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Abstract

Electronic cigarettes (e-cigs) have fast increased in popularity but the physico-chemical properties 

and toxicity of the generated emission remain unclear. Reactive oxygen species (ROS) are likely 

present in e-cig emission and can play an important role in e-cig toxicity. However, e-cig ROS 

generation is poorly documented. Here, we generated e-cig exposures using a recently developed 

versatile exposure platform and performed systematic ROS characterization on e-cig emissions 

using complementary acellular and cellular techniques: 1) a novel acellular Trolox-based mass 

spectrometry method for total ROS and hydrogen peroxide (H2O2) detection, 2) electron spin 

resonance (ESR) for hydroxyl radical detection in an acellular and cellular systems and 3) in vitro 
ROS detection in small airway epithelial cells (SAEC) using the dihydroethidium (DHE) assay. 

Findings confirm ROS generation in cellular and acellular systems and is highly dependent on the 

e-cig brand, flavor, puffing pattern and voltage. Trolox method detected a total of 1.2–8.9 nmol 

H2O2 eq./puff; H2O2 accounted for 12–68 % of total ROS. SAEC cells exposed to e-cig emissions 

generated up to eight times more ROS compared to control. The dependency of e-cig emission 

profile on e-cig features and operational parameters should be taken into consideration in 

toxicological studies.
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1. INTRODUCTION

The use of electronic cigarettes (e-cig) have risen considerably in recent years, especially 

among teenagers [1,2]. E-cig global sales reached $7 billion in 2014, and continue to rise 

[3]. A great number of manufactures are competing for market shares, and a total of 466 

brands and 7700 flavors were documented in 2014 [4]. Battery operated, e-cigs work by 

heating the e-liquid, which contains humectants (propylene glycol and glycerin), nicotine 

and flavor additives, to form emissions. Thus, e-cig emission is expected to be chemically 

complex, and likely strongly dependent on the e-liquid formulation and the design 

specifications of the e-cig that defines the heating/vaporization process.

There is a general perception that e-cigs are less harmful than tobacco cigarette [5,6]. 

However, large discrepancy has been reported in the published literature on e-cig emission 

physico-chemical properties and toxicity [7–19]. This is because e-cig exposure is not a 

single scenario but highly influenced by e-cig product type, e-liquid composition (flavor), 

operational parameters and user inhalation pattern [20]. The role of these parameters on both 

e-cig emission formation and chemical composition has not been studied systematically. 

Without an adequate understanding of e-cig emission properties and associated toxicological 

profile, one cannot establish whether e-cig can not cause any harm. For example, because e-

liquid contains fewer chemicals and minimizes combustion processes [7], some studies 

indicate that e-cig emission contain significantly less particulate matter (PM) mass and 

organic species, therefore e-cig emissions are less cytotoxicity than regular cigarette smoke 

[11,21]. On the contrary, other studies state that e-cig emissions still poses potential health 

risks because it contains high numbers of particulate matter (a total of 109 particles/cm3 with 

peak between 100 nm–200 nm) [12–14] and a complex mixture of chemicals, including 

propylene glycol, glycerin, nicotine, carbonyls, volatile organic compounds (VOCs) and 

metals [15–18]. Such discrepancies in the literature are likely due to the differences in the 

exposure generation by randomly-selected parameters (type, brand, flavor, voltage etc.). 

Thus, there is real need for a systematic physico-chemical and toxicological characterization 

of e-cig emission as a function of product features (e.g. brand and flavor) and operational 

(e.g. voltage) parameters.

