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Abstract

The ever-evolving market of electronic cigarettes (e-cigarettes) presents a challenge for analyzing 

and characterizing the harmful products they can produce. Earlier we reported that e-cigarette 

aerosols can deliver high levels of reactive free radicals; however, there are few data characterizing 

the production of these potentially harmful oxidants. Thus, we have performed a detailed analysis 

of the different parameters affecting the production of free radical by e-cigarettes. Using a 

temperature-controlled e-cigarette device and a novel mechanism for reliably simulating e-

cigarette usage conditions, including coil activation and puff flow, we analyzed the effects of 

temperature, wattage, and e-liquid solvent composition of propylene glycol (PG) and glycerol 

(GLY) on radical production. Free radicals in e-cigarette aerosols were spin-trapped and analyzed 

using electron paramagnetic resonance. Free radical production increased in a temperature-

dependent manner, showing a nearly 2-fold increase between 100 and 300 °C under constant-

temperature conditions. Free radical production under constant wattage showed an even greater 

increase when going from 10 to 50 W due, in part, to higher coil temperatures compared to 

constant-temperature conditions. The e-liquid PG content also heavily influenced free radical 

production, showing a nearly 3-fold increase upon comparison of ratios of 0:100 (PG:GLY) and 

100:0 (PG:GLY). Increases in PG content were also associated with increases in aerosol-induced 

oxidation of biologically relevant lipids. These results demonstrate that the production of reactive 

free radicals in e-cigarette aerosols is highly solvent dependent and increases with an increase in 

temperature. Radical production was somewhat dependent on aerosol production at higher 

temperatures; however, disproportionately high levels of free radicals were observed at ≥100 °C 
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despite limited aerosol production. Overall, these findings suggest that e-cigarettes can be 

designed to minimize exposure to these potentially harmful products.

Graphical Abstract

INTRODUCTION

Nearly 20% of deaths in the United States can be attributed to tobacco smoking. The 2010 

Surgeon General’s Report identified oxidative stress due to free radical and oxidant 

generation in tobacco smoke as playing a critical role in the development of smoking-related 

diseases.1 High concentrations of reactive oxygen species (ROS) and reactive nitrogen 

species (RNS) are found in cigarette smoke (>1016 molecules/puff).2–4 Oxidative stress due 

to free radicals in cigarette smoke can damage numerous cellular macromolecules and 

impact important pathways involved in inflammation, metabolism, and cell survival and 

proliferation. This resulting oxidative damage is thought to play a key role in the 

development of many tobacco-related diseases such as chronic obstructive pulmonary 

disease (COPD), cardiovascular disease, and cancer.5–8 While knowledge of free radicals 

formed in cigarette smoke is fairly well established, the factors underlying the generation of 

free radicals in e-cigarette aerosols have only recently been described. In previous studies 

performed by our laboratory, we have observed high levels of reactive free radicals in e-

cigarette aerosols by electron paramagnetic resonance (EPR).9 Though this has set the 

groundwork for free radicals found in e-cigarette aerosols, a full understanding of the 

different factors affecting radical generation is still needed.

E-Cigarettes, e-pipes, and other electronic nicotine delivery systems are battery-powered 

devices that deliver nicotine without the burning of tobacco. These devices consist mainly of 

a battery, a heating element, and a nicotine or nicotine-free solution (e-liquid) that generates 

an aerosol when the e-liquid is heated. This new market is evolving rapidly with a multitude 

of different heating elements, heating profiles, and e-liquids.10–14 Most recently, temperature 

control devices have emerged, which purportedly provide the user with a better taste, a 

decrease in the levels of hazardous substances, and improved battery life.15

All e-liquids utilize solvents such as propylene glycol (PG) and glycerol (GLY) in addition 

to optional nicotine and flavorings. PG and GLY are both “generally recognized as safe” 

when consumed orally by the U.S. Food and Drug Administration (21CFR 182.1320); 

however, the thermal breakdown of these and other e-liquid components in e-cigarette 

aerosols has not yet been fully evaluated, particularly in a toxicological context. Recently, a 

number of studies have found a variety of different toxic agents in e-cigarette aerosols, 

including diethylene glycol, numerous reactive organic compounds, nitrosamines, and heavy 

metals.16–21

In this study, we systematically evaluated the effects of different solvents, wattages, and 

temperatures on free radical production in e-cigarette aerosols under laboratory conditions. 
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To evaluate these factors, we utilized a newer generation of e-cigarette device that has a 

temperature control mode. The use of this device also serves a secondary purpose of 

evaluating the effects of constant-temperature and constant-wattage modes on the coil 

temperature on free radical generation in the e-cigarette aerosols.

