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Abstract
Electronic-cigarette (e-cig) devices use heat to produce an inhalable aerosol from a liquid (e-liquid) composed mainly of humectants, nicotine,
and flavoring chemicals. The aerosol produced includes fine and ultrafine particles, and potentially nicotine and aldehydes, which can be harmful
to human health. E-cig users inhale these aerosols and, with the third-generation of e-cig devices, control design features (resistance and
voltage) in addition to the choice of e-liquids, and the puffing profile. These are key factors that can significantly impact the toxicity of the inhaled
aerosols. E-cig research, however, is challenging and complex mostly due to the absence of standardized assessments and to the numerous
varieties of e-cig models and brands, as well as e-liquid flavors and solvents that are available on the market. These considerations highlight
the urgent need to harmonize e-cig research protocols, starting with e-cig aerosol generation and characterization techniques. The current
study focuses on this challenge by describing a detailed step-by-step e-cig aerosol generation technique with specific experimental parameters
that are thought to be realistic and representative of real-life exposure scenarios. The methodology is divided into four sections: preparation,
exposure, post-exposure analysis, plus cleaning and maintenance of the device. Representative results from using two types of e-liquid and
various voltages are presented in terms of mass concentration, particle size distribution, chemical composition and cotinine levels in mice. These
data demonstrate the versatility of the e-cig exposure system used, aside from its value for toxicological studies, as it allows for a broad range of
computer-controlled exposure scenarios, including automated representative vaping topography profiles.

Video Link
The video component of this article can be found at https://www.jove.com/video/58095/

Introduction
Safety related to the use of electronic cigarettes (e-cigs) is a matter of active debate in the scientific community. On one hand, manufacturers
and merchants advertise the potential benefits of e-cigs as a harm reduction product for current smokers, due to the elimination of many harmful
substances present in conventional cigarettes, while public health policy decision makers are apprehensive about the absence of data on long1,2
term human health exposures . E-cigs serve at least two distinct purposes, 1) as a replacement vehicle for delivery of nicotine and 2) as a
3
smoking cessation device . According to the Centers for Disease Control and Prevention (CDC), in 2014, more than 9 million adult Americans
4
used e-cigs on a regular basis. From 2013 to 2014, e-cig use among high school students increased by more than 300% . Given the rising use
1,2,4
of e-cigs among youth as well as in adults
, and considering the popular, yet unproven, claims about e-cigs as a safer smoking alternative,
key scientific questions need to be addressed to determine whether e-cig use poses potential risks to human health, particularly that of the
1,2
respiratory system . Although e-cigs were first commercialized in the US in 2007, only very limited studies have been carried out on the effects
5,6,7,8,9,10,11
of e-cig aerosol exposures in vitro and on lung structure, function and overall health
. Therefore, in vitro, in vivo and epidemiological
data are essential to help establish public policies and regulations related to the consumption of e-cigs. However, production of reliable and
reproducible scientific evidence in this emerging field first requires the establishment of standardized e-cig puffing regimes and the generation of
reproducible exposure environments in laboratory settings that are reflective of human consumption.
Third-generation e-cig devices, available on the market, are composed of at least one heating coil (atomizer) plus a lithium battery. The e-cig
device's power controller can operate at various voltages. These e-cig devices also have a reservoir, into which the e-cig liquid (e-liquid) is
introduced. The e-liquid, also known as e-juice, is composed mainly of nicotine, flavors, and carrier solvents (humectants), often propylene
glycol (PG), vegetable glycerin (VG) and water. Since, according to the U.S. Food and Drug Administration (FDA), e-liquids are composed of
a mixture of "generally regarded as safe" (GRAS) food additive flavoring chemicals and humectants, plus nicotine, they can be considered as
safe in food. However, when these liquid formulations are vaped through the e-cig device, they are heated by the atomizer, which changes the
12,13
physical-chemical properties of the e-liquid, and produces an aerosol or vapor containing carbonyls, more specifically aldehyde compounds
.
14,15,16,17
These aldehydes are formed by the thermal degradation and oxidation of glycols, which also yield the formation of hydroxyl radicals
.
13
Those aldehydes which are present in the e-cig aerosol when vaped under specific conditions , include formaldehyde, acetaldehyde, acetol,
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acrolein, glycidol, and diacetyl, all of which are known to have potent negative effects on human health, with formaldehyde being a proven
15,16,17
18,19
20
human carcinogen
. In addition, e-cig aerosol also is composed of fine (250 - 950 nm)
and ultrafine (44 - 97 nm) particles, which
17
are known to cause pulmonary toxicity through inflammation and oxidative stress mechanisms . Based on the composition of the e-liquid, i.e.,
the percentage of individual components present in the formulation, as well as the voltage applied to the e-cig device, which influences the
temperature used to vape the e-liquid, the total particulate matter (TPM) concentration of the aerosol will vary, and result in different levels of
19,21
particles, as well as concentrations of aldehydes, which have been shown to be produced under specific vaping conditions
. These aerosols
are inhaled by the e-cig users, who control the voltage of their e-cig device. Selection of the voltage is based on personal preferences of nicotine
12
delivery rate, aerosol production, and burning sensation . Thus, it is imperative to better understand the characteristics of these aerosols in
order to provide scientific evidence for adequate regulations governing e-cig and e-liquid manufacturing and consumption policies.
In the context of scientific research, there are several issues that need to be addressed related to 1) the various e-cig device configurations
and operation options from which e-cig users can choose; 2) the lack of standardized representative human vaping topography profiles to be
22
used in experimental settings . This highlights the urgent need to harmonize e-cig research protocols, starting with e-cig aerosol generation
22
and characterization techniques . The current study focuses on this challenge by describing a detailed step-by-step e-cig aerosol generation
technique, with specific experimental parameters considered to be realistic and representative of real-life exposure scenarios. This study
also aims to evaluate the influence of voltage on the e-cig aerosol's TPM concentration, as generated using a third-generation vaping device
integrated into a commercial computer-controlled exposure system configured for mice whole-body inhalation studies. The description of this
experimental protocol, including the generation and characterization of e-cig aerosols, can contribute to the establishment of representative
standardized e-cig puffing regimes in a laboratory setting for subsequent toxicological studies.

