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Abstract

Introduction: Electronic cigarettes (E-Cigs) are popular alternatives to conventional tobacco cig-
arettes. Disposable E-Cigs are single-use devices that emit aerosols from a nicotine-containing
solution (e-liquid) by activating a heating coil during puffing. However, due to lack of regulations
and standards, it is unclear how product claims are aligning with actual content and performance.
Some analytical methods for characterizing E-Cigs are still in an exploratory phase.

Methods: Five products of disposable E-Cigs (purchased March-April, 2014 from a local smoke shop
and an on-line US distributor) were studied for nicotine content, number of puffs obtained before
depletion, portion of nicotine delivered via aerosolization, and e-liquid pH. Protocols were developed
to consistently extract e-liquid from puffed and unpuffed E-Cigs. An in-house mechanical puffing
machine was used to consistently puff E-Cig aerosols onto filter pads. A gas chromatography-mass
spectrometry method was developed that produced sensitive and repeatable nicotine determinations.
Results: Under our experimental parameters, results showed a disparity between nicotine content
and number of puffs achieved relative to what was claimed on product packaging. The portion of
nicotine delivered to filter pads was often less than half that which was available, indicating much
of the nicotine may be left in the E-Cig upon depletion.

Conclusions: Analyses of unpuffed E-Cigs by gas chromatography-mass spectrometry indicate
the nicotine content of these products can be considerably different from manufacture’s labeling.
Furthermore, a large portion of the nicotine in E-Cigs may not be transferred to the user, and that
which is transferred, may often be in the less bioavailable form.

smoking conventional cigarettes.'”* Considering the recent popular-

Introduction ity of E-Cigs, there is a need for independent research to assess the
Electronic cigarettes (E-Cigs) are designed to deliver tobacco-free validity of manufacture claims.*'* Metrics such as actual nicotine
nicotine in an aerosolized form as a potentially safer alternative to content, nicotine transfer efficiency, and e-liquid pH are of interest.
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There are numerous E-Cigs on the market in an array of
styles, flavors, configurations, and nicotine content. Aerosol emis-
sions derive from a solution within E-Cigs (often referred to as the
“e-liquid”) typically composed of propylene glycol, glycerol, water,
nicotine, and various flavorings. E-Cigs have in common: a battery
power source, an atomizer assembly that produces the aerosol (often
referred to as a clearomizer or cartomizer), and an electronic control
system. Typically, the atomizer consists of an e-liquid filled reservoir,
wicking system to meter e-liquid delivery, and heating coil (pow-
ered by the battery and control system). The many styles of available
E-Cigs can be grouped into four general E-Cig categories: (1) dis-
posable—single use E-Cig, typically powered by a nonrechargeable
lithium battery, and prefilled with e-liquid that is disposed of upon
depletion; (2) rechargeable—E-Cigs with rechargeable batteries and
replaceable prefilled cartridges; (3) refillable—E-Cigs with recharge-
able batteries and clearomizers that are refilled by the user; and (4)
rebuildable—advanced versions of refillable E-Cigs having adjust-
able air flow, coil size, and coil wattage. Unlike refillable and rebuild-
able models, the e-liquid in disposable E-Cigs is typically contained
in a thick absorbent polymer fiber pad with a thin cotton-like fabric
layer that transfers e-liquid to the wick. Common to both disposable
and refillable E-Cigs, a wick of flame and heat resistant cord (to
which the coil is wrapped around) operates as the delivery path of
e-liquid to the coil.

Studies have reported nicotine content in e-liquid solutions and
cartridges of rechargeable E-Cigs by various methods.!>!*" In addi-
tion, emission studies for E-Cigs have been performed by several
groups of researchers using a variety of analytical techniques and
puffing regimes.'>'** And a few groups have specifically reported
nicotine concentrations in the emissions of E-Cigs.'>'*2* However,
the culmination of these studies have published emissions data from
only a limited number of E-Cigs among the almost 500 products
available on the market,” necessitating the need for broader testing.
And while nicotine has been measured by multiple methods, despite
its utility as an analytical tool, gas chromatography-mass spectrom-
etry (GC-MS) has not been thoroughly investigated as a technique
for directly quantifying nicotine in e-liquid or E-Cig emissions.
GC-MS has the advantage over GC and high-performance liquid
chromatography in that other species in the e-liquid/emissions do
not readily interfere with the measurement. Further, sample prepa-
ration, specifically for analysis of nicotine in E-Cigs, is relatively
straight-forward.