Reactive oxygen species (ROS) are a group of highly reactive and often short-lived radicals 

and include hydroxyl radicals, superoxide anions, singlet oxygen, alkoxyl, and alkylperoxy 

radicals [22]. Hydrogen peroxide (H2O2), in comparison to other ROS mentioned above, is 

relatively stable and in acellular systems it is formed from terminating reaction of various 

radicals, including hydroxyl radicals. ROS represent one important mechanism of emission-

induced health effects because their presence can initiate pathological processes and greatly 

contribute to oxidative stress, damage of important biomolecules, including DNA, proteins, 

and lipids, and sustained pro-inflammatory responses. ROS and oxidative stress are involved 

in numerous diseases of the airways, cardiovascular system, neurological disorders and 

cancers [23,24]. The ability to generate ROS and induce oxidative stress by tobacco smoke 

has been categorized as a driving factor in smoking-related diseases [25–27]. Limited 

research already indicates that e-liquid and e-cig emissions induced oxidative stress in vitro 
[28–32] and in vivo [33], and this is indicative of the important role of ROS in e-cig induced 
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cytotoxicity [34]. However, e-cig ROS characterization at present is limited and results are 

often contradictory in the literature. This is likely because research on e-cig is still an 

emerging area and, more importantly, e-cig emissions can be influenced by parameters such 

as e-liquid flavor and heating wire status [35–37] and user puffing patterns. For example, 

two studies found similar ROS generation from e-cig and tobacco cigarette, using both 

acellular [38] and cellular assays [39]. On the contrary, several other studies found e-cig 

induced less oxidative stress in vitro in bronchial epithelial cells [40–42] and endothelial 

cells [34], as well as from human blood biomarker analysis following controlled human 

exposures [43]. Thus, there is a need to investigate the influence of e-cig brand, e-liquid 

composition, operational parameters and puffing pattern on ROS generation in a systematic 

manner, using both acellular and cellular methodologies.

In this manuscript, we report for the first-time the results of a comprehensive e-cig ROS 

characterization as a function of the aforementioned influencing parameters, using 

complementary assays in acellular and cellular systems. The recently developed in our group 

versatile e-cig exposure generation system (Ecig-EGS) was used to precisely control the e-

cig operational parameters for emission generation [20]. ROS was measured by collecting 

the emission in trapping reagents followed by liquid chromatography-electrospray 

ionization-tandem-mass spectrometry (LC-ESI-MS/MS), electron spin resonance (ESR) for 

ROS speciation, and cellular ROS utilizing the dihydrorthidum (DHE) fluorescent probe in 

human small airway epithelial cells (SAEC).

2. METHODS

2.1 Generation and sampling of e-cig exposure

E-cig exposure generation system (Ecig-EGS)—The recently developed by the 

authors Ecig-EGS platform was used to generate real world e-cig exposure for ROS 

characterization as indicated in Figure 1 [20]. In brief, a single port e-cig generator (ECAG, 

e~Aerosols, LLC, Central Valley, NY), which is fully programmable and enables precise 

control of the puffing pattern and e-cig operational voltage, was connected to an e-cig 

(Figure 1). The cylindrical mixing chamber connected to ECAG had a volume of 7 L. 

Generated e-cig emission and the dilution air were introduced into the mixing chamber 

through two separate ports and thoroughly mixed in there. The Ecig-EGS was connected 

with real time instrumentation and time integrated sampling for physico-chemical 

characterization of emission [44,45].

In this study, a commonly used advanced e-cig with refillable tank was used [46,47]. The 

residence time of the mixing chamber was set at 60s to mimic the “washout time” of a 

smoker’s lungs in active smoking [48].

Influence of e-cig brand, e-liquid flavor, puffing protocol and operational 
voltage—For baseline experiments, tobacco flavor (10 mg/mL nicotine) e-liquid from a 

popular e-cig brand A was used. The e-cig was operated at 3.7V, a standard voltage 

according to the manufacturer. A modified puffing protocol (MPP), which reflected real 

world e-cig smoking behavior [10,49] was applied. MPP defines puffing regime as: puff 

volume, 55 mL; puff duration, 4 s; and puffing interval, 30 s.
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To systematically investigate the influence of the aforementioned parameters, one out of 

these four parameters was modified each time and its effect on ROS content was then 

compared with the baseline experiment using an array of acellular and cellular techniques as 

described below. In total, two popular e-cig brands (brand A and B), two flavors (tobacco 

flavor, fruit flavor-10 mg/ml nicotine), two puffing protocols (MPP and the standardized 

Federal Trade Commission protocol (FTC): puff volume, 35 mL; puff duration, 2 s; and 

puffing interval, 60 s [50] and three voltage scenarios (3.7, 4.8 and 5.7 V) were used.

