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Abstract

Introduction: Characterization of aerosols generated by electronic cigarettes (e-cigarettes) is one
method used to evaluate the safety of e-cigarettes. While some researchers have modified smok-
ing machines for e-cigarette aerosol generation, these machines are either not readily available,
not automated for e-cigarette testing or have not been adequately described. The objective of this
study was to build an e-cigarette vaping machine that can be used to test, under standard condi-
tions, e-liquid aerosolization and nicotine and toxicant delivery.

Methods: The vaping machine was assembled from commercially available parts, including a puff
controller, vacuum pump, power supply, switch to control current flow to the atomizer, three-way
value to direct air flow to the atomizer, and three gas dispersion tubes for aerosol trapping.To vali-
date and illustrate its use, the variation in aerosol generation was assessed within and between
KangerTech Mini ProTank 3 clearomizers, and the effect of voltage on aerosolization and toxic
aldehyde generation were assessed.

Results: When using one ProTank 3 clearomizer and different e-liquid flavors, the coefficient of
variation (CV) of aerosol generated ranged between 11.5% and 19.3%. The variation in aerosol gen-
erated between ProTank 3 clearomizers with different e-liquid flavors and voltage settings ranged
between 8.3% and 16.3% CV. Aerosol generation increased linearly at 3-6V across e-liquids and
clearomizer brands. Acetaldehyde, acrolein, and formaldehyde generation increased markedly at
voltages at or above 5V.

Conclusion: The vaping machine that we describe reproducibly aerosolizes e-liquids from e-cig-
arette atomizers under controlled conditions and is useful for testing of nicotine and toxicant
delivery.

Implications: This study describes an electronic cigarette vaping machine that was assembled
from commercially available parts. The vaping machine can be replicated by researchers and used
under standard conditions to generate e-cigarette aerosols and characterize nicotine and toxicant
delivery.
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Introduction

The popularity of electronic cigarettes (e-cigarettes) has increased
dramatically since its introduction into the US market"? but there are
safety concerns associated with their use.’ E-cigarettes are comprised
of a battery, a heating element (atomizer), and a reservoir with e-lig-
uid, which typically contains nicotine dissolved in vegetable glycerin
(VG), propylene glycol (PG), or a combination, and flavorings. Some
e-cigarettes are cigarette-like (cig-a-like) (first generation), some are
eGo-type e-cigarettes with small tanks (second generation) which
operate at higher power than cig-a-likes, and others are customizable
advanced personal vaporizers with larger tanks and/or rebuildable
atomizers (RBAs).*

The rapid growth in the number of brands of e-cigarettes, the
evolving designs, and the large number of different e-liquids avail-
able are posing a significant challenge to safety assessment of these
products.’ One approach to e-cigarette safety evaluation involves
characterization of the chemical composition of the aerosol.®!!
Toxic substances such as carbonyls have been found in e-cigarette
aerosols.® Formaldehyde, a probable human carcinogen (US EPA
Group B1), can be produced in high levels in e-cigarettes.'? Farsalinos
et al.’® reported that high levels of formaldehyde are only produced
during “dry puff” conditions but this has been questioned by other
researchers.'

Characterization of e-cigarette aerosolization as well as aerosol
composition is important for both clinical and nonclinical studies.
For example, it may be useful for clinical investigators to know the
nicotine yield and repeatability of e-cigarettes before use in human
studies. Some researchers have adapted tobacco cigarette smoking
machines for use with e-cigarettes, primarily cig-a-likes®!! and adap-
tations can be made to allow testing of more advanced products.
These machines can be prohibitively costly and their functionality
may be beyond the scope of what many researchers need in their
research programs. Further, to the best of our knowledge, the smok-
ing/vaping machines on the market do not offer the ability to use
external power supplies to power the e-cigarette; e-cigarette batteries
can be unreliable as they discharge.

Thus, the objective of this study was to build an e-cigarette vap-
ing machine from commercially available parts that can be used to
test, under standard conditions, e-cigarette repeatability, e-liquid
aerosolization/vaporization, nicotine delivery, toxicant delivery and/
or formation, and toxicity assessments. Since most advanced e-cig-
arettes (tanks, RBAs) use interchangeable mouthpieces (drip-tips),
and cig-a-likes can fit in the tubing used, the machine is adaptable to
most e-cigarettes currently on the market. We validated the machine
by testing the variability of aerosol generation by one device (intra-
device variability) and several devices of the same brand and model
(inter-device variability), which were immediately applicable to our
ongoing pharmacokinetic assessments of e-cigarettes.'* We also used
the machine to demonstrate the effects of voltage/power on aerosol
generation and toxic aldehyde emissions.

