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Abstract

Electronic cigarettes (e-cig) have been introduced as a nicotine replacement therapy and have 

gained increasing attention and popularity. However, while findings on possible toxicological 

implications continue to grow, major knowledge gaps on both the complex chemistry of the 

exposure and toxicity exist, prohibiting public health assessors from assessing risks. Here a 

versatile electronic cigarette exposure generation system (Ecig-EGS) has been developed and 

characterized. Ecig-EGS allows generation of real world e-cig emission profiles under controlled 

operational conditions, real time monitoring and time-integrated particle/gas sampling for physico-

chemical characterization, and toxicological assessment (both in vitro and in vivo). The platform is 

highly versatile and can be used with all e-cig types. It enables generation of precisely controlled 

e-cig exposure while critical operational parameters and environmental mixing conditions can be 

adjusted in a systematic manner to assess their impact on complex chemistry and toxicity of 

emissions. Results proved the versatility and reproducibility of Ecig-EGS. E-cig emission was 

found to contain 106 – 107 particles/cm3 with the mode diameter around 200nm, under air change 

rate of 60/h. Elevated CO2 and volatile organic specie generation was also observed. Furthermore, 

environmental mixing conditions also influenced e-cig emission profile. The versatility of Ecig-

EGS will enable linking of operational and environmental parameters with exposure chemistry and 

toxicology and help in assessing health risks.
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Introduction

With the increase regulation of conventional cigarettes and their ban from public places, 

electronic cigarettes (e-cig), have emerged and advertised as nicotine replacement treatment 
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(NRT) for smoking cessation (Dockrell et al. 2013; Berg et al. 2015). E-cigs are battery-

operated devices vaporizing nicotine, flavors and other additives to simulate conventional 

smoking experience. E-cigs can be categorized in three broad types: 1) a disposable 

cigarette-like device (cig-a-like); 2) a mid-sized Vape Pen with a disposable tank; and 3) an 

advance personal vaporizer (APV) with a refillable tank (Lerner et al. 2015; Kosmider et al. 

2014). After first introduced to the market by a Chinese pharmacist Hon Lik in 2004, the 

global production and sales of e-cigs have grown considerably, and are expected to continue 

in this trend. In 2014, there were already 466 individual e-cig brands with over 7700 flavors 

(Zhu et al. 2014) with global sales of $7 billion (Evans. 2015). With e-cig advertisement 

expanding, the use of e-cig also has been increasing contiguously (Kim et al. 2014; King et 

al. 2015) especially among adolescence (Wang et al. 2015; White et al. 2015). The 

consumers, however, have little knowledge on e-cig liquid ingredients and possible exposure 

health effects (Coleman et al. 2015).

Scientific knowledge on e-cig exposure and its physico-chemical properties continues to 

grow, associating their usage with exposure to particulate matter (PM) and gaseous 

pollutants (World Health Organization 2014). Exposure level can reach the range of 109 

particles/cm3 (Ingebrethsen et al. 2012; Fuoco et al. 2014; Marini et al. 2014). Although 

some discrepancies in particle peak size was reported, ranging from 24–36nm (Schober et al. 

2014) to 250–450nm (Ingebrethsen et al. 2012), the majority of literature reported peak PM 

size in the range of 100nm–200nm (Zhang et al. 2013; Fuoco et al. 2014; Marini et al. 

2014). Moreover, many researchers found that e-cig can expose the consumers to a complex 

mixture of chemicals, including propylene glycol, glycerin, nicotine, carbonyls, volatile 

organic compounds (VOCs) and metals (Westenberger 2009; Trehy et al. 2011; Goniewicz et 

al. 2012; Pellegrino et al. 2012; Williams et al. 2013; Allen et al. 2015; Herrington & Myers 

2015). Furthermore, some early studies claimed that smoking e-cig did not generated 

carcinogenic combustion by-products and thus was safer than conventional cigarettes 

(Laugesen et al.; Laugesen 2008). More specifically, several studies showed that compared 

to conventional cigarettes, e-cig generated less VOCs, carbonyls, polycyclic aromatic 

hydrocarbon (PAH) and metals by characterizing e-cig mainstream exposure (McAuley et al. 

2012; Cervellati et al. 2014; Goniewicz et al. 2014; Tayyarah & Long 2014) and exhaled 

breath of smokers (Marco & Grimalt 2015). Also, urine biomarker measurement on toxicant 

and carcinogen metabolites of e-cig users showed significantly lower levels compared to 

tobacco cigarette users (Hecht et al. 2015). It is noteworthy that only limited studies have 

been focusing on e-cig emission profile, characterizing both PM and gas generation with 

several studies only characterized e-liquids used in various products instead of the e-cig 

emission (Etter et al. 2013; Cameron et al. 2014; Cheah et al. 2014). More importantly, the 

literature on physico-chemical characterization of emission profile is inconsistent and 

flooded with contradictory data because of the lack of a harmonized methodology on the 

generation of controlled real world exposure profiles (Pisinger & Døssing 2014). In fact, 

many discrepancies in literature can be attributed to the random and sometimes not reported 

properly type of e-cig (i.e. disposable cig-a-like or large refillable APV) (McAuley et al. 