MATERIALS AND METHODS

Temperature Control Devices.

Temperature control devices utilize the thermal coefficient of resistivity of the coil material 

(α), the initial temperature (TA), the initial coil resistance at TA (ρA), and the coil resistance 

as current is flowing (ρB) to indirectly measure the temperature of the coil (TB).22 Equation 

1 shows how by monitoring resistance, one can show temperature control e-cigarettes can 

achieve a target temperature (TB).

ρB = ρA 1 + α TB − TA

TB =

ρB
ρA

− 1

α + TA

(1)

The thermal coefficient of resistivity constant is dependent on the material from which the 

coil is made. For example, pure nickel coils (Ni200) have a temperature coefficient of 

0.006 °C−1, meaning that the coil resistance will increase by 0.006 Ω for every 1 °C increase 

in temperature.22 Newer temperature control mode e-cigarettes have these coefficients 

preprogrammed into the device so the user simply selects the type of coil they are using. 

This allows the device the ability to indirectly monitor the temperature by monitoring the 

change in resistance. These devices typically have a temperature sensor built into the 

circuitry to provide a reference temperature for the coil’s resistance when it is first installed. 

To achieve the target temperature, when the button is pressed, the device will measure the 

starting resistance of the coil and then calculate and apply the voltage needed to increase the 

resistance of the coil that corresponds to the target temperature. After a time interval set by 

the device’s manufacturer, if the coil resistance or temperature is lower than the set point, the 

device will then measure the new resistance of the coil and calculate and apply a new 

voltage to achieve the target temperature. If the temperature is too high, the device will not 

apply voltage to the coil until the next time point. The flow diagram in Figure 1 outlines this 

process.

E-Cigarette, Coil, and Atomizer Tank.

The type of e-cigarette used for this study was a Wismec Reuleaux RX200S Mod 

(MyVaporStore.com), which has both constant-wattage and -temperature control modes. 

This specific device can generate consistent temperatures of 100–315 °C at 1–200 W. This 

device uses three high-amperage 18650 type batteries; for our experiments, we used 

Samsung INR18650–25R, 2500 mAh, 3.7 V batteries. Batteries were recharged after 250 
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puffs were taken from the device. The heating element was a commercially available 0.15 Ω 
nickel alloy coil (Ni200) Uwell Crown Coil (MyVaporStore.com) with an organic cotton 

wick. A 4 mL stainless steel and glass atomizer tank was used for all experiments (Uwell 

Crown Tank, MyVaporStore.com).

Reagents.

Propylene glycol (PG), glycerol (GLY), phenyl-N-tert-butylnitrone (PBN), 2,2,6,6-

tetramethyl-1-piperidinyloxyl (TEMPO), hexane, tert-benzene, arachidonic acid (AA), 

cis-4,7,10,13,16,19-docosahexaenoic acid (DHA), cis-5,8,11,14,17-eicosapentaenoic acid 

(EPA), and tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) were all purchased 

from Sigma-Aldrich (St. Louis, MO) and used as received.

E-Cigarette Setup.

To ensure reproducibility in our experiments, the button to the e-cigarette device was 

modified by soldering two wires onto either side of the button terminal. The wires connected 

to the button of the e-cigarette were connected to a 12 V relay timer switch (SainSmart, 

Amazon.com). When the relay was switched on, the circuit to the e-cigarette was closed and 

the e-cigarette device registered it as the button being pressed. A second relay switch was 

connected to a dc 12 V solenoid valve (RioRand, Amazon.com). One end of the solenoid 

valve was connected to the impinger, and the other end was connected to a flow meter. The 

flow meter was connected to the house vacuum and adjusted to a flow rate of 500 mL/min. 