Stepanov and Fujioka?® have published pH data on a selection
of e-liquids and have endorsed the importance of such measure-
ments on E-Cigs for experimental design/interpretation and regula-
tion discussions. Therefore, pH measurements of the e-liquids from
the disposable E-Cigs in the current study are presented. However,
detailed research on the pKa of nicotine in E-Cig aerosols, including

inherent temperature and solution matrix effects throughout the
vaping process for products with varying proprietary mixtures of
e-liquids, are needed in the field in order to relate pH data to the
portion of nicotine delivered in the free-base form. The present study
also reports nicotine content in both unpuffed E-Cigs and aerosol
emissions (collected using an in-house puffing machine) measured by
GC-MS, while quantifying nicotine transfer efficiency for each of five
disposable E-Cig products.

Methods

Choice of E-Cig Products

The five products chosen for this study represent brands locally
and nationally popular, and frequently mentioned in online vaping
forums. The selection was made qualitatively by interviewing local
smoke shops to identify which brands they sold and which were
most popular among them. Twelve smoke shops were interviewed
by phone in five major cities across the United States (New York,
Los Angeles, Houston, Philadelphia, and Chicago) seeking the same
information. Furthermore, several online vaping forums were viewed
to determine frequently discussed brands. Four of the E-Cigs brands
chosen for this study were purchased from a local smoke shop in
Rochester, NY and the fourth brand, White Cloud, was purchased
from an online US distributor because it was not sold at the local
smoke shop. Four of the five brands were manufactured in China
according to packaging, with the only US brand being Swisher. The
nicotine levels selected generally represented the highest available for
each product at the time of the study. All products were purchased
between March and April, 2014.

Sample Selection and Puffing Topography

Each of the five products of disposable E-Cigs (listed in Table 1),
with five replicates of each, were evaluated for the number of puffs
before depletion, total nicotine content of the e-liquid, residual nico-
tine left in the reservoir upon depletion, e-liquid pH, and portion
of nicotine delivered to filter pads via aerosolization. Depletion was
defined as the point in which the electronic controller within the
E-Cig detected a low battery level and either presented a low battery
indicator (such as a flashing LED) or no longer activated the coil
during a puff. Note that stated comparisons in this article refer to the
specific products tested within each brand, and not the brands as a
whole. Within each product, all samples were selected from the same
batch/lot number. E-Cigs were orientated horizontally during puff-
ing events. Not being privy to the puffing topography used by the
various manufacturers for the claimed number of puffs, a fixed puff-
ing topography was used that would allow comparisons between
brands. The puffing topography employed a bell-shaped flow profile

Table 1. Comparison Between Manufacture’s Claims and Study Measurements for Number of Puffs

Claimed number

Actual number of puffs

E-liquid extracted from

Product (battery capacity) of pulffs achieved in this study (SE) % puffs achieved unpuffed E-cig® (mg/E-Cig) (SE)
Criss Cross Regular (0.33 wH) 200 56 (1.7) 28 563.3 (10.0)
Swisher Natural (0.63 wH) 400 131.6 (14.4) 33 612.9 (46.6)

Blu Magnificent Menthol (1.00 wH) 400 184.6 (2.3) 46 1013.8 (7.7)

White Cloud Fling (1.04 wH) 400 239.6 (4.1) 60 1498.0 (9.3)

Encore Summer Punch (1.04 wH) 500 219.0 (6.9) 44 1570.1 (9.7)