Methods

Materials

The component parts include a puff controller which gives a
3- or 4-s 15-V pulse every 30s, a vacuum pump (which we used
at flow rate of 1-4 liters per minute [Lpm]), and a solenoid driven
e-cigarette battery activator designed to fit button-activated eGo-
type batteries (not included in Figure 1 but shown in Supplementary
Figure 1, H), all purchased from Teague Enterprises (Woodland,

CA). A 12-V, 10-amp solenoid relay was purchased locally and a
direct current (DC) power supply (Dr. Meter, 30V, 5§ amps) was pur-
chased online. A three-way 12-V actuated solenoid valve (Ingersoll
Rand, Davidson, NC) was supplied by Teague Enterprises. Other
parts included three 125 mL (extra coarse frit) gas dispersion bot-
tles (Wilmad Lab Glass, Vineland, NJ) and a 510-thread compatible
connection to power supply. RM series gas flowmeters (0-2.5 Lpm),
with and without needle valve control, were used to measure and
adjust flow rates (Dwyer, Michigan City, IN).

Vaping Machine Setup

The components are assembled as shown in Figure 1 and
Supplementary Figure 1, A-G. A 15-V 4-second pulse from the Teague
puff controller is directed simultaneously to the three-way solenoid
valve and the solenoid relay; the functioning of the solenoid relay
and valve are synchronized. The three-way valve directs the vacuum
to the e-cigarette atomizer. Simultaneously, the circuit in the solenoid
relay closes so that the current from the power supply is directed
to the atomizer. The cycle time is 30s. A solenoid actuated button
pusher can substitute for the relay for the testing of 510-thread bat-
teries instead of the power supply (Supplementary Figure 1, H). The
measured power (product of voltage and current) delivered to the
atomizer is lower under load than what the power supply is set to. To
apply the desired power to the atomizer, all voltages were measured
using a volt-ohm-meter (VOM meter) connected to the atomizer
while power was being delivered to the atomizer. The power supply
was adjusted until the VOM read the desired voltage. All of the volt-
ages tested and presented in this manuscript are the measured volt-
ages under load. Three gas dispersion bottles were filled with 40 or
50mL of 0.02N hydrochloric acid (HCI) (Fisher ACS reagent grade)
when trapping nicotine, VG, and PG or 2,4-dinitrophenylhydrazine
(DNPH) when trapping aldehydes (Sigma—Aldrich) and connected
to the mouthpiece of the e-cigarette at one end and the vacuum
pump at the other. The vacuum pump can be set to a range of flow
rates using the adjustable flowmeter. We set the flow rate to 1.2
Lpm (measured at the three-way valve) for the machine validation
experiments performed in this study. The vaping machine produces
a square puff profile as shown in Supplementary Figure 2, which
was measured using a MEMS (MicroElectroMechanical System)
flow sensor (Quantified Vapor, Oakland, CA). The time from zero
to maximum pressure is 0.2s (when tested at 20mL/s [1.2 Lpm]).

E-cigarettes

The primary e-cigarettes were KangerTech Mini ProTank 3 clearom-
izers (1.5 ohms) and KangerTech 3.7V batteries purchased directly
from Kangertech.com (clearomizers refer to clear e-cigarette tanks)
(Supplementary Figure 1, I). This pen-style e-cigarette is typical in
design of many of the commonly used small eGo-type tanks. We have
also observed from our clinical studies and participant screenings
that KangerTech is among the most popular brands of e-cigarettes.
Other e-cigarettes used included a Joytech Delta 23 (1.5 ohms) and a
Smokio Smart Vaping (1.5 ohm) which were obtained from research
collaborators at another university, and Kanger EVOD2, V2 Cigs,
Kanger T3D, Vulcan, Kanger Aerotank V2, K101, Blu e-cigarette,
Nimbus, Vapor4life, and Kanger Protank II, which were the usual
brands of e-cigarettes of participants enrolled in a clinical study
on e-cigarette pharmacology.'® The participants’ usual e-cigarettes
were used in the initial validation of the gas traps, described below.
Unflavored, strawberry, and tobacco flavored e-liquids contain-
ing 18 mg/mL nicotine in 50:50 VG and PG were purchased from
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Figure 1. Schematic of the electronic cigarette vaping machine.