This setup is shown in Figure 2.

Solvent Components, Temperature, and Wattage Factors.

To investigate the thermal degradation of solvents at each temperature, we used the 

following PG:GLY (v:v) ratios for our experiments: 0:100, 25:75, 50:50, 75:25, and 100:0. 

To investigate the effects of constant-temperature modes on free radical generation in the 

different solvent ratios, we conducted each experiment in 100 °C intervals (100, 200, and 

300 °C). To investigate the effects of constant-wattage mode on free radical generation, we 

looked at three different wattages (10, 25, and 50W).

Generation of e-Eigarette Aerosols.

There is no typical or standardized e-cigarette vaping profile. Newer e-cigarette devices, 

such as the one used in this study, allow users a great deal of flexibility and allow for the 

generation of high levels of aerosols by taking larger puff volumes. For the purpose of this 

study, aerosols were generated using protocols previously established in the laboratory with 

a goal of generating aerosols representative of human usage without dry puffing, while still 

remaining within the limit of detection for free radicals.9,23 Careful consideration was given 

to avoid dry puffing during a session by preloading the cartomizer 15 min prior to vaping, 

limiting the number of puffs to 40, and ensuring that the tank is filled and aerosol generation 

is visible. Using the setup outlined in Figure 2, puffs were simulated using the following 

puffing topography: puff duration, 5 s; interpuff interval, 30 s; flow rate, 500 mL/min; 

number of puffs, 40. Cartomizers were weighed before and after puffing to measure the 

solvent consumption and aerosol production.
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Spin Trapping of Free Radicals in e-Eigarette Aerosols.

Free radicals were trapped using the nitrone spin trap phenyl-N-tert-butylnitrone (PBN), 

which has been used extensively for reactive radical detection in cigarette smoke.24 The e-

cigarette aerosols generated were passed through a 25 mL impinger containing 6 mL of PBN 

in hexane. After each experiment, the hexane was evaporated and the remaining residue was 

reconstituted in 500 μL of tert-benzene. High-purity quartz electron paramagnetic resonance 

(EPR) tubes were filled with 200 μL of the reconstituted tert-benzene solution and 

deoxygenated using a freeze–pump–thaw technique with a Schlenk line.25 Samples were 

deoxygenated as described previously.9 In brief, the samples were subjected to three freeze–

pump–thaw argon cycles before being blanketed with argon.

EPR Measurements.

ERP spectroscopy has been used extensively to directly determine the free radical content in 

cigarette smoke and e-cigarette aerosols.9,26 The spectra derived from PBN radical adducts 

were recorded using a Bruker eScan R spectrometer (Bruker-Biospin, Billerica, MA) 

operating in X-band. The EPR parameters were as follows: microwave frequency, 9.7 GHz; 

modulation frequency, 86.0 kHz; microwave power, 6.00 mW; scan range, 60 G; modulation 

amplitude, 2.04 G; sweep time, 5.24 s; time constant, 10.24 ms; conversion time, 10.24 ms. 

All measurements were taken at room temperature (21.5 ± 0.5 °C).

Free radical quantitation was performed using peak height, and concentrations of radicals 

were compared against that of a stable radical standard, 2,2,6,6-tetramethyl-1-

piperidinyloxyl (TEMPO), as described previously.4 All measurements were taken in 

triplicate, and solvent ratios were compared to each other using an ANOVA coupled with 

Tukey’s multiple-comparison test using GraphPad (San Diego, CA) Prism. Significant 

differences were identified at the p < 0.05 level.

Coil-Temperature Measurements.

To evaluate the effects of constant-temperature and constant-wattage modes on coil 

temperature, the wicks were removed from two different coils (0.15 Ω Ni200 and 0.5 Ω 
SS316 Uwell Crown). The temperature was measured using a Digi-Sense Type-K 

thermocouple from Cole-Parmer (Vernon Hills, IL) connected to a traceable thermometer 

and data acquisition software (Fisher Scientific). The thermocouple was placed at the top of 

the coils for all measurements. Temperatures were measured in triplicate for both constant-

temperature and -wattage modes.