Protocol
Mice were housed and handled in accord with the NIH Guide for the Care and Use of Laboratory Animals. All procedures and protocols involving
mice were approved by the Louisiana State University Institutional Animal Care and Use Committee. The description provided below is specific
to the equipment used, as specified in the Table of Materials/Equipment. All air supply was HEPA-filtered.

1. Preparation
1. Study & Equipment
1. Obtain the necessary approvals (e.g., IACUC) and trainings for the study.
2. Set-up the equipment in an adequately ventilated area and become familiar with its operation.
2. Gravimetric measurements
1. Weigh a clean new 25 mm filter. Record the weight. Place the filter in a cassette.
2. Place the cassette, with the filter, in line with a personal sampling pump and a flowmeter adequate to test for a flow of 1 L/min (LPM).
3. Electronic cigarette device
1. Screw the atomizer into the tank base (Figure 1).
Note: Atomizers containing coils with resistances at 0.15, 0.5 or 1.5 Ω are available.
2. Critical step: Add a few drops (2 to 3) of e-cig liquid into the atomizer to ensure that the cotton is saturated and will not create a dry
burn (Figure 2).
3. Insert the tank sleeve into the tank. Then, screw the tank base with the atomizer into the tank sleeve (Figure 1).
4. Screw the assembled tank onto the e-cig unit. Make sure the tank opening is facing upwards and put the cover in place on top of the
tank (Figure 1).
5. Put the e-cig unit on its base-plate by rotating the plunging arm of the solenoid valve. When in place, rotate it back into place so that it
can align with the trigger button on the e-cig unit.
6. Connect the end of the e-cig unit to the lower part of the condenser via a two-way valve attachment and a piece of tubing (Figure 3).
7. Ensure that the upper end of the condenser is connected correctly to the aerosol generating system and aerosol exposure chamber via
proper tubing.
8. Critical step: Verify that the aerosol concentration measurement instrument is in place at the exit of the aerosol exposure chamber.
9. Critical step: Remove the tank cover and fill the tank with 10 mL of e-cig liquid. Replace the tank cover.
Note: This volume is sufficient for a 2-h exposure period.