Bulke]Juice.com. The water content of the strawberry and tobacco
e-liquids was measured at Galbraith Laboratories and was found to
be 0.1%. The KangerTech Mini ProTank 3 clearomizers and tobacco
and strawberry flavored e-liquids are the study e-cigarette and
e-liquids being used in a clinical study."

GasTrap Validation

We have described the validation of the gas traps in a previous
publication, in which the trapping efficiency of only nicotine
was assessed.'® On average, 86.2% = 5.6% (mean = SD) (range
76%-92%) of the machine-vaped nicotine was recovered. We
performed a test of the trapping efficiency of nicotine, VG, and
PG by the gas traps using the usual brand of e-cigarette for each
subject (7 = 13) enrolled in a clinical study on e-cigarette phar-
macology.'® Each e-cigarette was manually vaped (ie, without the
puff controller) with the participants’ usual e-liquids by placing
the e-cigarette at the mouthpiece connected to the gas trap, 1 puff
every 30s for a total of 15 puffs. The puff duration ranged from
2 to 6s and was based on the subjects’ puff duration during the
standardized session of the clinical study. The aerosol was collected
at 2 Lpm. E-cigarettes were weighed before and after vaping using
a microbalance and the nicotine, VG, and PG concentrations of
the e-liquids and gas trap solution after vaping were measured.
Individual and average recoveries of nicotine, VG, and PG from the
gas traps are presented in Table 1. Average recoveries were as fol-
lows: nicotine, 86.8% = 9.6% (range 75.0%-100%); VG, 93.0%
+ 10.3% (range 73.3%-100%); and PG, 86.7% = 10.0% (range
72.7%-100%). Further, average recovery of nicotine ranged from
87% to 90% at flow rates of 1-4 Lpm.

in series

E-cigarette Vaping Machine Validation
To assess the e-cigarette vaping machine repeatability, we per-
formed two experiments. The first experiment assessed the within-
e-cigarette repeatability of aerosol generation by three KangerTech
Mini ProTank 3 clearomizers. The three clearomizers were filled
with either unflavored, strawberry, or tobacco-flavored e-liquid and
machine-vaped using the power supply set to 3.7V, flow rate of 1.2
Lpm, 40mL of HCl in each trap, and using the puffing regimen of
one 4-s puff every 30s for a total of 15 puffs. Vaping topography
studies have shown that the average puff duration is about 4s,'7-2
hence our use of a 4-s puff. The clearomizers were weighed before
and after the 15 puffs to assess the amount of e-liquid aerosolized.
The clearomizers were refilled to the same level as before vaping
and the session was repeated. Each clearomizer was machine-vaped
a total of eight times using only one e-liquid, with 30 min resting
period between each session. We computed the average amount of
e-liquid aerosolized, standard deviation, and the within-device coef-
ficient of variation (CV) for each of the three clearomizers/e-liquids.
The second experiment assessed the repeatability of e-liquid
aerosolization within the same brand and model using the vaping
machine at different voltage settings. Six new KangerTech Mini
ProTank 3 clearomizers (all 1.5 ohm atomizer resistance) were filled
with strawberry e-liquid and machine-vaped as before (15 4-s puffs
at 1.2 Lpm), at voltages of 3.7 and 5.0V under load using the power
supply and fully charged KangerTech batteries at 3.7V under load.
Clearomizers were weighed before and after each session to deter-
mine the amount of e-liquid aerosolized. After each session, the clea-
romizers were refilled to the same level as before vaping and the
session was repeated at the other voltage. The average amount of
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Table 2. Assessment of the Effect of Flavors on Amount of E-liquid Aerosolized

Tobacco

Strawberry

Unflavored

Amount aerosolized (mg)

Power (W)

Voltage (V)

Amount aerosolized (mg)

W)

Amount aerosolized (mg) Voltage (V) Power (

W)

Power (

Voltage (V)