2012; Jensen et al. 2015), e-cig operating parameters (i.e. applied voltage, ranging from 

3.2V to 5.0V) (Kosmider et al. 2014; Jensen et al. 2015), puffing protocol (i.e. puff duration 

ranging from 1.8s to 8s) (Goniewicz et al. 2012; Allen et al. 2015), and environmental 
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conditions (i.e. residence time, temperature and relative humidity) (McAuley et al. 2012; 

Zhang et al. 2013). Such a systematic investigation of e-cig operating parameters, which is 

imperative to understand their effect on e-cig emission profile, emission formation 

mechanism, and biological effects, is currently missing and inhibits toxicologists and risk 

assessors to properly assess health implications (Goniewicz et al. 2012; Farsalinos et al. 

2014; Kosmider et al. 2014; Jensen et al. 2015).

The high PM level, size distribution and the presence of chemicals in e-cig emission raise 

concerns on their potential deposition in respiratory tract and biological effects (Strak et al. 

2012; Kim et al. 2015). The toxicity of e-cig emission is poorly understood, although 

evidence continues to grow. Both refill e-liquids and aerosol emission from e-cigs were 

found to cause cellular responses in in vitro toxicity studies pointing to potential mechanistic 

disease pathways (Behar et al. 2014; Rubenstein et al. 2015). Moreover, in vivo studies 

found that e-cig emission inhalation can cause deleterious effects to the lung and beyond 

(C.A. Lerner et al. 2015; Salturk et al. 2015). It is worth noting that such toxicological 

studies utilized e-cig liquid instillation, which cannot reflect real e-cig exposure because 

chemical transformation can happen during e-liquid vaporization (Lim & Kim 2014). 

Another major limitation of the current toxicological studies is the lack of dosimetry 

consideration, and the inability to link real-world PM exposures with toxicity (Cohen et al. 

2015; DeLoid et al. 2015; Pal et al. 2015; Rubenstein et al. 2015; Cohen et al. 2014; Deloid 

et al. 2014; Cohen et al. 2013). Therefore, there is an urgent need to develop an integrated 

exposure generation platform that enables the systematic investigation of the emission 

profile and its physico-chemical properties, that can be used in both in-vitro and in-vivo 

toxicity assessment studies.

In order to address the above issues, an integrated exposure platform that enables the 

systematic physico-chemical and toxicological characterizations of e-cig emission was 

developed and evaluated here. The platform’s versatility, in terms of using various e-cig 

types, e-cig operational parameters, and environmental conditions, was demonstrated. 

Further, the effect of these parameters on the PM mass and number concentrations, size 

distribution, as well as CO, CO2 and VOCs levels was assessed using state of the art real 

time and time integrated instrumentation.

Methods

Electronic cigarette Exposure Generation System (Ecig-EGS)

Figure 1 illustrates Ecig-EGS platform. It consists of four major components: 1) E-cig 

generator and environmental mixing chamber; 2) Real time PM and gaseous pollutant 

monitoring; 3) Size fractionated, time-integrated PM sampling for off line physico-chemical 

and in-vitro/instillation toxicity characterization; 4) Inhalation chambers for in vivo 
inhalation toxicological assessment. In more detail:

E-cig generator—A single port e-cig generator (ECAG, e~Aerosols, LLC, Central Valley, 

NY) was used to generate e-cig emission. ECAG is a versatile device that was designed to 

accommodate e-cig smoking style (Lauterstein et al. 2016).The e-cig emissions are 

generated utilizing a “push through” air flow approach which does not require e-cig 
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emission to go through pumps, which may introduce artifacts. Generator can be used with 

all major e-cig types (i.e. disposable cig-alike, mid-sized Vape Pen with disposable tank and 

large APV). An internal pump was used to supply the required flow for e-cig usage. The air 

used to generate e-cig emission was passed through a charcoal filter to remove VOCs and a 

high-efficiency particulate arrestance (HEPA) filter to remove any particles. Further for the 

mid-sized Vape Pen and the APVs, ECAG can control the voltage to operate the e-cig (2.1 – 

5.7V). Its operation was fully programmable and can be used to simulate a variety of puffing 

protocols by adjusting puff duration, volume and interval. The puff volume can also be 

adjusted by changing the flow rate of the supplied air.

Environmental mixing chamber—ECAG was connected to a 7 liter environmental 

mixing chamber. The chamber is cylindrically-shaped and made of acrylic glass. The end-

caps were held in place with spring loaded latches that allowed caps to be removed and 

cleaned. Compression foam was used to ensure airtight seal. Each cap had two tube 

connection points. Mixing chamber had three flaps in the center that were arranged to create 

turbulent flow and facilitate mixing and homogenization of e-cig emission. In order to 

minimize PM deposition and potential adsorption of the e-cig emission, all internal surfaces 

of the chamber were covered with Teflon. A small window was left uncovered to visually 

confirm the e-cig emission generation. The chamber was repeatedly tested for air leaks 

before each generation experiment. After each experiment the chamber caps were removed 

and the whole chamber, along with tubing and connectors were cleaned throughout with 

ethanol and dried with HEPA-filtered air. A magnehelic gauge was used to monitor the 

pressure changes.