2. Exposure
1. Software connection
1. On the day of the experiment, turn on the computer. Remember to also turn ON the aerosol concentration measurement instrument by
manually pressing the power button.
2. Launch the operating software. Click on Experimentation Session. Select the appropriate study. Choose the Template for the e-cig
experiment.
3. In the New Experiment Window, enter a name for the experimental session. In the Experiment Properties Window, type in the operator
initials in the operator box. Click OK.
2. Channel calibration
1. Follow the steps in the calibration wizard in order to adequately calibrate the aerosol generation system.
1. Step 1: Click Next on the Channel Calibration window after confirming that there is a check mark in the aerosol concentration
measurement instrument (MicroDust Pro) box.
Copyright © 2018 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
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2. Step 2: In Apply Value Window, click Next. Step 3: Enter the Target Value Input as 0 g/m . Step 4: Place the T-shaped calibration
insert into the slot to complete the calibration process and press Next to get to the following window.
3. Enter the value read on the aerosol concentration measurement instrument. Press Next after entering this value. Review the
calibration Results Window and click Next.
2. Final Step: In Calibration Complete Window, click Finish. For System Flow Test, in test window, test pumps 1 and 2 (refer to the user
manual).
3. Confirm – “Would you like to start recording continuous data?”, click Yes. Confirm – “Would you like to start the default profile?”, click
Yes.
3. Electronic cigarette aerosol exposure
1. If doing an in vivo inhalation study, place the mice in the whole-body exposure chamber(s) at this time.
2. Immediately go to the Profiles Window and right-click on the desired profile, scroll down to Start task to initiate a bias flow of fresh air
inside the exposure chamber(s).
3. When ready to initiate the e-cig aerosol generation and exposure experiment, right-click on the desired profile in the Profiles Window,
scroll down to Start task and left click to select (Figure 4).
4. Critical step: Record the concentration measured by the aerosol concentration measurement instrument. The concentration should be
3
> 0 mg/m .
Note: The device operating principle is based on optical detection and is used in this system to provide a qualitative assessment in real
time of the exposure levels in the chamber.
5. Ensure that e-liquid is available in tank during the entire duration of the exposure.
6. To stop the experiment after reaching the desired exposure duration, right click on the profile, scroll down to Stop profile, and left click
to select. Ensure that the bias flow is initiated immediately following the completion of the exposure profile.
7. Remove the subjects (animals) from the exposure chamber and return them to their housing cage and room.

3. Post-Exposure Analysis
1. At the end of the experimental session, close the operating software and turn OFF the aerosol concentration measurement device.
2. Detach the cassette with the filter from the pump and record the time when it was removed. Place the filter in a desiccator and allow the filter
to dry for at least 48 h (preferably 96 h). Then, weigh the filter with the accumulated e-cig aerosol particles and record the weight.
23
3. Calculate the total particulate matter (TPM) concentration in terms of mass per puff .
1. Record the mass accumulated on the filter. Calculate the total volume sampled during the exposure period using the sampling duration
and the pump flow.
2. Divide the mass collected on the filter by the volume of air.
Note: TPM concentration is expressed in weight per volume units. Divide the TPM concentration by the total number of puffs generated
by the e-cig profile used.

4. Cleaning and Maintenance
1. Pour out the e-liquid from the e-cig tank and empty the condenser using the attached syringe. Ensure that the atomizer coil did not burn
during the experiment. Change the atomizer coil after each experiment.
2. Clean the pumps after each experiment. Detach the pump heads and remove the connectors and valves. Wipe off any excess e-liquid or
accumulated moisture using either a cotton swab or tissue.
3. Clean the whole-body exposure chambers. Follow the manufacturer’s instructions and remove any condensed e-liquid from all surfaces.
Note: It is recommended to avoid the use of alcohol as it may cause irreversible damage.