E-Cig = electronic cigarette; SE = standard error.
“Determined gravimetrically.
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with a maximum air flow rate of 30mL/s, puff duration of 5 sec-
onds, and a 30-second interval between puffs. The total puff volume
was approximately 90 mL/puff and the average puff flow rate was
18 mL/s. The topography parameters chosen in the current study are
within the range of the limited data available on E-Cig puff topogra-
phy. Video observations report puff durations of 4.2 +0.7 seconds?’
and 4.3 = 1.5 seconds®® (no volume or flow rate was reported in these
studies). Laboratory environment topography studies report puff
durations (and puff volumes) of 3 seconds (118.2mL),” 2.65+0.98
seconds (51+21mL),*® and 1.8+0.9 seconds (70+68mL).!* E-Cig
topography measurements recorded over a 24-hour period in the
natural environment indicated that puff durations can range from
0.9 to 6.9 seconds and puff volumes can range from 29 to 388 mL.%'
Early emission studies typically used puff durations and puff vol-
umes of 1.8 seconds and 70 mL!%!-3233 2 seconds and 100 mL," 2.2
seconds (no reported puff volume)?*** or 100 mL puff volumes (no
reported puff duration).? A more recent study applied puff dura-
tions of 2,4, and 8 seconds with flow rates of 17 mL/s and 33 mL/s.*

Puffing Machine

E-Cig performance was studied using a new in-house mechanical
puffing machine designed for use with E-Cigs. It utilizes an evac-
uated chamber, at 60” H,O (Vacuum), to provide suction to the
E-Cig. Puff flow rate through the E-Cig was regulated by a fast act-
ing proportioning valve under the control of Proportional-Integral-
Derivative controller. Air flow rate was monitored by a calibrated
Alicat Scientific flow meter (Model # M-50SLPM-D-30PSIA/5M)
to provide feedback to the Proportional-Integral-Derivative con-
troller. The mouthpiece of an E-Cig was inserted into the inlet of
a Cambridge filter assembly, which was attached to the puffing
machine. The puffing topography (flow profiles, air flow rates, puff
intervals, etc.) and all other aspects of machine operation were
under the control of National Instruments’ LabView software and
USB-6008 Multifunction IO. During a puffing event, emissions
were collected on a 44 mm silica Cambridge filter pad in the filter
holder.

Many commercially available smoking machines use a piston-in-
cylinder mechanism to generate puffs from tobacco cigarettes and
E-Cigs. Our machine has the advantages of being relatively simple
(with few moving parts), has an easily programmable puff topogra-
phy, has Proportional-Integral-Derivative compensation for differ-
ences in air flow resistance among E-Cig products, and is capable
of using different aerosol collection methods. The fast acting pro-
portioning valve permits rapid changes in flow rate to more closely
reproduce complex puff profiles. The machine also permits record-
ing of actual puff flow rates throughout a puffing event.

Filter Pad Loading

In order to prevent overloading the filter pad with aerosolized e-lig-
uid, a series of filter pads were used for collection during a puff-
ing experiment. The goal was to limit sample collection to less than
150mg per filter pad to be consistent with loading limits defined
by ISO protocol for conventional cigarettes.*> Preliminary testing
showed the delivery rate of e-liquid from E-Cigs declined with use.
Therefore, a protocol was developed that exposed the first filter pad
to the first 40 puffs, followed by the next 80 puffs to the second
filter pad, and then the next 100 puffs to all subsequent filter pads
within a given trial. All filter pads for a given trial were pooled and
analyzed together by GC-MS to record the total nicotine content of
each E-Cig.

Depletion Determination

Each experimental puffing event began with a new/unpuffed dispos-
able E-Cig. As the E-Cig was machine-puffed, the indicator light on
the tip of the E-Cig would illuminate with each puff. As the battery
moved to depletion, the indicator light would rapidly flash. In the
case of the Blu E-Cig, the indicator light ceased to light altogether.
The puff number of the first indicator light flashing (or ceasing of the
indicator light) was recorded as the depletion point.