The generated e-cig emission was mixed and diluted with air in the mixing chamber in order 

to simulate mixing conditions and ventilation. The dilution air was treated with an activated 

charcoal filter (Pall Life Sciences, Port Washington, NY) to remove ambient VOCs. A 

Whatman HEPA filter (GE Healthcare Life Sciences, Pittsburgh, PA) was also installed in 

series to remove background particles. The air flow was adjustable to achieve the desired 

dilution ratio in the mixing chamber. The residence time for e-cig emission in the chamber 

can be adjusted by controlling the total input and output air flows. In addition, the chamber 

was featured with temperature (T) and humidity control. To control the temperature, the 

chamber was wrapped with a low temperature heating coil that can raise the temperature of 

the chamber to 37°C. For controlling the humidity, the input air can be passed through a 

bubbler, which was placed on a Pierce Reacti-therm heating module (Thermo Scientific, 

Rockford, IL) to generate water vapour using deionized water. It is worth mentioning that 

the E-cig-EGS exposure system is a “modular” system. The system can be scaled up by 

using multiple e-cig generators in parallel combined with larger environmental chamber to 

accommodate higher flow rates when needed for large volume inhalation studies.

Real time PM and gaseous pollutant monitoring—PM size and number 

concentrations were monitored using real time instrumentation. A fast mobility particle sizer 

(FMPS, Model 3091, TSI Inc., Shoreview, MN) was used to monitor particle size ranged 

from approximately 5 to 500 nm (mobility diameter). FMPS sampling flow rate was fixed at 

10LPM. The input flow was diluted 1:20 with HEPA filtered air (GE Healthcare Life 
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Sciences, Pittsburgh, PA) to adjust for the FMPS sampling flow rate. An aerodynamic 

particle sizer (APS, Model 3321, TSI Inc., Shoreview, MN) was used to monitor size and 

concentration in real time for particles in the range of 0.5 to 20 μm (aerodynamic diameter). 

APS sampling rate was 5LPM without any dilution. The FMPS and APS sampling intervals 

were set to 60s.

In addition, the gaseous pollutants (CO and CO2) and environmental conditions (T and RH) 

were monitored using Q-Trak (Model 8551, TSI Inc., Shoreview, MN). The total VOC levels 

were also monitored with a photo ionization detector (tVOC monitor, GrayWolf Sensing 

Solutions, Shelton, CT).

Time-integrated, size fractionated PM sampling for physico-chemical and 
toxicological characterization—The Harvard compact cascade impactor (CCI) (Pirela 

et al. 2016; Pal et al. 2015; Pirela et al. 2014; Demokritou et al. 2004) was connected to e-

cig mixing chamber for size-fractioned sampling. Particles were size fractionated and 

collected in three size fractions: PM0.1, PM0.1–2.5, PM2.5–10. A 47mm 

polytetrafluoroethylene (PTFE) filter was used to collect PM0.1 size fraction; polyurethane 

foam (PUF) impaction substrates were used for PM0.1–2.5 and PM2.5–10 size fractions. Total 

sampling duration was 15 minutes. The PUF and filters were conditioned in temperature and 

humidity controlled environment (24°C and 40%RH) for 48 hours before pre-and post- 

sampling and then weighed in order to calculate the mass size distribution using a Mettler 

Toledo XPE analytical microbalance (Mettler-Toledo LLC, Columbus, OH).

In vitro and in vivo toxicological assessment—Ecig-EGS can be used for both in 
vitro and in vivo toxicological characterization. The size fractionated PM collected using the 

CCI can be extracted, dispersed into liquid suspension and characterized according to 

previous established methodology developed by the authors (Pal et al. 2015; Chang et al. 

2013). Particle suspension can be used to expose cells to access cellular effects (Watson et 

al. 2014; Lu et al. 2015; Sisler et al. 2015) or to study in vivo biological responses by 

intratracheal instillation (Pirela et al. 2013; Pirela et al. 2016). Moreover, Ecig-EGS can be 

connected to air-liquid–interface platform to directly expose cells to e-cig aerosol emission 

(Brobell et al. 2013). Ecig-EGS can also be used to provide output for in vivo animal 

inhalation studies. Please note that in this paper only data associated with the development 

and physico-chemical characterization of PM are reported and toxicity data will be included 

in upcoming manuscripts.