Representative Results
Table 1 shows the characteristics of the exposure environment inside a 5-L whole-body chamber following e-cig aerosol generation. These data
are the results of a 2-h exposure session with only the carrier solvents e-liquid base, i.e., 50/50 ratio of PG and VG in the absence of flavoring or
nicotine. The aerosol was produced by a third-generation battery-powered e-cig device with a 0.5 Ω resistance. A total of seven e-cig voltages
were tested with a topography profile of 70-mL puff volume, 3-s puff duration, and 1-min intervals. As expected, increasing e-cig voltage leads
to higher TPM concentrations of aerosol in the exposure chamber used, as reported with the gravimetrically calculated mass (mg) per puff.
However, the changes in TPM concentration follow a somewhat sigmoidal pattern over the voltage range studied. The relationship between the
voltage and the TPM concentration is initially linear from 1.8 to 3.2 V, and displays an exponential jump with a subsequent plateau between 3.2
to 4.8 V.
Figure 5 shows the results of a physical characterization of the e-cig aerosols inside the whole-body exposure chamber. Particle number
concentration and size distribution were measured under varied experimental conditions using a scanning motility particle sizer. A wide range
of mass and number concentrations, as well as particle size distributions, mostly composed of fine and ultrafine particles, can be achieved by
using various predefined or user-defined automated puffing profiles that can be adjusted or modified via the software (Figure 6), as well as ecig device design options (i.e., atomizer coil resistance or battery voltage). These results highlight the versatility of the exposure system used to
simulate, in an experimental setting, a wide range of possible human e-cig topography profiles.
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As an example, an experimental e-cig exposure environment was created based on current information regarding e-cig consumers' personal
preferences and was subsequently characterized (Table 2). Here, the e-cig device was equipped with a coil atomizer of 0.5 Ω and operated at
3.2 V. The topography profile used consisted of a 55-mL puff volume, 3-s puff duration and 30-s intervals while the e-liquid tested included the
carrier solvents (i.e., PG and VG at a 50/50 ratio), alone and in combination with 36 mg/mL nicotine and cinnamon flavor (Table 2). Over a 2h exposure period, this exposure profile draws a larger number of puffs and allows for a higher total volume to be sampled in comparison to
the previously employed 70-mL, 1 puff per min profile (13,200 mL versus 8,400 mL, respectively). Consequently, a smaller average particulate
mass per puff is obtained under this topography profile for a same voltage and similar power (Tables 1, 2). The results seem to indicate that the
presence of nicotine and cinnamon flavor in the e-liquid may have a negative effect on the particulate mass per puff. However, the difference
between the two experimental conditions did not reach the level of statistical significance.
The results of a chemical analysis of the e-cig aerosol generated with the latter topography profile (55-mL puff volume, 3-s puff duration and 30s intervals) are shown in Table 3 and Figure 7. A total of 82 puffs of e-cig aerosol generated under 3.2 V with an e-liquid composed of 50/50
ratio of PG and VG, 36 mg/mL nicotine, and cinnamon flavor were sampled onto silica-based filters that were subsequently used for the chemical
characterization of the e-cig emission by GC/MS techniques. This sample was collected right after the condenser. The analysis revealed that, in
addition to nicotine and cinnamaldehyde that were expected, other compounds such as acrolein, catechol, and benzothiazole were identified in
the e-cig aerosol. These chemicals are known respiratory irritants and show the complexity of the aerosol composition once the e-liquid is heated
and aerosolized.
In addition to e-cig aerosol physico-chemical characterization, the e-cig generator and exposure system employed is also suitable for animal
exposures. As illustrated in Figure 8, the concentration of serum cotinine, a major metabolite of nicotine, can be used to monitor or confirm
exposures to e-cig aerosol from nicotine-containing e-liquids in mice. In the present example, the mice exposed to e-cig aerosol displayed a
significant increase in their serum cotinine concentration.

Figure 1. E-cig generator deconstructed view. Image shows the various elements composing the e-cig generator (e-cig unit, tank base,
atomizer, tank, tank sleeve, tubing adaptor).

Figure 2. E-cig generator atomizer. Image of where to put e-cig liquid into atomizer.

Figure 3. E-cig overall view. Image shows assembled e-cig generator with extension, including the condenser.

Copyright © 2018 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

August 2018 | 138 | e58095 | Page 4 of 11

Journal of Visualized Experiments

www.jove.com

Figure 4. E-cig generator operating software. Image shows the selection of vaping profile on the software. Please click here to view a larger
version of this figure.

Figure 5. Representative physical characterization of e-cig aerosols produced by a third-generation e-cig generator in a 5 L chamber
shows (A) the impact of the e-cig device power (6-40 W) on the exposure conditions that can be generated and (B) that e-cig aerosols
are composed of fine & ultrafine particles. Particle number concentration and size distribution measured using a scanning mobility particle
sizer. Exposure parameters: atomizer's resistance 0.5 Ω and voltage varying from 1.8 to 4.8 V; vaping under a topography profile of either 3 s
puff duration, 70-mL puff volume every 60 s or 3 s puff duration, 55 mL puff volume every 30 s; using an e-liquid composed of PG and VG at a
50/50 ratio. Please click here to view a larger version of this figure.
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Figure 6. Automated puffing profiles can be created, adjusted or modified via the software. Images shows one step of the Profile Creation
Wizard that is used to enter key vaping topography factors, including puff volume, puff duration, puff interval, and puff profile. Please click here to
view a larger version of this figure.