E-liquid Extraction
E-liquid was extracted from unpuffed disposable E-Cigs for pH
measurement and nicotine quantitation by GC-MS. The extraction
process involved cutting open the e-liquid containing portion of the
E-Cig and removing all e-liquid wetted parts. The wick/sponge mate-
rial was immediately pressed against a perforated metal plate, result-
ing in 2-3 drops of e-liquid being collected onto a glass microscope
slide. A buffer-calibrated combination micro-pH electrode (Thermo
Scientific 9863BN) was positioned with the pH sensing membrane
immersed in the e-liquid along with a cover being placed over the
slide to minimize evaporation. Stepanov and Fujioka?® also meas-
ured the pH of e-liquids by bringing them to volume with ultrapure
water and measuring with a pH meter. Their range of pH results
agree well with ours, while our use of the microelectrode allowed for
direct pH measurement of the e-liquid, without dilution, and could
potentially be employed in situ in some e-liquid samples/products.
After pH measurement, the e-liquid was then transferred to a glass
beaker by rinsing the microscope slide and pH probe with methanol
(Fisher Scientific, high-performance liquid chromatography grade).
All of the remaining wetted parts were rinsed with methanol (and
the wick/sponge material was rinsed and wrung out multiple times)
into the glass beaker. The collected solution was passed through a
0.45 pm regenerated cellulose syringe filter, the syringe filter was
rinsed with methanol, and the solution was brought to volume with
methanol in a 50mL volumetric flask for GC-MS analysis. The
methanol-rinsed parts and the remaining parts of the E-Cig were
dried and the total weight of the parts was compared to the unpuffed
E-Cig weight. This weight difference represents the quantity of e-lig-
uid placed into the E-Cig during manufacturing. For extraction of
remaining e-liquid from the reservoirs of puffed E-Cigs, the same
process was followed except pH measurements were omitted and
the computed weight difference was for the remaining e-liquid in
puffed E-Cigs.

Analysis by GC-MS

E-liquid samples from unpuffed E-Cigs were spiked with a qui-
nolone (Acros, 99%) surrogate and diluted with methanol (Fisher,
high-performance liquid chromatography grade) prior to analysis.
The filter pad samples that were collected from puffed E-Cigs were
also spiked with quinolone and extracted with methanol. Loaded fil-
ter pads/methanol were shaken on a wrist shaker for 20 minutes and
then on an orbital shaker for 24 hours, filtered through a 0.45 pm
cellulose filter to remove particulate matter from the disintegrated
filter pads, and an aliquot was placed into a 1.5-mL GC vial for
analysis. In parallel, seven standard solutions of nicotine (Pfaltz &
Bauer, 98%) and quinolone surrogates were prepared in methanol
and sequentially spiked onto unused filter pads to produce calibra-
tion curves for nicotine quantification. Standard concentrations on
the pads ranged from 0.01 to 1 mg/mL and were prepared using the
same procedure as that of the E-Cig emission samples. Nicotine/
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quinolone in methanol standards were also made in this range for
calibration curves for the e-liquid samples from unpuffed E-Cigs. All
calibration curves were run in triplicate and linear correlations of R?
> 0.999 were observed.

A Perkin Elmer Clarus 500 gas chromatograph coupled to a
quadrupole mass spectrometer (run in the electron ionization mode)
was used in this study. In triplicate, 1 pL samples and standards were
sequentially injected into the GC and passed through a 5% phe-
nyl-95% dimethylpolysiloxane capillary column (30 m x 0.25mm
L.D. x 0.25 pm, Agilent, Santa Clara, CA). Helium carrier gas was run
through a split injector (50:1 split) at a temperature of 230°C. The
oven temperature was increased by 20°C/min from 60°C to 200°C
and then held for 3 minutes. The MS source and transfer line were
kept at 180°C and 280°C, respectively, and the MS was run in the
single-ion-monitoring mode at m/z values of 84 (confirmation), 133
(quantitation), and 162 (confirmation) for nicotine and 102 (quan-
titation), 129 (confirmation), and 161 (confirmation) for quinolone.
Peaks were integrated and the ratio of nicotine’s integration to its
corresponding surrogate’s integration was used to establish calibra-
tion curves and determine nicotine concentrations in the samples.
The limit of quantitation for this method was 0.09 pg/mL, and its
recovery and precision were 96% and 17%, respectively. A detailed
investigation of the GC-MS analytical method as a protocol for nico-
tine analysis of E-Cig products is currently underway.