Ecig-EGS platform characterization experiments

In summary, the versatile Ecig-EGS enables the adjustment of e-cig type and its critical 

operational parameters and environmental conditions in the mixing chamber. In more detail 

the following parameters could be adjusted in a systematic manner to assess their effect on 

the exposure profile of the emissions: 1) e-cig type; 2) puffing protocol, which defines the 

puffing regime (puff volume, duration and interval); 3) applied voltage, which influences e-

liquid vaporization temperature; 4) residence time, which is defined as the amount of time e-

cig emission stayed in the mixing chamber. Residence time can be converted and expressed 
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as air change rate, which is defined as how many times the air will be replaced in the mixing 

chamber in one hour (ACH); and 5) T and relative humidity (RH) of the mixing chamber.

The Ecig-EGS performance was assessed in terms of reproducibility and versatility in a 

series of controlled experiments. The emission profile of the investigated e-cigs was 

examined as a function of the e-cig type, e-cig operational parameters, and environmental 

mixing conditions. All the experimental parameters are summarized in Table 1. More 

specifically the following experiments were performed:

Stability and reproducibility—For reproducibility and stability investigation of the 

exposure platform, a modified puffing protocol (MPP), which reflected real consumers’ 

behavior of e-cig smoking (Farsalinos et al. 2013; Lee et al. 2015), was defined and used 

(puff volume: 55 ml; puff duration: 4s; puff interval: 30s). For these experiments an APV 

with the tobacco flavor (10mg/ml nicotine) at voltage of 3.7V was used. The residence time 

in the environmental mixing chamber was set at 60 s. The chamber environmental conditions 

were set at 24°C and 35%RH. The reproducibility was evaluated by performing four 

replicate experiments in different days with fresh e-liquid for each experiment. It is worth 

noting that Ecig-EGS has been tested for all three e-cig types for one hour and the particle 

size and number concentrations were found to be stable over time (Figure S3).

Versatility experiments—In order to showcase the versatility, each of the following 

operational/environmental parameters was modified one at the time and e-cig exposures 

were generated and characterized using both the real time and integrated PM sampling 

instrumentation described above. In more detail:

E-cig type: In addition to APV, a disposable cig-a-like and a mid-sized Vape Pen was used 

for this experiment. The disposable cig-a-like had its own battery and did not require any 

power from e-cig generator. The Vape Pen was operated at 3.7 V, as recommended by the 

manufacturer.

Puffing protocol: In addition to MPP, two other protocols were also applied for comparison 

purpose: the standardized puffing protocol for conventional cigarettes Federal Trade 

Commission protocol (FTC; puff volume: 35ml; puff duration: 2s; puff interval: 60s) (ISO 

2012) and shallow puffing protocol (puff volume: 20ml; puff duration: 1s; puff interval: 

10s). Shallow puffing protocol was defined to mimic frequent puffing with small puff 

volume.

Applied voltage and operating temperature: Based on the design of e-cig, an electrical 

circuit inside e-cig automatically engages the heating element to heat the e-liquid and 

generate the vapour by puffing or manually by pressing a button on e-cig itself. It is worth 

noting that APV type allows e-cig consumers to change voltage. For the investigations in 

this study, four voltages, 2.2V, 3.7V, 4.8V and 5.7V, were used in order to assess the effect of 

voltage on e-cig emission profile. The e-cig heating coil temperature (the temperature at 

which e-liquid was vaporized) corresponded to the applied voltage was also measured by 

probing the heating coil with a k-type thermocouple through the e-cig mouth piece. 

Temperatures were recorded by a digital data-logger as a function of time.
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Residence time/air change rate in mixing chamber: To mimic active smoking, the smoker 

lung “washout time” of 60s was used which corresponds to an ACH of 60 (Invernizzi et al. 

2007). In addition, a residence time of 240s (ACH of 15) was also investigated to mimic 

passive smoking in indoor smoking rooms (ASHRAE 2003; Repace 2005).

Environmental T and RH: The influence of T and RH of the mixing chamber was also 

investigated at a 37°C temperature. RH levels of 25%, 50% 75% and 90% were used in these 

investigations.

E-cig types used: Three different types of e-cigs were chosen based on market share sales in 

US and used in the aforementioned experiments: 1) An APV type (allows consumers to 

manually change the operational voltage and flavor) with tobacco flavor with 10mg/ml 

nicotine e-liquid (Zhu et al. 2014); 2) a disposable cig-a-like (tobacco, 4.5% nicotine by 

weight); and 3) a midsized Vape Pen type e-cig (tobacco, 2.4% nicotine).

Data processing and Statistical analysis

Data from the real time instrumentation were adjusted based on dilution ratios to reflect the 

actual values. All experiments were executed at least in triplicates.

The statistical values (total concentration, mean, mode and standard deviations) were 

calculated directly from the size distributions. The mode diameter was used as the 

representative value of the measurement and the standard deviation as the measurement 

error.

The two tails t-test was performed to evaluate the significance in statistical difference 

(p<0.05) (Kanji 2006).