Atomizer per flavor

89.2
86.4
99.3
95.1
90.8
94.7
81.5
86.1

7.8
7.8
8.0
8.0
7.8
8.0
7.7
8.2
7.9

3.75
3.76
3.75
3.75
3.75
3.74
3.75
3.74

91.0
65.1
100.5
86.1
126.8
79.5
97.6
102.2

8.0
7.7

8.1
7.8
8.4

7.8
8.2

8.1

3.74
3.76
3.74
3.76
3.74
3.77
3.75
3.75

90.4
82.4
109.2
86.8
68.2
88.5
71.5
93.8

7.9
8.0
8.0

8.1
8.1
8.0
7.7
8.0
7.8

3.75
3.74
3.73
3.74
3.75
3.76
3.77
3.76

— NN <+ o DN

78.8
110.1

3.76
3.75
3.77
3.76
3.75
0.01

0.2

56.4

7.9

3.76
3.75
3.75
3.75
3.75
0.01

0.2

122.4
114.5

3.76
3.75
3.76
3.75
3.75
0.01

0.3

[*)

8.1

77.4

8.0
8.0

7.9

8.0
7.7

(=]
—

82.7

7.6

88.6

97.9
102.8

—
—

99.9

7.7
7.9

62.6

7.9

N
—

91.2

86.1

8.0

0.2
2.3

94.0

7.9

Average

SD

9.0
9.9

0.2
2.2

19.7

16.4

0.1

22.9

17.4

1.7

CV (%)

Unflavored, strawberry, and tobacco e-liquids were all 50/50 vegetable glycerin/propylene glycol (VG/PG) and 18 mg/mL nicotine; one KangerTech mini Protank 3 clearomizer was used per flavor and 12 different replace-

ment atomizers were used for each clearomizer. Each e-cigarette was vaped using a standardized puffing protocol: 15 puffs, 1 puff every 30s, 4-s puff duration.

All statistical analyses were carried out using SAS v. 9.4 (SAS
Institute, Inc. Cary, NC). Statistical tests were considered significant
ata < 0.0S.

Analytical Chemistry

Nicotine was measured in the 0.02N HCI trap solution from each
trap separately (and then summed to give total recovered amount)
and in e-liquids after dilution in 0.02N HCI by LC-MS/MS using
a method modified from a previous publication?® and described in
detail elsewhere.'s The limit of quantitation (LOQ) was 0.5 ng/mL.
VG and PG were quantified as the benzoate esters using PG-d, and
VG-d, as internal standards using a modified method based on a pre-
vious publication,?* as has also been described previously.' The LOQ
was 5 pg/mL for both PG and VG. Acrolein (LOQ 0.078 pg/mL),
acetaldehyde (LOQ 0.153 pg/mL), and formaldehyde (LOQ
0.113 pg/mL) were analyzed as described previously using the ultra-
violet (UV) DNPH CORRESTA method developed for tobacco
cigarettes.?

Results

E-cigarette Vaping Machine Validation

Within Device Repeatability

The average amount of e-liquid aerosolized within each KangerTech
Mini ProTank 3 clearomizer from 15 4-s puffs is as follows: clear-
omizers with unflavored e-liquid, 136.2 +15.6 mg (mean = SD) and
had an intra-device CV of 11.5%; clearomizers with strawberry
e-liquid, 102.4+19.8mg (CV 19.3%); clearomizers with tobacco
e-liquid, 99.4+15.1mg (CV 15.2%). (Note: we are not comparing
aerosol delivery from the various flavors here because we tested only
three clearomizers and one flavor per clearomizer).

Between Device Repeatability

Six KangerTech Mini ProTank 3 clearomizers were machine-vaped
with strawberry e-liquid using the 3.7-V KangerTech battery and
the power supply at 3.7 and 5.0V. The average amount of e-liquid
aerosolized when using the 3.7-V battery was 86.1+11.2 (within-
device CV, 13.1%). When using the power supply at 3.7V, the aver-
age amount aerosolized was 85.2+10.8mg (CV, 12.7%) and at
5.0V, 226.1+28.6mg (CV, 12.6%). The amount of e-liquid aero-
solized from 15 puffs was significantly higher at 5.0V of the power
supply compare to 3.7V of the battery or power supply (adjusted
P-values < .001) while the amount aerosolized at 3.7V of the bat-
tery and power supply were not significantly different (adjusted
P-value = 1.0).