Figure 7. Spectrum of GC/MS results for the e-cig aerosol. As described in Table 3, e-cig aerosol was produced using the e-cig device with
a 0.5 Ω coil atomizer set at 3.2 V vaping under a topography profile of 55 mL puff volume, 3 s puff duration and 30 s intervals with an e-liquid
composed of 50/50 ratio of PG and VG, 36 mg/mL nicotine and cinnamon flavor. A sample of 82 puffs of e-cig aerosol was collected right after
the condenser onto a silica-based filter, which was subsequently used for chemical analysis by gas chromatography - mass spectrometry (GC/
MS) techniques. (A) Whole spectrum; (B) Zoom in. Please click here to view a larger version of this figure.
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Figure 8. Schematic of e-cig exposure system for animal studies. The whole-body e-cig aerosol inhalation system (A) is suitable for animal
exposures, with cotinine levels in e-cig exposed male BALB/C mice (B) that are comparable to the levels of mainstream cigarette smoke
exposures. Air group cotinine levels 0.3-1.2 ng/mL. N = 6 per group, *p < 0.05. Mouse/rat cotinine ELISA. Exposure parameters: atomizer's
resistance and battery voltage set at 1.5 Ω and 4.2 V, respectively; vaping under a topography profile of 3 s puff duration, and a 55 mL puff
volume every 30 s; using an e-liquid composed of 36 mg/mL of nicotine, cinnamon flavor and a 50/50 PG/VG ratio. Mice were exposed to a TPM
concentration of 0.12 ± 0.09 mg/puff of e-cig aerosol for 2 h/day for 28 days, while controls were exposed to filtered-air. Please click here to view
a larger version of this figure.
E-cig Voltage (V)

E-cig Power (W)

Mass per puff (mg)

Chamber
Relative Humidity (%)

Chamber Temperature
o
( C)

1.8

6.3 ± 0.3

0.005 ± 0.004

46.0 ± 3.3

23.7 ± 0.6

2.3

8.8 ± 0.1

0.009 ± 0.005

27.8 ± 9.1

24.0 ± 0.6

2.55

10.6 ± 0.2

0.021 ± 0.008

53.2 ± 1.2

23.2 ± 0.2

2.8

12.4 ± 0.3

0.061 ± 0.073

51.3 ± 1.1

24.2 ± 0.6

3.2

15.8 ± 0.6

0.065 ± 0.013

56.6 ± 2.3

23.1 ± 0.2

3.7

23.3 ± 0.6

0.741 ± 0.417

51.2 ± 5.5

23.6 ± 0.5

4.8

40.4 ± 1.3

0.823 ± 0.198

25.4 ± 7.7

23.7 ± 0.5

Table 1. E-cig device parameters tested and exposure conditions in a 5 L exposure chamber with a 0.5 Ω coil atomizer. Topography
profile for a 2 h exposure: 70 mL puff volume, 3 s puff duration and 1 min intervals, using only carrier solvents e-liquid base, i.e., 50/50 ratio PG
and VG. All voltages were tested in triplicate (n = 3). Data are expressed as mean ± standard deviation (SD).
E-cig Voltage (V)

E-cig Power (W)

E-Liquid nicotine
(mg/mL)

E-Liquid flavor

Mass per puff
(mg)

Chamber

Chamber
o
Relative Humidity Temperature ( C)
(%)

3.2

16.6 ± 0.2

0

None

0.273 ± 0.184

47.4 ± 3.9

23.6 ± 0.2

3.2

15.9 ± 1.3

36

Cinnamon

0.102 ± 0.078

59.6 ± 3.1

22.7 ± 0.2

Table 2. E-cig device parameters tested and exposure conditions in a 5 L exposure chamber with a 0.5 Ω coil atomizer. Topography
profile for a 2 h exposure: 55 mL puff volume, 3 s puff duration and 30 s intervals, using 1) only carrier solvents e-liquid base, i.e., 50/50 ratio
PG and VG, and 2) e-liquid base + nicotine (36 mg/mL) and cinnamon flavoring. The two e-liquids were tested in triplicate (n = 3). Data are
expressed as mean ± SD.
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List of compounds in e-cig aerosol
2-Propenal (acrolein)
7-Pentatriacontene
10-Octadecenal
Benzothiazole
Catechol
Cinnamaldehyde
Ethoxy acetic acid
Nicotine
Vanillin
Table 3. Non-exhaustive list of compounds found in the e-cig aerosol. E-cig aerosol was produced using the e-cig device with a 0.5 Ω coil
atomizer set at 3.2 V vaping under a topography profile of 55 mL puff volume, 3 s puff duration and 30 s intervals with an e-liquid composed of
50/50 ratio of PG and VG, 36 mg/mL nicotine and cinnamon flavor. A sample of 82 puffs of e-cig aerosol was collected right after the condenser
onto a silica-based filter, which was subsequently used for chemical analysis by gas chromatography - mass spectrometry (GC/MS) techniques.