Results

Ecig-EGS reproducibility and stability

Figures 2A and B show the particle number concentration as a function of particle size from 

FMPS and APS measurements, respectively for APV e-cig with tobacco flavor, operated 

under 3.7V with MPP puffing protocol. The environmental conditions were 24°C and 35% 

RH. The residence time applied in these experiments was 60s. A bimodal size distribution 

was evident across the size range from 5nm to 20μm. The majority of e-cig emitted particles 

were in the range of 5nm to 500nm, with the mode diameter at 191.1 ± 27.6 nm. The particle 

number concentration was stable across various experiments at approximately 2.5 ± 0.5 

million particles/cm3, indicative of the reproducibility of the exposure generation platform. 

For the particles in the 0.5 to 20μm size range, the mode diameter was found to be 1.18 

± 0.13 μm. The particle number concentration in this range was 7000 ± 1500 particles/cm3.

Figures 2C and D illustrate the total particle number concentration as a function of time and 

mode diameter for APV type e-cig. The operational and environmental conditions were the 

same to that of Figures 2A and B, as described above. The particle number concentration 

reached steady state condition after one minute. Similar trend was observed for the mode 

diameter. Similar results were observed for disposable cig-a-like and prefilled Vape Pen 
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(Figure S1). The particle number concentration was stable until the e-liquid was exhausted 

from the e-cig. The length of how long an e-cig can last depended on how much e-liquid was 

filled in the APV tank.

Versatile features of Ecig-EGS

E-cig type—Figure S1 shows the particle number concentrations for different e-cig types. 

In the range of 5nm to 500nm the disposable cig-a-like and mid-sized Vape Pen generated 

10 times more particles, compared to large APV operated at 3.7V, (which is the same 

voltage for disposable cig-a-like and mid-sized Vape Pen) (Figure 2A). No significant size 

variations were observed among the three e-cig types. In the size range of 0.5μm to 20μm, 

both particle number concentration and size did not vary per e-cig type.

Puffing protocol—Figure 3 illustrates the difference in e-cig emission profile using 

different puffing protocols. For the same operational and environmental conditions (e-cig 

operated under 3.7V; the environmental chamber was under 24°C and 35%RH with the 

residence time of 60s), more particles were generated from MPP protocol as indicated by the 

particle number concentration profile. Furthermore, no significant change in mode diameter 

was observed among the used protocols for particles in the size range of 5–500 nm. In the 

size range of 0.5 to 20μm, mode diameter for the MPP protocol (1.13 ± 0.03 μm) was 

significantly larger (p<0.05) than the mode diameters of the other two protocols (0.96 ± 0 

μm for FTC and 0.63 ± 0 μm for “shallow” protocol), indicative of possible different 

mechanisms of aerosol formation.

Applied voltage and operating temperature—The applied voltages were correlated to 

the temperatures of e-cig heating coil (Figure S2). The final operating temperature was 

found to be a function of the applied voltage and the operational time of e-cig use. For the 

MPP protocol, as the voltage increases from 2.2V, 3.7V, 4.8V to 5.7V, the corresponding 

temperature also increases from 106.8, 195.1, 212.1 to 265.8°C respectively. It is worth 

noting that the temperature increases as a function of puffing time, with the rate of 20–50°C/

second, and did not reach steady state within the four seconds of puffing duration (Figure 

S2).

Figure 4 shows the particle number concentration, mass concentration, mode particle 

diameter and VOCs and CO2 concentrations for different applied voltages for the APV type 

e-cig. Figure 4A shows that the maximum particle number concentration was observed at 

212.1 °C where it increased by 120-fold compared to 106.8 °C low voltage operational 

temperature. For the highest temperature (265.8 °C) the number concentration dropped by 

30% compared to the maximum observed concentration at 212.1 °C. In the 5–20 um size 

range, the maximum particle concentration was observed at the 195.1 °C. In both size 

ranges, mode diameter reached maximum at approximately 200°C then remained stable.

Evidently, more PM mass was collected as temperature increased as shown in Figure 4C. 

The total particle mass concentrations under 106.8, 195.1, 212.1 to 265.8°C were 0.001, 

0.50, 1.17 and 1.79 g/m3 respectively. This corresponded with 0.04, 1.74, 4.09, 6.25 mg per 

puff, respectively for the four temperatures. Linear increase in particle mass concentration 

was observed as a function of temperature (R2=0.9009). The PM mass concentration 
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increased more than 1500 times for the lowest to highest e-cig operational temperatures 

(from 106.8 to 265.8°C). At all the temperatures, the highest particle mass concentration was 

found on the PM0.1–2.5 stage of CCI: 0.0008g/m3 under 106.8°C, 0.47g/m3 under 195.1°C, 

1.05g/m3 under 212.1°C and 1.58 g/m3 under 265.8°C. The particle mass on PM0.1–2.5 stage 

was accounted for 69 – 96% of the total mass for the investigated range of e-cig operational 

temperatures.

CO2 generation was closely related to operating voltage (Figure 4D). Less than 1 ppm CO2 

was detected at 106.8°C. A linear regression between T and CO2 level was found from 

195.1°C to 265.8°C (R2=0.9927). Similarly, total VOC levels were found to be associated 

with temperature (Figure 4E). Approximately twice amount of VOCs (~6000 ppb) were 

detected at 212.1°C and 265.8°C compared to 195.1°C (~3000 ppb). CO2 and VOC 

accumulated in the mixing chamber and the level of both kept increasing with time. The CO 

levels were below or at the limit of detection.