E-cig emission sampling—For ROS characterization: Generated e-cig emissions were 

bubbled through fritted head impingers (porosity A (145–174 μm) tip; Ace glass Inc., NJ) 

containing trapping regents corresponding to the analytical methods (Figure 1). For Trolox 

(6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid) method (LC-ESI-MS/MS), 10 

mL of 100 μM trolox in 1 mM phosphate buffer (pH = 7.4) was used. For ESR analysis, a 5 

mL vial was placed inside the impinger containing 1.7mL of 500 mM 5,5-dimethyl-1-

pyrroline N-oxide (DMPO; Sigma Aldrich, MO). The samples were immediately frozen 

post-sampling until analysis. For the two cellular assays (DHE and MTS), 20 mL of small 

airway basal medium (SABM, Lonza Inc., Allendale, NJ) was used. The samples were 

stored at 4 °C until cell exposure experiments. The sampling duration was 30 minutes.

Blanks were collected in a similar fashion by bubbling only pretreated room air (cleaned 

through charcoal and high-efficiency particulate filters) through the impinger for 30 minutes 

containing the same trapping reagents as above.

For nicotine characterization: Nicotine was measured in the SABM sample as a way to 

normalize the dose. The medium was refrigerated to −80 °C prior to analysis.

2.2 E-cig emission characterization

Particle size and concentration were measured using both real time and integrated 

instrumentation as described in previous publications by the authors [20,51]. More detailed 

information can be found in the supplemental material.

2.3 ROS characterization

Trolox method (LC-ESI-MS/MS)—Trolox, a water-soluble form of vitamin E, is an 

excellent antioxidant. In the presence of ROS, Trolox is oxidized to its corresponding Trolox 

quinone (TQ) (Figure S1). After sampling, two 1mL aliquots of Trolox solution were 

transferred into two separate 1.8 mL liquid chromatography vials. One unit of horseradish 

peroxidase (HRP) was added into one of the vials that was used for H2O2 quantification. The 

other vial was not modified. Subsequently, both vials were incubated at 37 °C for 30 min 

and then subjected to LC-ESI-MS/MS analysis for TQ quantitation (Figure S2). The amount 

of TQ from the unmodified vial (no HRP) was used to quantify short-lived ROS species. The 

H2O2 amount was quantified as the difference between TQ amount from the vial containing 

HRP and the vial without HRP. More details on the methodology are provided in the 

supplemental material.
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Indirect confirmation of H2O2 measurements: Catalase treatment—Catalase, a 

240 kDa protein, specializes in degradation of H2O2 to water and oxygen. Catalase is highly 

efficient at this conversion at room temperature and neutral pH. In order to verify H2O2 

results from the Trolox/HRP approach, an additional set of experiments were performed. In 

these experiments, reference concentrations of Trolox and H2O2, as well as e-cig emissions 

from various test conditions described earlier were incubated with catalase at 100 units/mL 

for 10 minutes at room temperature, followed by filtration/centrifugation of the medium with 

a centrifugal 3000 Da filter at 4000 rpm for 10 min. HRP (1 unit/mL) was then added to the 

filtrate as in earlier experiments and the medium was incubated as previously described for 

HRP (37 °C for 30 min). The residual Trolox and TQ were measured by LC-ESI-MS/MS. 

The difference in TQ intensity between experiments with and without catalase treatment was 

considered as an indirect measure of the H2O2 concentration. The H2O2 values of e-cig 

samples calculated directly by HRP and catalase/HRP treatment agreed within 15% of the 

original values and for this reason these data have been omitted.