Discussion
A major unanswered question is whether long-term exposure to e-cig aerosol results in pulmonary toxicity. In addition, the general safety of
e-cigs regarding human health is still a matter of controversy. In August 2016, the U.S. FDA expanded its regulatory authority on all tobacco
products, including e-cigs. E-cig research, however, is challenging and complex due mostly to 1) the absence of standardized assessments; 2)
24
24
the wide variety of e-cig devices (~2,800 different models from 466 identified brands) ; 3) over 7,700 unique e-liquid flavors ; 4) the various
possible combinations of humectant ratios. Given the complexity of the field, it is essential, in order to face the challenge and generate sound
scientific evidence, that careful considerations to the experimental conditions and reproducible processes are employed. In the present study,
the focus was put on the description of an e-cig aerosol generation technique that can enable investigators to obtain unique data sets related
to realistic and comprehensive e-cig aerosol exposure-related effect continuums. These can be of timely relevance to address e-cig-related
safety or toxicity questions for the establishment of regulations on e-cig design features that potentially can have a direct impact on public health
policies.
In the present article, meaningful exposure environments were generated using a computer-controlled system able to integrate the latest
generation of e-cig devices as well as allowing for predefined or user-defined automated puffing profiles and set operating conditions (e.g.,
constant power source, standard values of resistance, voltage, or temperature). These automated puffing profiles include the standard
conditions: 55 mL puff volume, 3 s puff duration, 30 s puff interval, and square puff profile, from the "Routine analytical machine for e-cigarette
25
aerosol generation and collection – Definitions and standard conditions" provided by the Coresta Recommended Method (CRM) N°81 (Table
2). Since the system used can generate various automated puffing profiles, it also complies with ISO 20768 (Vapour products – Routine
26
analytical vaping machine – Definitions and standard conditions) puffing regime requirements. As expected, e-cig puffing regime standard
27
conditions contrast with the ones from ISO 3308 , which defines the standard conditions for cigarette-smoking machines (35 mL puff volume, 2
s puff duration, 60 s puff interval, and bell puff profile). These differences between cigarette smoking patterns and e-cig vaping patterns among
28
users are well established . In the present study, the examples and data provided show that aerosols generated from this system and a thirdgeneration e-cig device with adjustable voltage produce high TPM concentrations, reaching up to 0.27 and 0.82 mg per 55 and 70 mL puff,
respectively. E-cig aerosols at these concentrations were collected right after the exposure chamber (Table 1-2, Figure 5). The results also show
that there is more than a 160-fold difference in the particulate mass per puff produced with voltages varying from 1.8 to 4.8 V (Table 1). This
voltage range is characteristic of the operating settings of e-cig devices on the U.S. market, which allow for the application of voltage ranging
29
18,21
from 2.9 to 5.2 V . The results are also consistent with previously published data
where high levels of TPM collected at the outlet of the ecig generator were reported for similar topography profiles (1.4 to 5.8 mg/puff). Critical steps within the protocol include adding a few drops of eliquid to the atomizer prior to each exposure session to ensure a) that no dry burn is produced; b) e-liquid is available in the tank during the entire
duration of the exposure; and verify that the e-cig aerosol is generated as expected by taking regular readings on the real-time concentration
measurement device. It is well established that e-cig users try to avoid dry puffs, which occur in dry burn conditions. This vaping condition
13,30
is related to the formation of high levels of aldehydes, including formaldehyde, a known carcinogen and respiratory toxicant
. Therefore,
ensuring that this condition is avoided during the exposures is crucial. Finally, in terms of nicotine exposure, mice exposed to e-cig aerosol from
a 36 mg/mL nicotine-containing e-liquid for 2 h per day for 28 days (levels of 0.12 mg/puff) presented serum cotinine concentrations of 91 ng/
31,32,33
mL (Figure 8); a level similar to that of cigarette smokers (> 100 ng/mL)
, which is even lower than that of regular e-cig users (median
34
saliva cotinine of 252 ng/mL) . It was reported in a vaping topography study that 235 was the maximum number of puffs per day taken by e35,36
cig users
. This is very similar to our exposure profile producing 1 puff every 30-sec for 2-h per day (total of 240 puffs). Thus, this vaping
topography profile models e-cig users daily puff consumption and behavior.
Over the past decade, e-cig devices evolved from first-generation, cigarette-like, single-use, low-powered devices, to second-generation
24
removable and refillable tank style devices, and now to third-generation tank-style devices with customizable features for 1) the atomizer's coil
resistance: the element responsible for heating the e-liquid, and 2) the power controller, which a) can operate at various voltages, b) affects the
24,37
temperature of the heating element and c) determines whether or not the boiling temperature of the solution is reached
. During e-cig use,
38
the e-liquid is typically heated at 200 °C or greater , and it is in the aerosol form that its constituents interact with biological matrices. Therefore,
the characterization of e-cig aerosol is essential. E-liquids solvents differ in volatility such that solutions composed mainly of PG (70%), which
37
are less viscous and evaporate at a lower temperature , produce aerosols with relatively smaller particles that increase the user's 'throat hit'
20
37
experience . On the other hand, VG-based e-liquids aerosolize at higher temperatures and produce aerosols with relatively larger particles
Copyright © 2018 Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