Air change rate/residence time—Figure 5 presents the effect of residence time and 

mixing/ventilation conditions. As shown, for residence time of 240s (passive smoking 

conditions in indoor environment) (ASHRAE 2003; Repace 2005), the particle number 

concentration was approximately 10 million/cm3. The input flow rate inside the 7L mixing 

chamber was 1.75LPM. This concentration was four times higher compared to a residence 

time of 60s (active smoking condition) (Invernizzi et al. 2007). In this case, the input flow 

rate was 7LPM. No significant change of mode diameter was observed for the two residence 

time scenarios.

Environmental mixing conditions—Figure 6 shows the effect of the temperature and 

humidity on the particle number concentration and size distribution. In the 5 to 500nm size 

range, higher particle number concentration was observed at 37°C compared to the 24 °C 

regardless of the RH. For same 5 to 500nm size range, increased RH led to lower particle 

number concentration but no obvious change in particle size distribution. The mode diameter 

was stable at 220.7 nm for all tested RH mixing scenarios. In the 0.5 to 20μm size range, the 

particle number concentration decreased with the increase of RH. However, the mode 

diameter in this range evidently shifted to a larger diameter (1.72 ± 0 μm for 90% RH vs. 

1.11 ± 0.02 μm for 25% RH; 1.20 ± 0 μm for 50% RH and 1.29 ± 0.03 μm for 75% RH). At 

90% RH, there were noticeable more particles larger than 3μm. In addition, the particle size 

distribution became broader.

Discussion

Our results demonstrated the reproducibility and versatility of the developed Ecig-EGS 

platform in generating e-cig exposures in a systematic and controlled manner. Its utility to 

enable systematic physico-chemical and toxicological characterization is also demonstrated. 

The real time data presented also provided knowledge on e-cig emission profile and how e-

cig types, operating parameters and environmental mixing conditions can influence the 

physical properties of emitted aerosol and possibly the chemical and toxicological profiles as 

well.
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Real time monitoring data illustrated that e-cigs generated high amount of PM and the 

particle number concentration was in the range of millions/cm3. It is worth noting that in our 

experiment the pure e-cig emission was introduced and diluted in the mixing chamber. The 

residence time was carefully chosen as the smoke washout time in human lung (58.6s) 

(Invernizzi et al. 2007). Also the dilution ratio was similar to real dilution in smokers’ lung 

(~70 times) (Ganong 2010). A very important observation was the particle number 

concentration dependence on the e-cig type that can vary significantly and is in the order of 

tenths of million particles/cm3. Since the same operational parameters (puffing protocol and 

applied voltage) and environmental conditions (residence time, T and RH) were applied for 

these experiments, the difference in particle number concentration was attributed to either 

the difference in electronic control of heating/vaporization process or the variation in e-

liquid properties, which was prefilled in disposable cig-a-like and Vape Pen. We plan to 

perform and report in a separate manuscript the detailed chemical properties of both e-liquid 

and emissions in order to further understand the aerosol formation mechanisms.

Furthermore for all e-cig types, the majority of the particles were below 500 nm in size with 

a single peak around 200nm, which is in agreement with previously reported findings 

(Zhang et al. 2013; Fuoco et al. 2014; Marini et al. 2014). There were also several thousand 

particles present in the 5 to 20μ size range. The findings also demonstrated the difference in 

e-cig emission particle number concentration due to e-cig type, which highlighted the 

importance of physico-chemical characterization. It is worth noting that this is in agreement 

to published literature. Similar to our findings, difference in particle number concentration 

among difference e-cigs types was also reported (McAuley et al. 2012). Discrepancy in 

literature in terms of particle number concentration is largely due to different dilution ratios 

that were not precisely reported (Ingebrethsen et al. 2012; Fuoco et al. 2014; Marini et al. 

2014). As expected, fewer particles were observed in the studies where e-cig emission was 

largely diluted (in many cases intended to mimic secondhand e-cig exposure) (McAuley et 

al. 2012; Schripp et al. 2013; Geiss et al. 2014; Schober et al. 2014). In addition, there are 

studies that used various dilution conditions, and found difference in particle size 

distribution. For instance, Schober et al. (2014) reported the peaks were at 24–36nm 

(refillable APV); Schripp et al. (2013) observed a major peak at about 30nm and a secondary 

peak at about 100nm (refillable APV).

In total, the lack of harmonized protocols in terms of e-cig exposure generation and 

characterization and the proper reporting of type of e-cig and its chemical composition and 

operational parameters make it difficult for risk assessment purposes. The developed e-cig-

EGS platform can help in addressing those issues.