ESR measurements—Electron spin resonance (ESR) spin trapping was used to detect 

short-lived free radical intermediates. Hydroxyl radicals (·OH) were measured using the 

addition-type reaction of a short-lived radical with a compound (spin trap) to form a 

relatively long-lived free radical product (spin adduct), which can then be studied using 

conventional ESR. ESR measurements were conducted using a Bruker EMX spectrometer 

(Bruker Instruments Inc. Billerica, MA 01821, USA) and a flat cell assembly. Hyperfine 

couplings were measured (to 0.1 G) directly from magnetic field separation using potassium 

tetraperoxochromate and 1,1-diphenyl-2-picrylhydrazyl as reference standards [52,53]. The 

Acquisit program (Bruker Instruments Inc.) was used for data acquisitions and analyses.

Macrophages attack and engulf foreign bodies (including particles) that invade the lung 

where they can react with H2O2 as one of their defense mechanisms. Thus H2O2 can react 

with particles in a Fenton-like manner and generate damaging hydroxyl radicals. Modeling 

this respiratory burst defense system with H2O2 provides a source of preliminary data on the 

biological reactivity of the particles involved [54]. Therefore, E-cigarette emissions were 

first reacted with H2O2 in order to measure their potential to generate reactive radical 

species when inhaled and exposed to an organism’s defense systems. Acellular E-cigarette 

samples were mixed with H2O2 [1mM] in distilled, purified H2O and 500 mM of 5,5-

Dimethyl-1-pyrroline-N-oxide (DMPO) (Sigma-Aldrich, St Louis, MO. 63103, USA) then 

measured 3 min after reaction initiation. Cellular samples were exposed to E-cigarette 

emissions mixed with 2 × 106 RAW 264.7 mouse monocyte macrophages suspended in 

phosphate-buffered saline (PBS) in the presence of 500 mM DMPO and incubated at 37°C 

for 3 minutes [55]. This system allows the monocyte macrophages to react to the particle 

exposure and measures respiratory burst and free radical generation.

After incubation both sample types were transferred to a quartz flat cell (Wilmad glass, 

Vineland, NJ 08360, USA) and placed in the ESR cavity for measurement. ESR settings for 

both sample types were: center field 3510 ± 100, frequency 9.75 GHz, power 126.6 mW, 

gain 1 × 104, modulation frequency 100 kHz, modulation amplitude 1.0 G, time constant 40 

ms. The intensity of the ESR signal was used to measure the amount of short-lived radicals 
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trapped, and the hyperfine couplings and peak spacing of the spin adduct were characteristic 

of the original trapped radicals.

Biological assays: DHE and MTS—SAEC were gifted by Dr. Tom K. Hei (Columbia 

University, New York, NY) [56]. SAEC were cultured in SABM with the addition of the 

following growth factors: bovine pituitary extract, hydrocortisone, human epidermal growth 

factor, epinephrine, transferrin, insulin, retinoic, triiodothyronine, gentimicin amphotericin-

B, and bovine serum albumin-fatty acid free (BSA-FAF) from the manufacturer (Lonza Inc., 

Allendale, NJ).

Cytotoxicity (MTS): SAEC were plated in a 96-well plate (BD Biosciences, NJ, USA) at 

15,000 cells per well. SAEC were exposed for 24 h to the following doses: 0.025, 0.05, 

0.075, 0.1 puffs/mL. To dilute the e-cig sample, the exposed media was diluted in 

supplement free SABM media. Manufacturer’s guidelines were followed while using the 

Cell Titer 96® Aqueous One Solution Cell Proliferation Assay Kit (Promega, WI).

Confocal Microscopy: To analyze superoxide production SAEC cells were seated at a 

confluency on coverslips at 150,000 cells per well in a 6-well plate. SAEC were exposed to 

either 0.05 or 0.1 puffs/mL e-cig sampled media for 24 h and DHE (Invitrogen, NY) was 

added at a final concentration of 5 μM for the last 30 min of the e-cig emission treatment. 

