e-liquid
could potentially be enhanced by corrosion as has also been

Environmental Health Perspectives

observed for Pb in drinking-water pipes (Edwards and Dudi
2004).

Despite some limitations, our findings can inform strategies
aimed at reducing the risk of metal exposure in e-cigarette users,
including testing for metals as part of the regulation of e-cigarette
products. Strengths of our study include the collection of an aero-
sol sample that has not been filtered or diluted during the collection
process and that likely reflects what the consumer is inhaling.
Although our sampling method has not been validated against other
methods that evaluate metals in aerosol samples through the use of
filters, the collection of the aerosol in liquid form allowed the direct
comparison with the original e-liquid from the dispenser, as well as
liquid from the tank. Another strength is the sampling of a highly
diverse number of e-cigarette devices used by daily e-cigarette users
in Maryland. Additional research is needed to better understand the
metal compounds in e-cigarette emissions, their absorption through
the respiratory tract, and the potential health effects of e-cigarette
metal related exposures.

Conclusions

Our results add to the existing evidence that e-cigarettes are a
relevant source of exposure to a wide variety of toxic metals
including Cr, Ni, and Pb as well as to essential metals that are
potentially toxic through inhalation such as Mn and Zn. Metal con-
centrations in the e-liquid from the original dispenser increased
markedly in the same e-liquid after it was added to the device and
was brought into contact with the heating coil, both in the generated
aerosol and in the liquid that remained in the tank. These findings
support the hypothesis that metals are transferred from the device
(most likely the coil) to the e-liquid and from the e-liquid to the aer-
osol that is inhaled by the user. Due to potential toxicity resulting
from chronic exposure to metals in e-cigarette aerosols, additional
research is needed to more precisely quantify metal exposures
resulting from e-cigarette use and their implications for human
health, and to support regulatory standards to protect public health.
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