In another experiment where the effect of voltage was assessed,
the amount of e-liquid aerosolized increased linearly with voltage for
the three e-liquids using the KangerTech Mini ProTank 3 clearom-
izer (R* = 0.99 for all curves) (Supplementary Figure 3, A).

E-cigarette Vaping Machine Application

Assessing Effect of Flavors on e-liquid Aerosolization

Table 2 presents the effect of flavors on the amount of e-liquid aero-
solized from KangerTech mini Protank 3 clearomizers using the
external power supply set to deliver 3.75V and power of ~8.0W to
the atomizer. The unadjusted average amount of e-liquid aerosolized
was not significantly different by flavor (P = .47). After adjusting for
power delivered to the atomizer (given discrepancies between meas-
ured resistance and labeled resistance of the replacement atomizers),
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the flavor effect was still not significant (P = .14) but differences
in amount of e-liquid aerosolized between unflavored versus straw-
berry (P = .08) and tobacco and strawberry (P = .09) approached
significance. The least square means with 95% confidence intervals
of amount of e-liquid aerosolized were as follows: unflavored, 94.0
(85.8-102) mg; strawberry, 83.6 (75.3-91.9) mg; and, tobacco,
93.9 (85.5-102.2) mg. Power had a significant effect on amount of
e-liquid aerosolized (F = 10.4, P = .003).

Flow Rate Effect on Amount of E-liquid Aerosolized

The amount of e-liquid aerosolized did not increase with increas-
ing flow rate (puff velocity) for both tobacco and strawberry study
e-liquids (we observed a flat relationship, data not shown), an obser-
vation which has been previously reported.?!

Assessing E-liquid Aerosolization From Different E-cigarettes

We also illustrate the utility of the e-cigarette vaping machine to
assess aerosolization of different e-cigarettes. The KangerTech Mini
ProTank 3 (R? = 0.96), Joytech Delta 23 (R? = 0.99), and Smokio
(R* = 0.96) showed a linear relationship between voltage and
amount of e-liquid aerosolized (Supplementary Figure 3, B).

Assessing Toxicant Emissions

Figure 2 demonstrates the utility of the e-cigarette vaping machine
to assess the emissions of toxic aldehydes from e-cigarettes.
Acetaldehyde, acrolein, and formaldehyde increased markedly at
voltages at or above 5V.

Discussion

We describe an inexpensive e-cigarette vaping machine built from
commercially available parts that can be used to test e-cigarette aero-
solization/vaporization, nicotine delivery, and toxicant delivery and/
or formation under standard conditions. We demonstrate that the
0.02 N HCl solution used in the gas dispersion bottles efficiently traps
nicotine (87%), VG (93%), and PG (87%). The intra-device variabil-
ity of the amount of e-liquid aerosolized by the KangerTech Mini
ProTank 3 ranged between 11.5% and 19.3% CV. The inter-device
variability of aerosol generated by the same e-cigarette brand and
model ranged between 12.6% and 13.1% CV. In demonstrating the
capabilities and applications of the machine, we showed that aerosol
formation increased with voltage, consistent with prior reports,*' and
that significant amounts of aldehydes can be emitted by e-cigarettes
in high voltage conditions."? There seems to be a threshold voltage for
high aldehyde formation, also consistent with prior reports.'?

We observed some intra- and inter-device variability when testing
e-liquid aerosolization from the KangerTech Mini ProTank 3 with
the vaping machine, although these levels of variation are acceptable
for various analytical methods. Since the voltage, power, velocity,
and puff frequency are under stringent control, the variation would
appear to be due to differences in the individual atomizer coils, the
rate of absorption of e-liquid into the atomizer wick, and/or the
temperature of the coils when activated. To minimize variability, it
is important to run each test with the atomizers filled to the same
level and at the same temperature. Larger amounts of e-liquid in
the tank and higher atomizer temperatures would facilitate the entry
of e-liquid into the coil chamber. Higher volumes of e-liquid would
exert more pressure, and higher temperatures would reduce the vis-
cosity of the VG and PG, both facilitating the entry of e-liquid into
the coil chamber.

The amount of e-liquid aerosolized by the power supply set at
3.7V was not significantly different from when the 3.7-V KangerTech
battery was used. This confirms that the power supply is able to
deliver equivalent power to the e-cigarette as the eGo battery when
set to the same voltage.