The cells on the coverslips after exposure were fixed with 3.6% paraformaldehyde and 

permeabilized with 0.1% triton x-100/PBS for 10 min and then washed three times with 1 × 

PBS. Coverslips were then mounted and imaged with a confocal microscope (Zeiss 

Germany). Scale bar and quantification of DHE per sample were generated and processed 

using LSM software (Zeiss Germany). The reason we used confocal microscopy was 

because based on our experience measuring superoxide formation in adherent cells (both 

human microvascular endothelial cells and human small airway epithelial cells) exposed to 

particles using a fluorescence plate reader, the existence of the particles in the cells 

interfered the results of fluorescence plate reader reading. It is worth noting that the 

experiments were designed to complement each other and provide compelling and solid data 

on ROS generation by e-cig emissions and it is not the purpose of this manuscript to 

compare ROS methods and their limitations.

Nicotine analysis—Fifty μL of the impinger solution (containing SABM media) was 

transferred post-sampling into a LC vial, spiked with 10 ng of nicotine-D4 internal standard, 

diluted to 1 mL with deionized water, vortexed for 15 s and subjected to analysis by the LC-

ESI-MS/MS. Method details are provided in the supplementary information.

3. RESULTS

3.1 E-cig emission characterization

Particle size and concentration—Bi-modal size distribution, with peaks at 

approximately 200 nm and 1 μm, was observed for e-cig emissions in all the scenarios. The 

modal diameters varied by up to 40% depending on the scenario (Figure S3). A total of 106 

– 107 particles/cm3 were generated in e-cig emission for all the scenarios, except for FTC 

(4.32×105 particles/cm3). E-cig Brand B generated 40% more particles compared to Brand 
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A (Figure S3-A). Tobacco flavor e-liquid generated 50% more particles than fruit flavor 

(Figure S3-B). The longer and more frequent puffing protocol MPP generated six times 

more particles (#/cm3) compared to the FTC protocol (Figure S3-C). Finally, increasing 

operational voltage first increased particle number concentration (from 3.7 V to 4.8 V) and 

then decreased at 5.7 V (Figure S3-D) indicative of possible changes in formation and 

chemistry of the emissions.

The total particle mass concentration for all scenarios was in the range of 0.1 – 1.8 g/m3, 

except for the FTC protocol (0.01 g/m3). The majority of particle mass (88% – 96%) was 

collected on the PM0.1–2.5 size-fraction. Similar to particle number concentration, particle 

mass concentration was also influenced by e-cig brand and flavor (Figure S4-A and S4-B). 

The longer and more frequent puffing protocol MPP generated 60 times more particle mass 

than the FTC protocol (Figure S4-C). It is also worth noting that increasing operational 

voltage from 3.7 V to 5.7 V increased particle mass concentration more than three times 

(Figure S4-D).

3.2 Nicotine characterization

Table 1 shows nicotine concentration in the collected cell culture media. No nicotine was 

detected in the blanks. Higher nicotine concentration was observed for the 5.7 V condition 

(0.46 μmol/puff) compared to the 3.7 V (0.12 μmol/puff).

3.3 ROS characterization

Trolox method—Figure 2 summarizes the total ROS and H2O2 measured with the Trolox 

method, normalized per puff of e-cig emission. The ROS amount varied between 1.2 - 8.9 

nmol H2O2 eq./puff. H2O2 concentration varied between 0.2 - 6.1 nmol/puff, which 

accounted for 12 -68 % of the total ROS. Results from the Trolox method show the ROS 

amount produced is dependent on the e-cig brand, flavor and puffing regime (Figure 2.A–C). 

ROS concentration increased eight times as the operational voltage increased from the 3.7 V 

baseline value to 5.7 V, with the H2O2 amount and its relative percentage of the total ROS 

increasing from 46 to 68% (Figure 2D).