August 2018 | 138 | e58095 | Page 8 of 11

Journal of Visualized Experiments

www.jove.com
5,17,39

which, from a user's experience, increases the flavor and the amount of vapor generated
. Thus, it has previously been established that the
19,20
PG/VG ratio of the e-liquid influences the size distribution of the particles present in the e-cig aerosol
. As shown in Figure 5, using an e-liquid
composed of a 50/50 PG/VG ratio, e-cig aerosols with median diameters of ~ 100 nm were obtained. These results are in the same range as
20
those reported by Baassiri, et al. . This suggests that in addition to the e-liquid base, the exposure parameters, including the e-cig operating
settings (resistance, voltage, and power) and puffing profile, may affect the physical characteristics of the aerosols produced. Moreover, the
nicotine concentration and flavoring chemicals added to the e-liquid base also can potentially influence the e-cig aerosol physicochemical
properties. It was previously shown that an e-liquid that is less viscous produces an aerosol composed of finer particles, resulting in a less
17
dense vapor, yielding a lower TPM concentration . Using the same PG/VG ratio for both e-liquids tested, the e-liquid containing 36 mg/mL
of nicotine and cinnamon flavoring chemical, implying that it is more diluted than the e-liquid base only (PG/VG + nicotine + cinnamon flavor
versus PG/VG alone), appeared less viscous than the e-liquid composed solely of PG and VG. The apparent difference in viscosity between
the two e-liquids may explain the disparity in the mass per puff obtained under equal e-cig vaping settings (Table 2). However, lower TPM
may not correlate with less harmful aerosol, since the particle size distribution and the chemical characterization of the aerosol must also be
considered. Indeed, the thermal degradation of VG and the chemical interactions of the e-liquid components produce emissions of harmful
15,17,40
aldehydes, including formaldehyde and acetaldehyde, known to be potent threats to human health
. As noted in Table 3, the chemical
analysis of the e-cig aerosol produced here revealed that it also contained acrolein, monochlorophenol, catechol and benzothiazole. All are
known respiratory irritants, while catechol is additionally classified as possibly carcinogenic to humans (group 2B) according to the International
41,42,43
Agency on Research on Cancer (IARC)
. This adds to the effects related to the chemistry of the flavoring agent incorporated into the eliquid. For example, cinnamaldehyde and diacetyl, two of the Flavor and Extract Manufacturers Association high-priority flavoring chemicals
for respiratory hazard, when inhaled by workers, have been shown to impair lung function and cause irreversible lung damage (bronchiolitis
44
45,46,47
48
obliterans, namely 'popcorn lung') . Cinnamaldehyde has been shown to be highly cytotoxic in vitro
and is very popular in e-liquids . In
the current study, the presence of cinnamaldehyde was identified in the e-cig aerosol from the cinnamon flavored e-liquid (Table 3 and Figure 7).
Overall, this demonstrates the need to analyze e-cig aerosols for both, physical and chemical characteristics.
As mentioned above, the exposure technique described here can be extremely versatile. It can allow for the modifications of the puffing regime
(via the software), of the operating features of the e-cig device or even of the type of exposure chamber (nose-only and whole-body) (via the
hardware). This provides the investigator with all the flexibility to adapt or adjust the experimental conditions to the need of each research
project. Troubleshooting this technique includes ensuring that the connections between the e-cig condenser, tubes, pumps and chambers are
adequately secured, and that all chambers are properly sealed (for more detailed information refer to user manual). As noted and as tested
22
in this study, a variety of factors can influence e-cig aerosol production and composition . These factors are associated with the ratios and
constituents of the e-liquid formulation, which impact the chemical component of the aerosol, as well as the selected e-cig device characteristics
and operation settings, which influence the heating conditions used to aerosolize the e-liquid, and thus the composition as well as the physical
component of the aerosol. E-liquids are composed of GRAS food additives, however, their safety following heating and aerosolization has not