Statistical Methods

Due to the selection of E-Cigs with varying starting levels of nicotine,
data expectedly deviated from normality. Therefore, Kruskall-Wallis
tests were used to compare products in regard to the concentration
of nicotine in unpuffed samples, as well as nicotine delivered as cal-
culated by two methods: nicotine content collected on filter pads
and nicotine remaining in puffed reservoirs relative to their unpuffed
e-liquid content. Nicotine delivery results using the two methods
were comparable, and we present the results as measured by the
delivery to the pads in this study. Kruskall-Wallis tests were also used
to compare the percentage transfer efficiency of nicotine to the filter
pads among products. Specific pairwise differences between prod-
ucts for each measurement were assessed using a follow-up Dunn’s
tests. All statistical tests were performed using SAS version 9.3 (SAS
Institute, Cary, NC).

Results

Accuracy of Manufacture’s Claims

Table 1 shows the difference between manufactures’ claims and
actual puffs achieved. With consistent puff topography across all
E-Cig products, a proportional relationship between number of
puffs achieved before depletion and the battery capacity would
be expected. Noting the capacity printed on the batteries (in watt
hours, wH) of the studied E-Cig products, this work found the aver-
age number of puffs achieved was indeed substantially proportional
to the battery capacity and any deviations are likely attributable to
variations in coil current requirements, battery freshness, etc. This
information indicates each E-Cig product was puffed to a consistent
depletion point relative to its battery capacity.

Table 2 shows a comparison of nicotine content based on manu-
factures’ claims for the products tested in this study. The manufac-
turers’ packaging does not always clearly communicate the actual
nicotine concentration of the product. For example, White Cloud
is labeled as “Full Strength” and Criss Cross is labeled as “High.”
Therefore, the nicotine contents based on manufacturer labels for
White Cloud and Criss Cross were not ranked. Furthermore, unlike
e-liquid used with refillable E-Cigs, which is generally in units of mg/
mL nicotine, units are not typically indicated for disposable E-Cigs.
It is assumed for the purposes of this study, the claimed nicotine con-
centration in disposable E-Cigs is total mg nicotine/E-Cig.

The actual GC-MS measured nicotine contents in unpuffed res-
ervoirs are also shown in Table 2. Kruskall-Wallis tests confirmed
statistically significant differences between the measured nicotine
content of the unpuffed reservoirs of the products (H = 21.93,
df =4, P = .0002), with White Cloud being higher than Criss Cross
and Swisher, and Blu being higher than Swisher. Relative rankings
of nicotine measurements in unpuffed reservoirs were compared to
qualitative rankings based on product packaging claims, and indeed
the two sets of rankings differed. Based on the product label, Blu
had the highest nicotine content of the products tested and Encore
had the lowest (when the two products that do not explicitly state
nicotine content are removed from the ranking). However, based
only on averaged measured nicotine concentrations in the unpuffed
reservoir, Encore was higher than both Blu and Swisher (the lowest).
Likewise, White Cloud was measured to contain the most average
nicotine in the unpuffed reservoir of the five products tested and

Table 2. Comparison Between Manufacture’s Claims and Study Measurements? for Nicotine Content

Measured total

Comparative rank of nicotine
content (1 = highest)