ESR method—Figure 3A documents the generation of hydroxyl radicals as a function of 

voltage. The 1:2:2:1 peak splitting and separation of 15 gauss are indicative of the hydroxyl 

radical spin adduct with DMPO. In the acellular assay, the blank sample showed no peaks 

corresponding to hydroxyl radicals, however the e-cig samples showed radical production 

with and without the presence of exogenous H2O2 (Figure 3B), which is added to model the 

reaction of particles phagocytosed by alveolar macrophages. Without the addition of H2O2, 

the 3.7V sample showed 40% more hydroxyl radical generation compared to 5.7V sample. 

After addition of H2O2, increased radical generation was seen for both voltage conditions. In 

the cellular assay with RAW 264.7 macrophages, the blank sample showed no radical 

production; however, RAW 264.7 cells exposed to e-cig samples corresponding to both 

voltages showed comparable amounts of radical production (Figure 3C), with the 5.7V 

having slightly higher ROS values.
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MTS Assay—To determine e-cig cellular toxicity, SAEC were dosed with the following e-

cig emission concentrations: 0.025, 0.05, 0.075, and 0.1 puffs/mL at both 3.7 and 5.7 V. No 

cellular toxicity was seen at any of the test doses (Figure S5). There was, however, an 

increase in cellular proliferation at the higher doses of 0.075 and 0.1 puffs/mL of the 3.7 V 

compared to control. No significant differences were seen between the two conditions (3.7 V 

and the 5.7 V) at all doses.

DHE Assay—Confocal images of SAEC exposed to 0.05 and 0.1 puffs/mL e-cig emission 

induced ROS production at both 3.7 and 5.7 V compared to control (Figure 4A). ROS 

production was significantly increased at both 0.05 and 0.1 puffs/mL compared to control 

and also 5.7 V induced significantly more ROS compared to 3.7 V at both the 0.05 and 0.1 

puffs/mL (Figure 4B).

4. DISCUSSION

Our results clearly demonstrate ROS generation in the e-cig emissions for both the acellular 

and cellular assessment approaches. In acellular tests, a total of 1.2 – 8.9 nmol H2O2 eq./puff 

ROS was quantified with the Trolox assay. This result was confirmed by the observation of 

hydroxyl radicals in ESR. Acellular ESR experiments detected hydroxyl radicals in e-cig 

emissions. Furthermore, upon addition of H2O2 to the acellular ESR sample, ROS 

production increased significantly, probably from a Fenton-like reaction (Figure 3) [57]. 

This indicates e-cig emission may contain ROS precursors, which can generate more ROS 

after deposition in the lung and phagocytosis by macrophages. Previous work has found 

small amounts of transition metals, such as Fe, Cu, Ni, in e-cig emission [18,58], which can 

catalyze ROS generation. Analytical methods were carefully selected to achive meaningful 

quantitation of ROS species. Our choice of Trolox and ESR takes into account two major 

issues: (i) interferences commonly present in spectrophotometric methods; and (ii) presence 

of multiple ROS species requires employment of complementary assays that provide both 

specificity towards various species and absolute quantitation of ROS. It is important to note 

that no single method exists that meets both these requirements towards ROS species. Hence 

our selection of two complementary methods: ESR and Trolox by LC-MS/MS. ESR is 

arguably one of the most selective methods for ROS speciation, but it provides only semi-

quantitative information of ROS. Trolox -LC-MS/MS is an accurate and interference-free 

method for total ROS quantitation. As our data show, these methods complement each-other 

very well.

In cellular systems, the generation of hydroxyl radicals was also observed by ESR in the 

RAW 264.7 murine macrophages. SAEC had induced ROS production at both 0.05 and 0.1 

puffs/mL, confirming that e-cig emission can cause oxidative stress in vitro and could 

potentially lead to lung inflammation. Limited literature also reports ROS generation 

measured by acellular fluorescent assay [38] and oxidative stress after e-cig exposure in 
vitro [59] and in vivo [28].