We did not see a significant effect of flavor on e-liquid aerosoli-
zation from the KangerTech Mini Protank 3. We used replacement
atomizers purchased in bulk, which had discrepancies between the
measured and labeled resistance. The power delivered to the coils
varied slightly, CV ranging between 1.7% and 2.3% (Table 2).
Despite the small variation in power supplied, power was a signifi-
cant covariate in a model with flavor as the main predictor. This
indicates the sensitivity of e-cigarettes to changes in power and high-
lights the need for careful control of power when performing these
experiments. When we controlled for power statistically, differences
between unflavored and strawberry and tobacco and strawberry
e-liquids approached statistical significance. Our initial assessment
of the flavor effect on e-liquid aerosolization was a within-device
comparison and included a sonication (washing) step between fla-
vors. While we saw a significant flavor effect, the sonication step may
alter the wick in the atomizer and confound the findings. We caution
against using a sonication step in these experiments.

As previously reported, we saw a strong relationship between
voltage and e-liquid aerosolization in the e-cigarettes tested.?' Use
of a power supply with control over voltage and current input, and
thus power supplied to the atomizer allows us to replicate a range of
realistic conditions at which e-cigarettes are used in the population.

We demonstrate the utility of our machine to assess toxicant
emissions from e-cigarettes. We showed that significant amounts of
aldehydes are emitted at voltages higher than 5V (~16.7W). Others
have suggested that high levels of aldehydes are primarily produced
during dry puff conditions’ but the voltage, and by extension
power, may not be the only factor affecting aldehyde formation. The
same researchers showed that minimal amounts of aldehydes were
released even when high power levels were used and concluded that
aldehyde release was associated with the efficiency of the atomizer
design to accommodate the high power levels through effective lig-
uid supply to the wick." Our machine will allow for comparison of
toxicant emissions by a variety of e-cigarette designs.

Limitations and Future Improvements
Our vaping machine has some limitations. Although our vaping
machine is compatible with most e-cigarettes, we have not tested the
machine on devices that are not cig-a-likes or second and third gen-
eration devices that do not have standard mouthpieces (drip-tips),
such as e-cigars and e-hookahs. Further, we did not adjust flow rate
(and by extension, puff volume) for the effects of possible deadspace
of the gas dispersion bottles (gas traps). As a result, the true flow
rates through the system may be lower than the reported flow rates.
During the course of our clinical studies, we have observed that
some e-cigarette users push the button on the battery for 1-2 s before
puffing thereby preheating the coil before vaping. We are working
with Teague Enterprises on a new controller which will allow for
independent actuation of the voltage to the controller and three-way
valve so that this user behavior can be replicated by the machine. We
have also observed that there is some condensation of the aerosol in
the three-way valve. The recovery of e-liquid using the fully auto-
mated machine with the three-way valve was 90% in the traps and
10% in the valve at 3.7 V. We are exploring ways to reduce aerosol
condensation in the valve. Although e-liquid aerosol condensation
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Figure 2. Relationship between voltage and toxic aldehyde formation by the
KangerTech Mini ProTank 3. Aldehyde emissions were tested at 3.0V (6.0W),
3.5V (8.2W), 4.0V (10.7W), 5.0V (16.7W), and 5.9V (23.2W).

in the value does not affect characterization of amount of e-liquid
aerosolized by e-cigarettes, we recommend a thorough valve wash,
as done for the gas traps and tubing, to be included in any aerosol
collection protocol, such as that used in toxicology studies or aerosol
chemical characterization.

Conclusions

Characterization of e-cigarette aerosol is an important aspect of the
safety evaluation of e-cigarettes. We describe an e-cigarette vaping
machine that reproducibly aerosolizes e-liquids from e-cigarette
atomizers under controlled conditions and is useful for testing of
nicotine and toxicant formation and delivery. The machine allows
fine control of electrical parameters such as voltage and current,
determinants of the power supplied to e-cigarettes, and can be used
to assess nicotine delivery and toxicant emissions along a range of
these characteristics. Machine testing of e-cigarettes and e-liquids
can be useful not only for regulatory purposes but also when design-
ing clinical studies of e-cigarettes.

Supplementary Material

Supplementary Figures 1-3 can be found online at http://www.ntr.
oxfordjournals.org
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