Lipid Peroxidation Analysis.

An impinger was filled with 50 μg/mL AA, DHA, and EPA in 0.1 M Tris-HCl (pH 7.4), and 

aerosols were generated using different PG:GLY ratios (25:75, 50:50, and 75:25) at a 

constant temperature of 200 °C as done previously for the EPR measurements. The 75:25 

sample was also vaped at 80 and 120 puffs. The treated lipid mixture was analyzed for 

oxidative decomposition products using a thiobarbituric acid-reactive substances (TBARS) 

assay kit (Cayman, Ann Arbor, MI). The impinger solution was also analyzed for 8-

isoprostane formation via an 8-isoprostane enzyme-linked immunosorbent assay (ELISA) 
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(Eagle Biosciences, Inc., Nashua, NH). TBARS and 8-isoprostane samples were compared 

to a control that received the same puffing treatment but in the absence of the e-cigarette.

RESULTS

Effects of Solvent at Constant Temperature or Constant Wattage on Radical Production.

Under constant-temperature mode conditions, the radical yield increases with PG content 

(Figure 3a). At 100 °C, levels of radicals generated from 100% GLY solutions (0:100) were 

significantly lower than those of all other solutions, while levels of radicals from 100% PG 

solutions (0:100) were significantly higher than those of the 25:75 and 50:50 solutions. At 

200 °C, all of the different solutions were significantly different from one another with the 

exception of those with the 50:50 and 75:25 ratios. At 300 °C, levels of radicals generated 

from solutions containing lower levels of PG (0:100 and 25:75) were significantly lower 

than those of the other solutions. Conversely, solutions with higher concentrations of PG 

(75:25 and 100:0) had levels of radicals significantly higher than those of the other solutions.

Under constant-wattage mode conditions, the radical content also appears to be PG-

dependent (Figure 3b). At 10 W, levels of radicals generated from 100% PG solutions 

(100:0) were significantly higher than those of solutions that contained lower levels of PG 

(0:100 and 25:75) but not significantly higher than those of the 50:50 and 75:25 solutions. 

At 25 W, levels of radicals generated from 100% GLY solutions (0:100) were significantly 

lower than those of 50:50, 75:25, and 100:0 solutions. Conversely, levels of radicals 

generated from 100% PG solutions (100:0) were significantly higher than those of all other 

solutions. Similarly, levels of radicals generated from 100% PG solutions (100:0) were also 

significantly higher than those of all other solutions at 50 W, as were the levels of radicals 

generated from the 75:25 solution.

Effects Temperature and Wattage on Radical Production.

Using a 75:25 (PG:GLY) ratio as a sample ratio for most common e-liquids, as the 

temperature increased, statistically significant increases in radical production were also seen. 

(Figure 4a,c) This suggests that the formation of radicals is largely temperature-dependent. 

Similarly, statistically significant increases in radical production were also seen with 

increasing wattages being applied (Figure 4b,d).

Coil Temperatures.

To evaluate the thermal conditions of the different e-cigarette device modes, the coil 

temperatures were measured. Under constant-wattage modes, the temperature increases in a 

time-dependent manner (Figure 5a). As the wattage increases, so does the rate at which the 

temperature increases. The more resistant coils (0.5 Ω) reach temperatures that are 

significantly higher than those of the less resistant coils (0.15 Ω) at the same wattage. For 0.5 

Ω coils at 25 and 50 W, the temperature reached was higher than could be detected by the 

temperature monitor. This difference in coil resistance disappears when the e-cigarette 

device is used in constant-temperature mode (Figure 5b). In constant-temperature mode, the 

0.5 and 0.15 Ω coils showed no significant differences between one another at their set 

temperature.
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Solvent Consumption.

To examine whether the increases in radical production were simply the result of increased 

aerosol production, radicals were normalized to the amount of solvent consumed. In 

constant-temperature mode, paradoxically, radical production on a per gram solvent basis 

resulted in significantly higher levels at 100 °C for the 75:25 PG/GLY solution (Figure 6a). 