Based on Based on

nicotine in Delivered to Nicotine Based on measurement measurement
Manufacturer unpuffed E-cig filter pad® transfer manufacturer in unpuffed  delivered to
Product label (mg/E-Cig) (SE) (mg/E-Cig) (SE) efficiency (%) (SE) label* E-cig! filter pad?
White Cloud Fling Full strength, 2.4% 24.6 (0.71) 5.41(0.22) 22.0(0.9) unknown 1 1
Criss Cross Regular High 6.2 (0.02) 1.09 (0.25) 17.6 (4.0) unknown 4 N
Blu Magnificent Menthol 24 14.0 (0.11) 2.02 (0.10) 14.4 (0.7) highest 3 4
Swisher Natural 18 5.2(0.67) 2.99 (0.52) 57.5(10.2) middle 5 3
Encore Summer Punch 16 19.3 (0.40) 5.03 (0.16) 26.0 (0.8) lowest 2 2

E-Cig = electronic cigarette; GC-MS = gas chromatography-mass spectrometry; SE = standard error.

From GC-MS analyses.

"Total puffs used to make nicotine delivery measurements (as dictated by E-Cig depletion) are shown in Table 1.

For the three products that stated quantifiable nicotine content.
dRankings based on averaged measurements of nicotine concentration.
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Criss Cross ranked fourth. Interestingly, the packaging for both
White Cloud and Criss Cross might imply they would both rank
among the strongest in nicotine content.

Table 2 also lists the amount of nicotine delivered to the filter
pads, determined by GC-MS, for each product when machine-
puffed. Kruskall-Wallis tests confirmed statistically significant dif-
ferences between the measured nicotine content delivered to filter
pads of the products (H = 19.62, df = 4, P = .0006), with White
Cloud and Encore being higher than Criss Cross. And based on aver-
aged measurements only, relative rankings of nicotine delivered to
filter pads place White Cloud highest, followed by Encore, Swisher,
Blu, and then Criss Cross. However, when these relative rankings
were compared to those based only on average nicotine measure-
ments in unpuffed reservoirs, the rankings shifted such that Swisher
ranked lowest.

The relative rankings related to nicotine delivery to filter pads
show the importance of transfer efficiency on nicotine emissions.
Table 2 shows E-Cig transfer efficiencies, which are defined as the
percentage of nicotine delivered to filter pads after puffing relative to
the nicotine available in unpuffed E-Cigs. A small device transfer effi-
ciency would indicate a significant amount of nicotine remained in
the E-Cig reservoir without being delivered to the filter pad. Dixon’s
Q test revealed that two data points were outliers (nicotine deliv-
ered to the filter pad and percentage transfer efficiency for a single
Blu E-Cig trial). These two data points were removed from all sub-
sequent statistical analyses. The outliers were not in the analytical
detection method, as the measurements of multiple injections were
in agreement. Even though the statistical tests for outliers cannot
distinguish between collection method and variation in this product,
the possibility of product variation exists. This may be potentially
due to a lack of regulation and quality control, and more testing on
multiple batches is needed. There were significant differences among
products in the percentage transfer efficiency of nicotine (H = 14.53,
df =4, P =.0055), with Swisher being significantly higher than Blu.
Of the five products tested, Swisher had the lowest unpuffed nicotine
content when relative rankings were based on averaged measure-
ments only, but the highest nicotine transfer efficiency, resulting in it
ranking third based on averaged measurements of nicotine delivery
to pads.

pH Measurements

Average pH measurements varied across the products tested. The
highest average pH of 8.37 (x0.01 standard error [SE]) was found
for White Cloud, followed by 8.22 (x0.03 SE) for Swisher, 7.56
(x0.02 SE) for Encore, 6.53 (x0.07 SE) for Criss Cross, and 6.47
(x0.06 SE) for Blu.

Discussion

Under our experimental conditions, the actual number of puffs from
all E-Cig products fell short of the claimed puffs printed on the pack-
aging. While this was not unexpected given that we likely used a
longer puff duration compared to that used to make the marketing
claims, using a consistent puff topography, allows us to examine the
longevity between products. Here, the various E-Cigs are not con-
sistent in longevity relative to claimed number of puffs to depletion,
with percentages of puffs achieved per puffs claimed ranging from
28% to 60%. Such a disparity suggests a consistent testing protocol
among E-Cig manufactures for determining the expected number of
puffs is not being employed.