Based on available literature, ROS generation may be related to pyrolysis of organic 

compounds, nicotine, humectants (propylene glycol and glycerin) and flavoring agents, 

catalytic activity of metals sublimating from the heating elements, and metal-organic and 
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emission-cell interaction [33,38,42,60,61]. Our results clearly documented high level of 

nicotine present in concentrated e-cig emission. Moreover, e-cig emissions contain large 

amount of particles (in millions particles/cm3 and g/m3), with the majority of particles being 

very small, < 200 nm. It is well established in particle toxicology that particles with smaller 

size (especially nanoparticles) have larger surface area, which can provide greater interface 

for reactions to generate more ROS [62–65]. Of note also is the relatively high proportion of 

H2O2 in the collected e-cig samples. H2O2 is formed from radical chain reactions (between 

hydroxyl radicals and other terminal reactions), conditions that are more favorable 

kinetically in rich aerosols with high surface areas, which catalyze free radical production 

and other ROS-sustaining reactions.

It is worthwhile noting that ROS has been detected in other earlier studies of e-cig 

emissions, as well as of conventional tobacco cigarette smoke. Liu et al (2012) reported 0.1–

10 μg H2O2 e.q./cigarette, which corresponded to 29–294 nmol/puff, and at least an order of 

magnitude higher than the 0.1–10 nmol/puff range that we detected from e-cig [66]. 

However, Zhao and Hopke (2012) and Miljevic et al. (2010) reported 12.7–14.7 nmol/puff 

ROS from tobacco cigarette, which was comparable to e-cig [22,67]. Lerner et al. (2015) 

also observes similar acellular oxidant reactivity from e-cig and tobacco cigarette in the 

range of 11.8 – 33.3 μM of H2O2 equivalent [38]. Moreover, Rubenstein et al. (2015) found 

similar amounts of H2O2 production from tobacco smoke and e-cig exposure in vitro [39]. 

The above studies indicate that the merit in switching from tobacco cigarette to e-cig is 

limited in the view of ROS production. However, other in vitro studies find e-cig emission 

induces less oxidative stress [40–42,68] and cytotoxicity [19]. Additionally, Carnevale et al. 

(2016) measures oxidative stress biomarkers in the blood of human adults after a single e-cig 

use and found less oxidative stress, compared to tobacco cigarette [43]. Again, this 

discrepancy is probably due to the difference in e-cig exposure generation because of the 

different parameters applied. One notable strength of our study is that we applied 

complementary analytical methods to quantify and speciate ROS from the same e-cig 

emission and clearly observed production of ROS in both acellular and cellular systems. 

Therefore, ROS in e-cig emissions is real and may play important roles in initiating pro-

inflammatory responses in the airways of humans, and should be included in subsequent 

health evaluations of e-cig exposures.

We have documented for the first-time substantial influence of e-cig brand, e-liquid flavor, 

puffing pattern and operational voltage on e-cig ROS and emission concentrations. A two-

fold difference was observed in the ROS concentration from the same flavor e-liquids, 

manufactured by different e-cig brands. The content and relative percentage of H2O2 is also 

influenced by the brand. The observed ROS concentration differences are likely related to 

the different manufacturers’ recipes. The ‘fruit flavor’ generated more than three times the 

amount of ROS compared to the tobacco flavor. This is likely related to the presence of 

aldehydes, ketones, esters, and unsaturated double bonds in flavoring agents, which enhance 

or sustain formation of various free radicals, including alkoxyl, and organic peroxyl radicals. 

Although there are no previous studies on the effects of flavoring agents on e-cig ROS 

generation, limited literature demonstrates that flavoring e-liquid induces greater 

cytotoxicity [37,69,70]. We also demonstrated that higher voltage generated a higher amount 

of total ROS, as well as hydroxide and superoxide radicals. Higher voltage leads to higher 
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filament temperature, which enhances the e-liquid vaporization process, increased 

concentration of e-cig emissions, pyrolysis, and other chemical reactions, including chain 

free radial reactions [20]. Two previous studies also observe an increase in the amount of 

carbonyls concentration under higher voltage, which may also lead to the increase in ROS 

production seen in our study [71,72]. Research on the influence of these parameters on the 

physico-chemical properties of e-cig emissions and their toxicological properties is 

imperative, because it is the variation of such e-cig product features and operational 

parameters that leads to the different properties in generated e-cig emission, which in turn 

may drive large discrepancies in the published e-cig literature. Given that e-cig can produce 

comparable ROS levels to tobacco cigarette, on this ground alone it cannot be promoted as a 

“safe” alternative to tobacco cigarette.