Effect of Puffing protocols on e-cig emissions

Longer and more frequent puffing led to more particle generation (Figure 3) for APV with 

tobacco flavor under 3.7V operational voltage. The environmental conditions were 24°C and 

35% RH. The residence time of the environmental chamber was 60s. In the size range of 5 to 

500nm, significant more particles were observed from MPP protocol compared to FTC and 

shallow smoking protocol. This was because “longer” puffs resulted in more electrical 

energy converted to heat, which led to higher e-cig evaporation temperature (Figure S2). 
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However, it is worth noting that the particle size distribution did not changed as a function of 

the puffing protocol for the 5 to 500nm size range. In the 0.5 to 20μm size range, larger 

particle formation was observed for the MPP protocol. The reported 10–20 fold change in 

particle number concentration and differences in size distribution (Figure 3) as well as the 

difference in the e-cig operational temperature (for example, when both operated at 3.7V, the 

heating coil temperature of MPP protocol was 47 °C higher than the temperature of FTC 

protocol, (Figure S2)), might also have an effect on both the chemical and toxicological 

profile of the emissions. Further physico-chemical and toxicological studies are required to 

assess this hypothesis and results will be reported in future manuscripts.

These findings extenuates the need for the development of a standard puffing protocol for 

physico-chemical and toxicological assessment studies or at minimum to report the puffing 

conditions. It is worth noting that it is known that e-cig smoking has different puffing 

characteristics than conventional smoking. Longer puffing time (~4s) was observed for both 

e-cig users (McAuley et al. 2012; Farsalinos et al. 2013, Williams et al. 2013; Geiss et al. 

2014; Herrington & Myers 2015 Lee et al. 2015) compared to conventional tobacco users.

Effect of applied voltage and operating temperature

Our study is among the first to demonstrate that particle formation in e-cig emission is 

highly influenced by applied voltage. The influence of applied voltage on particle mass 

generation in e-cig emission has been ignored in literature. In our study, significantly more 

particle mass was collected under higher voltages (more than 1500 times more under 5.7V 

compared to 2.2V). This is in agreement with previous observations that more e-liquid was 

consumed at higher voltage (Kosmider et al. 2014). However, Kosmider et al (2014) did not 

characterize particle concentration in emitted aerosol. Higher voltage resulted in greater 

energy transformed to heat and higher e-cig heating coil temperature (Rowell & Tarran 

2015). An increase of applied voltage from 2.2 to 5.7V resulted in an operating temperature 

increase from 106.8 to 265.8°C. This in agreement with published literature (Rowell & 

Tarran 2015). Higher operating temperature resulted in greater e-liquid vaporization and thus 

more particle mass in aerosol phase.

Higher CO2 and VOC levels were observed at higher temperatures as a result of higher 

evaporation/pyrolysis temperatures. It is worth noting that the particle number and mass 

concentration, CO2 and VOCs levels exhibited maxima that did not coincide among them. 

This insinuates that there are multiple mechanisms such as vaporization/condensation and 

combustion as indicated by the high CO2 levels.

Furthermore, it is expected that in addition to the PM and gaseous compounds generation 

rate effect, the chemical composition will be affected. It has been hypothesized (McAuley et 

al. 2012) and proposed (World Health Organization 2014) that voltage/temperature can 

influence e-cig emission formation. However, only two studies on the effect of voltage on 

carbonyls have been published. Jensen et al. (2015) found formaldehyde in e-cig emission 

applying 5.0 V voltage but not at 3.3 V. Kosmider et al. (2014) also found 4 – 200 fold 

increase in formaldehyde, acetaldehyde and acetone level when voltage was increased from 

3.2 to 4.8V. Research on the influence of applied voltage on e-cig emission properties and 

toxicity is imperative because the majority of e-cig consumers are currently using advanced 
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e-cigs (Dawkins et al. 2013; Giovenco et al. 2014) that enable them to adjust and use high 

voltage conditions (Yingst et al. 2015). Therefore more research is needed to both 

understand the effect of applied voltage on toxicological outcomes as well as the behavior of 

advanced e-cig users in terms of voltage use.

Effect of residence time/air change rate and environmental conditions (T and RH)

Residence time/air change rate influenced e-cig particle number concentration and size 

distribution (Figure 5). As expected, residence time of 60s with four times more dilution 

compared to residence time of 240s resulted to approximately four times lower particle 

number concentration. Furthermore, environmental mixing conditions (T and RH) primarily 

affect particle agglomeration and further partitioning between gas and particulate phase, and 

thus affect the particle number concentration and size. Larger particle diameters were 

observed as RH increased. The particle size increase can be attributed both to condensational 

and hygroscopic growth of particles (Demokritou et al. 2002; Gupta et al. 2004a; Gupta et 

al. 2004b). According to a recently published computational model, the initial droplet 

diameter and RH were the dominant parameters for e-cig particle hygroscopic behavior 

(Feng et al. 2015). The T and RH conditions are important determinants of particle size 

which defines fate and transport and lung deposition (Hinds 1999; Robinson et al. 2006; 

Gowadia et al. 2009; Feng et al. 2015).