A significant increase in radical production on a per gram solvent basis was observed at 

300 °C as compared to 200 °C. In constant-wattage mode, a similar trend was observed with 

radical production on a per gram solvent basis with the 75:25 PG/GLY solution (Figure 6b). 

At 10 W, levels of radicals on a per gram solvent basis were significantly higher than under 

the 25 or 50 W condition. At 50 W, a significant increase in levels of radicals per gram of 

solvent was observed as compared to that under the 25 W condition. No significant 

differences in solvent consumption as a result of different solvents were seen (Figure S1).

Lipid Peroxidation.

To examine the biological effects of the aerosol radicals caused by PG:GLY solvent ratios, 

we measured the lipid oxidation products of biologically relevant lipids (AA, DHA, and 

EPA) in a model system. In constant-temperature mode at 200 °C, lipid oxidation product 

formation was measured using TBARS (Figure 7a). While the extent of lipid oxidation did 

increase with increasing concentrations of PG, the differences were not significant. When 

the number of puffs was increased for the 75:25 sample, an increase in the level of lipid 

oxidation also occurred, with that for the 120-puff samples being significantly higher than 

that of the 40-puff samples. The formation of 8-isoprostane from the free radical-catalyzed 

peroxidation of AA was also measured (Figure 7b). The level of 8-isoprostane formation 

was significantly increased in the 75:25 samples compared to those at the lower PG 

concentrations (25:75 and 50:50). Increasing the number of puffs for the 75:25 ratio also 

resulted in an increase in the level of 8-isoprostane formation, with that of the 120-puff 

sample being significantly higher than that of the 40-puff sample.

DISCUSSION

While e-cigarettes are commonly thought to be a safer alternative to combustible tobacco 

products, additional research is required to identify potential health consequences associated 

with their use. Recent studies have identified a number of toxic constituents generated in the 

process of e-cigarette vaping, including our finding of high levels of reactive free radicals in 

e-cigarette aerosols.9,16–21 e-Cigarettes and e-liquids available on the market vary widely in 

their design and usage. In this study, we have examined the impact of different e-cigarette 

temperatures and wattages and e-liquid solvents on free radical production. Our results 

indicate that free radical production is highly dependent on the PG:GLY ratio in the e-liquid. 

The relationship between increasing coil temperature and wattage on both aerosol and 

radical generation suggests a complex relationship in which radicals are not solely 

dependent on aerosol generation as disproportionately high levels of ROS were produced at 

the lowest temperature and power settings. These relationships are particularly important 

given the growing usage of more powerful e-cigarette designs.
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The methodologies used to generate and measure e-cigarette aerosols have varied greatly in 

the literature.11,27,28 Some have used heating chambers for vapor generation, while others 

have used dc power supplies to deliver a constant voltage to the coils. In studies that used e-

cigarette devices themselves for the generation of aerosols, most have relied upon the 

researcher manually pressing the e-cigarette button to activate the coils or do not describe 

how the device was activated during the vaping period.29–31 To avoid this variability 

inherent in previously used protocols, we utilized a novel mechanism to reliably simulate 

usage parameters, including coil activation and puff flow, to provide consistent puffs over 

the course of a vaping session. In addition to being highly reliable and reproducible, this 

method also provides enough flexibility to allow for the evaluation of any e-cigarette device 

as it requires only rewiring the firing button. With this method, future devices can be easily 

evaluated as long as they have a physical button that can be modified.