Several studies have shown there can be inconsistencies between
the claimed nicotine content on the packaging of unpuffed E-Cigs
and what is measured in the laboratory.'>!*"Y Our results show that
the claimed nicotine content was indeed statistically different than
the measured nicotine concentration for all three of the tested prod-
ucts for which we had unambiguous package labeling (one-sample ¢
tests: P =.000, .000, and .001 for Swisher, Blu, and Encore, respec-
tively). In the case of the Encore sample, the nicotine content was
121% of what was claimed. Conversely, for the Swisher and Blu sam-
ples, the measured nicotine content was only 29% and 59% of what
was claimed, respectively. In this study, samples were taken from the
same batch for each brand, but as Goniewicz et al.'” showed, nico-
tine concentrations between batches can vary up to ~30%. A percent
difference between claimed and measured nicotine concentration
could not be calculated for White Cloud and the Criss Cross E-Cigs
because a numerical indication of nicotine content was not printed
on the packaging. The Criss Cross packaging indicated a “High”
nicotine level, suggesting the nicotine content would be among the
higher levels available for E-Cigs. Yet, at 6.2 mg of measured nicotine
per E-Cig, it was among the lowest studied. White Cloud packaging
indicated the nicotine content to be “Full Strength, 2.4%,” and like
the Criss Cross product claim, this designation might suggest the
nicotine content to be among the higher levels available for E-Cigs.
The GC-MS measurements (24.6 mg nicotine per E-Cig) indeed rank
the White Cloud product at the highest nicotine level in unpuffed
E-Cigs among the products tested.

Cambridge filter pad capture of E-Cig emissions had the advan-
tage of not requiring the use of large amounts of volatile solvent
and avoiding logistical issues with flow rates and getting aerosols
into solution (as could be experienced with impinger set-ups). As
stated, in addition to measuring nicotine delivery by analyzing fil-
ter pads, we also examined nicotine remaining in puffed reservoirs
relative to their unpuffed e-liquid concentrations. Results of the
two methods were comparable, with the filter pad method differing
from those of the reservoir method by about the same as Goniewicz
et al.’®"” showed in comparing their gas wash bottle/sparger collec-
tion method to the same reservoir method. The filter pad method
captures e-liquid droplets in the filters, with the nicotine ultimately
being measured in the liquid phase. Since some nicotine could also be
present in the gas phase, the filter pad method could underestimate
delivered nicotine concentrations, while impinger methods could
be capturing both phases of nicotine. A better understanding of the
liquid-gas partitioning of aerosols produced by E-Cigs is needed in
the field, and would work to quantitate nicotine losses by the filter
pad method.

As shown in Figure 1, the device transfer efficiencies of nico-
tine to filter pads after puffing are often under 30%, indicating the
majority of the nicotine contained in the unpuffed E-Cig is often
not delivered to the filter pad. The Swisher product delivered greater
than 50% of its nicotine to the filter pad, yet the nicotine content in
the unpuffed product is low to begin with, resulting in a net small
amount of nicotine actually delivered. The White Cloud product
delivered approximately 20% of its available nicotine to the filter
pad, yet its high unpuffed/starting nicotine content allows for the
greatest net nicotine delivery to the filter pad. Our results on dispos-
able E-Cigs resonate with Goniewicz et al.,'® who tested recharge-
able/refillable E-Cigs and refill solutions, and found a relatively large
range of aerosol delivery (between 0.5 and 15.4 mg of nicotine) and
reported an average of 50%—60% of nicotine from reservoirs was
aerosolized. Under a consistent puffing regime, variations in nicotine
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Figure 1. Measured nicotine concentration in unpuffed electronic cigarettes (E-Cigs; solid squares), nicotine content delivered to filter pads (open squares), and
percentage nicotine transfer efficiency (thick “X," right axis) of five E-Cig products. Symbols represent mean + standard error.

transfer efficiencies are likely caused by the chemical make-up of
the e-liquid and the engineering characteristics of the E-Cig devices.
And whereas the amount of nicotine delivered is, in part, a function
of the starting concentration in the e-liquid, being able to directly
compare the transfer efficiency of nicotine delivery between products
with varying starting nicotine availability is important. To this end,
our results of percentage transfer efficiency represent the amount of
nicotine delivered to the filter pads relative to the starting concentra-
tion of nicotine in the unpuffed e-liquid.