been established. Most importantly, e-cig users inhale these aerosols and control the puffing profile as well as the choice of both e-liquid and
the operating settings (resistance and voltage) of their e-cig devices. These are key factors which can significantly impact the e-cig aerosol
emissions and should therefore be carefully controlled and reported in experimental research.
As most experimental methods, the present e-cig exposure technique has advantages and limitations. While versatile and well suited for
toxicological studies, it is also known that mice are nose-breathers and that whole-body exposures may also allow for dermal and oral absorption
in addition to the inhalation exposure route. The advantages and disadvantages of using whole-body and nose-only inhalation exposures have
49,50
been described extensively elsewhere
. While nose-only exposures more closely mimic the inspiration/expiration patterns that govern the
transport and deposition of particles in the respiratory tract, this mode of exposure is more stressful to the animals and is not adequate for long49
term inhalation studies using large number of animals . In addition, the studies which compared whole-body and nose-only exposures in rodents
exposed by inhalation to the same toxicant under the same exposure conditions (TiO2 nanoparticles, cigarette smoke) found no statistical
50,51
difference between those two modes of exposure for lung particle deposition and lung responses
. Since the effects induced by chronic
exposures to e-cig aerosol are largely undocumented and under-investigated, the e-cig exposure system described in this manuscript is useful
for bridging this knowledge gap. Also, the third-generation machine-vaping device used in this study is oriented in a horizontal configuration.
There is a possibility that the orientation of the device could have an effect on aerosol production; however, to the best of our knowledge,
for third-generation e-cig devices, the orientation variable has not been tested previously. The horizontal orientation is the preferred position
for beginner users of e-cig. This helps promote better wicking and minimizes the risks of e-liquid leaking. Thus, the horizontal orientation is
21
representative of vaping behaviors of populations of e-cig users and has been used by other research groups . It is also important to note that
22,52
the power displayed on the e-cig device may slightly differ from the actual power supplied to the device
, and that therefore it also may be
advisable to measure the power supply values externally or use a corded power supply for a steady supply of energy.
There is a substantial research and knowledge gap for biomarkers of toxicity associated with long-term exposure to e-cig aerosols. This
exposure system represents a step forward in this field by allowing the investigators to determine the effects of long-term inhalation exposures of
animals to aerosolized e-cig liquid. Other existing e-cig exposure methods also have the capability for investigating the impact of puffing regime
19,20,22,53
and operating settings of e-cig devices on toxicological endpoints
. These exposure systems will help provide scientific evidence for
future regulations on new alternative tobacco products. Ultimately, well-conducted and suitable toxicological studies will help better inform the
4
policymakers, healthcare providers and the 9 million Americans that are e-cig users . Most importantly, exposure systems that do not reproduce
38
real-life vaping scenarios should be avoided. E-liquids are typically heated at 200 °C or greater temperatures in an e-cig device, therefore,
8
scenarios where the e-liquid is simply nebulized, or warmed to 37 °C and then nebulized , should not be considered as representative of ecig users consumption. Currently, e-cig consumers may reach potentially harmful e-cig aerosol constituent levels by using design features of
third-generation e-cig devices that allow for the adjustment of distinctive heating conditions via changes in the atomizer's coil resistance and the
battery voltage. Therefore, more experimental studies are needed to determine the health effects related to chronic inhalation exposures to e-cig
25,26
aerosols. This begins by establishing reproducible and standardized e-cig exposure systems
. Thus, having a versatile e-cig exposure system
that allows for a broad range of exposure scenarios, including automated representative vaping topography profiles, is an asset to the conduct of
experimental studies.
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