Our finding that free radical production was highly dependent on the PG:GLY ratio provides 

insight into potential mechanisms of radical formation. This relationship also seems to be 

independent of aerosol production as there were no significant differences in solvent 

consumption as a result of different PG:GLY ratios within the same constant-temperature 

settings. While some radicals appear to be formed due to glycerol, our data suggest that the 

majority of radicals found in e-cigarette aerosols are generated from propylene glycol in 

both constant-temperature and constant-wattage modes. This would align well with recent 

papers that found degradation products of propylene glycol were the result of α- and β-

hydroxyl-alkyl radical-mediated pathways involving O2 insertion and hydrogen abstraction 

even at moderate temperatures (127–227 °C).30,32 The limited information about the 

degradation of glycerol suggests that it is relatively stable at temperatures below its boiling 

point, but at higher temperatures, it begins to undergo decomposition.30,33 Glycerol’s main 

oxidation product, glyceraldehyde, is believed to be formed from radical-mediated reactions 

as a result of hydrogen abstraction.30,33 For our studies, we utilized PBN in excess as a spin 

trap as it is capable of forming long-lived adducts with a variety of different radical species.
34 As we were interested mainly in quantitation, PBN was chosen for its relative stability 

over time. A major disadvantage of PBN is that its nitrone spin-trapping orientation it makes 

it particularly hard to gain structural information from the spectra.34 Future studies will need 

to be performed to identify the species of these radicals.

Many of the newer e-cigarettes can be operated in a constant-wattage or constant-

temperature mode. We show that under constant-wattage usage, coil resistance and e-liquid 

solvent composition appear to be critical factors for free radical production. Under constant-

temperature mode, levels of radicals increased as the temperature was increased in a manner 

independent of the PG:GLY ratio, suggesting a temperature-dependent mechanism for the 

formation of radicals. However, the nature of this temperature dependence and its 

relationship with aerosol production are likely complex and are likely to vary at lower versus 

higher temperatures. This relationship is also independent of aerosol production as at higher 

temperatures and wattages, solvent consumption does not differ significantly. The increase 

in the level of radical formation as wattage increases also suggests a temperature dependence 

of the formation of radicals as the increase in power output would increase the final 

temperature. This aligns with what was discussed earlier as the degradation of propylene 

glycol and the degradation of glycerol are both affected by temperature.30,32,33 While the 
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exact temperatures of formation for different carbonyls are still being debated in the 

literature, many of the studies agree that lower levels of reactive carbonyls such as 

formaldehyde, acetaldehyde, acrolein, and acetone are produced at lower temperatures.
19,27,31

Even though 100 °C and 10 W settings in these powerful e-cigarette devices will likely not 

be used by vapers due to the very low levels of aerosol generation, it is interesting that free 

radicals are still being generated. Follow-up work will have to investigate the heating coils, 

wicking material, and solvent interactions as potential contributors to radical production at 

these low temperatures. To date, we have observed free radical production in all the different 

generations (first through fourth) of e-cigarettes tested (unpublished data). However, the 

current investigations of temperature and wattage have been tested only in a single 

temperature-controlled device. Future studies will need to replicate the findings in other such 

devices.

Recent studies with non-temperature-controlled devices also found increased production of 

carbonyls, including form-aldehyde and acetaldehyde, with increasing temperature.29,31 

Further, they found that with successive puffs, overall coil temperatures were increased, 

suggesting that non-temperature-controlled devices can reach temperatures higher than those 

of temperature-controlled units, leading to increased carbonyl production. However, these 

studies did not look at radical generation as a function of temperature. In constant-wattage 

mode, we saw that coil temperatures increase in a time-dependent manner, reaching well 

over 600 °C under some conditions. While our use of a K type thermocouple allowed us to 

measure only a specific part of the coil, it demonstrates that the coil will continue to get 

hotter the longer the button is pressed. While “dry puffing” conditions are likely to occur at 

these very high temperatures, when a wick and solvent are present, it is likely that the 

maximum temperatures achieved will be substantially lower. To avoid “dry puffing” 

conditions in our study, we ensured that the atomizer tank remained full of solvent. All puffs 

at the higher temperatures and wattages produced visible vapors, suggesting that “dry 

puffing” was kept to a minimum. However, we cannot eliminate the possibility that 

undetectable low levels of “dry puffing” may be occurring.