In line with the call by Stepanov and Fujioka?® related to the
importance of incorporating pH measurements into E-Cig studies,
pH values of the disposable products in this study range from ~6.5
to 8.4. And though complicated by temperature and matrix effects
of the e-liquid on the pKa of nicotine, which further changes con-
temporaneously under different puffing regimes and differently with
respect to the proprietary chemical make-up of product e-liquids,
E-Cigs can vary the delivery of nicotine in the free-base form. True
pKa values are not known across the solvent matrices and tempera-
ture gradients of the e-liquids and aerosols throughout the puffing
procedure used on the products in this study, so it is not possible to
extrapolate the portion of free-base nicotine delivered to the pads.
In fact, there is currently very little information on actual nicotine
pKa profiles of aerosolized e-liquids during the vaping process, but
we believe that this is an important area for future research in the
field. The bioavailability of nicotine can depend on its fraction pre-
sent in the free-base form, as protonated nicotine must be absorbed
from aerosol particles deposited on the lungs while unprotonated
nicotine is available in the gas phase.** Further, particle deposition
efficiency on the airway wall is affected by the aerosol size distribu-
tion.’”= The relative importance of nicotine absorption by direct
particle deposition and diffusion has been of interest in recent stud-
ies.* Pankow et al.**? suggested high pH levels in conventional ciga-
rettes promote nicotine partitioning in the free-base form. Despite
the limited pKa data, several recent clinical studies have reported on
user exposure to nicotine from E-Cigs.®*+"

Misleading package labeling may lead to confusion for E-Cig users
who are anticipating the indicated nicotine level, and not employing
a consistent labeling system for nicotine content inhibits the user’s
ability to make product selections. Varied nicotine transfer efficiency
of the devices likely further complicates users’ experiences by making

it challenging to select an E-Cig product with predictable results.
Results from this study are for a select group of products available in
the United States, and therefore, should not be generalized to prod-
ucts in other countries. It is assumed that users will perceive product
quality partially based on their satisfaction of the experience that is
likely associated with the nicotine dose and form delivered.

Several new techniques were presented in this study that enabled
the efficient characterization of multiple parameters of E-Cigs. The
in-house puffing machine was able to treat all E-Cigs with consist-
ent puffs, while the Proportional-Integral-Derivative controlled pro-
portioning valve was able to compensate for variations in air flow
restriction between brands. The use of filter pads made capturing
the aerosol easier and generated less organic waste. The e-liquid
extraction technique allowed for quick and complete extraction of
e-liquid from disposable E-Cigs using only methanol as the solvent.
The pH measurements were easily incorporated into the extrac-
tion process using the microelectrode. The GC-MS technique for
measuring nicotine in both the unpuffed e-liquid and the emissions
delivered to filter pads shows promise in being reliable, repeatable,
and relatively easy to process. Further work is warranted on the full
validation of the analytical methodologies of this study, including
the GC-MS technique, as potential standard protocols for nicotine
analysis of E-Cigs. Assessments via the statistical methods employed
can be useful in comparing the total dose of nicotine delivered to
filter pads by different E-Cig products even when starting concentra-
tions listed on manufacturing labels are misleading, ambiguous, or
missing altogether. Though the relatively small number of disposable
E-Cig products sampled potentially limits the application of gener-
alizations from this early investigation, the work resulted in a better
understanding of the performance of disposable E-Cigs, and par-
ticularly, how it relates to nicotine delivery. Given their popularity
among consumers and the plethora of new products available, this
work provides an important step in developing a protocol for evalu-
ating manufacture claims, performance, user exposure, and potential
health risks of E-Cigs.
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