5. CONCLUSIONS

In summary, the systematic acellular and cellular characterizations of ROS in e-cig 

emissions using complementary techniques provide conclusive evidence that ROS is 

generated from e-cig exposure. It was also shown that total ROS, H2O2, and free radicals 

(such as hydroxyl and superoxide) concentrations and the overall particle concentration were 

highly affected by the e-cig brand, e-liquid flavor, puffing protocol and operational voltage. 

These parameters have undoubtedly a measurable effect on the e-cig emission physico-

chemical properties and toxicity. This study contributes towards our understanding of e-cig 

emission profiles and potential toxicological effects on users and provides important data 

needed for risk assessment purposes. Furthermore, it is noteworthy to mention the strengths 

and flexibility provided by the versatile exposure generation platform, which has been used 

to investigate e-cig physico-chemical properties, as well as toxicity in vitro and in vivo as a 

function of these parameters.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Both acellular and cellular systems found ROS generation in e-cig emissions.

• E-cig features (brand, flavor) highly influence ROS formation.

• Operational parameters (puffing and voltage) highly influence on ROS 

formation.

• E-cig emission can contain comparable level of ROS compared to tobacco 

cigarette.

• Influence of parameters should be considered in e-cig toxicological studies.
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Figure 1. 
E-cig exposure generation system (Ecig-EGS, adapted from Zhao et al. (2016)) for ROS 

characterization. This schematic summarizes all tests and individual flow rates required for 

each test. CCI, SMPS, APS and the impinger were not used at the same time. For example, 

when impinger was used for sampling, it was used alone (CCI, SMPS and APS were not 

operated). A balance pump was used to balance the total input and output flow rate, when 

necessary.
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Figure 2. 
Trolox LC-ESI-MS/MS analysis: ROS (H2O2 and other species) generation reported as 

H2O2 equivalent unit as a function of the following parameters A) e-cig brand, B) e-liquid 

flavor, C) puffing protocol, D) operational voltage. One parameter was changed at a time 

from baseline scenario (Brand A, tobacco flavor, refillable tank, MPP puffing protocol, 3.7 

V) to investigate influence of various parameters. For example, in the e-cig brand analysis, 

everything but the brand was kept constant. Brand A was changed to Brand B.
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Figure 3. 
ESR analysis after spin trapping with DMPO: Acellular: A) representative ESR spectra, 

peaks represent hydroxyl radicals. The settings were: receiver gain, 1.0 × 104; time constant 

0.40 s; modulation amplitude, 1 G; scan time, 40 s; magnetic field, 3510 ± 100 G. The data 

represents mean ± SEM values of 4 independent experiments. B) ROS generation as a 

function of voltage (adding H2O2 mimics the process of foreign nano/particle digestion by 

lung macrophages inside the lysosomes, in part by producing more H2O2). Cellular: C) ROS 

generation as a function of voltage, incubated with RAW 264.7 mouse macrophages
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Figure 4. 
ROS induction in SAEC after exposure to e-cig emission. SAEC were dosed with 0.05 and 

0.1 puffs/mL for 24 h and with 5 μM DHE for the last 30 min to measure ROS production. 

(A) SAEC were imaged and (B) quantified. Images are a representation of n = 3 images. * 

indicates p < 0.05 compared between 3.7 and 5.7 V and # indicates p < 0.05 compared to 

control.
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Table 1

Nicotine concentration in collected SAEC cell culture media as determined by LC-ESI-MS/MS.

Sample Concentration (μmol/puff)

Blank nd

3.7V 0.12 ± 0.02

5.7V 0.46 ± 0.04
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