Despite of the disagreement in particle size distribution due to unharmonized methodologies, 

e-cig emitted PM can be expected to deposit on respiratory tract due to their submicron size 

(Londahl et al. 2006). The developed Ecig-EGS will be used to investigate the chemical 

composition and toxicity of e-cig exposures under a variety of operational parameters in the 

future.

Conclusions

This is the first attempt to systematically investigate the e-cig emission and influencing 

parameters. The developed versatile Ecig-EGS platform enables e-cig exposure generation 

with controllable operational and environmental parameters. It allows physico-chemical and 

toxicological characterization that can provide information to link operational and 

environmental parameters with the physico-chemical properties and biological effects. The 

present paper is the first of a series of studies on e-cig exposure. Authors are performing 

follow up studies to further assess the physico-chemical and morphological characterization 

on both e-liquid and e-cig aerosol emissions. Furthermore, in vitro and in vivo toxicological 

studies will be conducted to assess the biological effects of e-cig exposure. The developed 

Ecig-EGS will help in improving our understanding on the complex chemistry and toxicity 

of e-cig exposure. Data on how e-cig operational parameters affect aerosol formation and its 

physic chemical and toxicological properties can also prompt safer-by-design approaches 

and provide information to public health assessors to assess risks.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Electronic cigarette exposure generation system (Ecig-EGS).
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Figure 2. 
Reproducibility and stability of Ecig-EGS demonstrated by particle number concentration 

and mode. Reproducibility (data from four replicates on different days): (A) mobility 

diameter range of 5–500 nm; (B) aerodynamic diameter range of 0.5–20 μm; stability over 

first five minutes: (C) mobility diameter range of 5–500 nm; (D) aerodynamic diameter 

range of 0.5–20 μm. (Parameters: e-cig type: refillable APV with tobacco flavor; puffing 

protocol: MPP protocol; applied voltage: 3.7V; environmental condition: 24°C and 35%RH; 

chamber residence time: 60s).
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Figure 3. 
Total particle concentration and mode under three puffing protocols. MPP: Modified puffing 

protocol; puff volume 55ml, puff duration 4s, puff interval 30s. FTC: Federal Trade 

Commission protocol; puff volume 35ml, puff duration 2s, puff interval 60s. Shallow 

smoking protocol: puff volume 20ml, puff duration 1s, puff interval 10s. (A) mobility 

diameter range of 5–500 nm; (B) aerodynamic diameter range of 0.5–20 μm. (Other 

parameters: e-cig type: refillable APV with tobacco flavor; applied voltage: 3.7V; 

environmental condition: 24°C and 35%RH; chamber residence time: 60s).
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Figure 4. 
E-cig PM and gas generation under different operating temperatures (controlled by adjusting 

applied voltage). (A) particle number concentration and mode in mobility diameter range of 

5–500 nm; (B) particle number concentration and mode in aerodynamic diameter range of 

0.5–20 μm; (C) size-fractioned particle mass collection for 15 minutes by CCI; (D) CO2 

generation monitored for 15 minutes by Qtrak; (E) total VOC monitored for 10 minutes by 

tVOC monitor. (Other parameters: e-cig type: refillable APV with tobacco flavor; puffing 

protocol: MPP protocol; environmental condition: 24°C and 35%RH; chamber residence 

time: 60s).
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Figure 5. 
Total particle concentration and mode under two residence time/air exchange rates. Scenario 

1: 240s residence time/air exchange rate 15/h; scenario 2: 60s residence time/air exchange 

rate 60/h. (A) mobility diameter range of 5–500 nm; (B) aerodynamic diameter range of 

0.5–20 μm. (Other parameters: e-cig type: refillable APV with tobacco flavor; puffing 

protocol: MPP protocol; applied voltage: 3.7V; environmental condition: 24°C and 35%RH).
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Figure 6. 
Particle number concentration generated at 37°C and four relative humidity. (A) mobility 

diameter range of 5–500 nm; (B) aerodynamic diameter range of 0.5–20 μm. (Other 

parameters: e-cig type: refillable APV with tobacco flavor; puffing protocol: MPP protocol; 

applied voltage: 3.7V; chamber residence time: 60s).
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Table 1

Summary of experiments

E-cig type Puffing protocol E-cig operational voltage/
heating coil temperature

Environmental temperature 
and relative humidity (RH)

Mixing chamber 
residence time

Disposal cig-a-like MPP 3.7V/195.1±2.3°C 24°C & 35% 60s

Prefilled cartomizer MPP 3.7V/195.1±2.3°C 24°C & 35% 60s

Refillable clearomizer

MPP

2.2V/106.8±0.4°C 24°C & 35% 60s

3.7V/195.1±2.3°C

24°C & 35% 240s

24°C & 35%

60s

37°C & 25%

37°C & 50%

37°C & 75%

37°C & 90%

4.8V/212.1±4.9°C 24°C & 35% 60s

5.7V/265.8±4.7°C 24°C & 35% 60s

FTC 3.7V/195.1±2.3°C 24°C & 35% 60s

Shallow 3.7V/195.1±2.3°C 24°C & 35% 60s
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