Previous studies have also identified other toxic agents, including diethylene glycol, 

numerous reactive organic compounds, nitrosamines, and heavy metals, in e-cigarette 

aerosols.16–21 Many of these studies utilized earlier-generation e-cigarette devices that 

produce temperatures lower than those of newer models currently being sold. A recent study 

testing different tanks on high-power e-cigarette devices found high levels of formaldehyde 

and acetaldehyde production on a per gram solvent basis with increases in wattage for three 

of the five devices tested.35 While these high levels could be, in part, explained by excessive 

“dry puffing” resulting from the vaping protocols used, the finding does suggest that 

increased temperatures and solvents effects can impact the overall chemical toxicity of the e-

liquid aerosols.36

When free radicals were expressed on a per gram aerosol basis, differential results were 

observed at lower versus higher temperatures, suggesting that the relationship between 

radical production and aerosol formation may be temperature-dependent. At lower 
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temperatures, it would appear that radical production is rather independent of aerosol 

formation. It is important to note that the mechanism of radical generation remains unknown 

but may involve a number of different factors in addition to aerosol production. For example, 

radicals may be generated from the solvent without aerosol formation (e.g., at lower 

temperatures), materials in the coil itself, the wicking material, or a complex interaction of 

all three. From the perspective of the consumer, it might appear that these findings would 

suggest that vaping a consistent volume of e-liquid at 100 °C may result in a higher level of 

exposure to radicals than vaping the same volume at a higher temperature such as 200 °C. 

However, this is unlikely as it would require the consumer to vape nearly 10 times longer at 

100 °C than at 200 °C. Given the very low level of aerosol production at 100 °C, it is not 

likely a relevant condition for human usage. The lowest level of radical production per 

volume vaped was observed at 200 °C, likely a more relevant temperature for common use.

Upon examination of radical production on a per gram solvent basis, it is clear that these two 

events are somewhat independent of one another. In this regard, the temperature profile for 

radical production is very different from that of aerosol production. This is, in part, 

supported by our observation that unlike aerosol components, free radicals are not trapped 

by a Cambridge filter and are, thus, gas phase constituents (Figure S2). Paradoxically, the 

levels of radicals observed on a per gram solvent basis at lower temperatures and wattages 

(100 °C and 10 W, respectively) were significantly higher than those observed at the higher 

temperatures and wattages. This discrepancy is likely due to interactions of radicals with the 

aerosols themselves, as gas phase radicals have been shown to interact with the surfaces of 

aerosols.37 At higher temperatures and wattages, aerosol production is greater and provides 

for more possible interactions for the radicals, resulting in a dilution or blunting effect of 

radical populations. Higher temperatures also can result in a decrease in radical stability and 

as a result may be quenched before interacting with the PBN spin trap in our experiments.38 

On the basis of our findings, it is clear that temperature influences both aerosol production 

and radical formation; however, these interactions are likely independent in nature. Further 

research is needed to elucidate the complex interactions between aerosol and radical 

generation and their temperature dependence.

In our studies with biologically relevant lipids, we found that as the PG content increased, so 

did the levels of markers of lipid oxidation, mimicking the results of our free radical 

measurements. Free radicals are known to be highly reactive with polyunsaturated fatty 

acids.39 A common byproduct of this oxidative damage is the formation of thiobarbituric 

acid-reactive substances (TBARS) from AA DHA and EPA. TBARS are commonly used as 

an indicator of oxidative stress in the body. Recent studies in mice found that e-cigarette 

aerosol exposure increased levels of TBARS in lung homogenate.40 Similarly, the free 

radical-catalyzed formation of 8-isoprostane from AA has long been used as a marker of 

oxidative stress.41 Previous studies with e-cigarette users found increased 8-isoprostane 

levels in the plasma after vaping.42 Our findings with TBARS and 8-isoprostane suggest 

these radicals are indeed biologically active and may pose a significant risk to the consumer.

Overall, our results demonstrate that free radicals are produced under normal usage 

conditions by e-cigarettes in a temperature-and aerosol-dependent manner with propylene 

glycol being the major contributor. This echoes other recent studies that found temperature 
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and propylene glycol to be the major factors in the production of reactive carbonyls.
18,19,27,29,31 Our findings show that the temperature control modes found in newer-

generation e-cigarette devices can limit the temperatures the device and e-liquids reach and, 

thus, the number of radicals generated. The temperature control mode is also independent of 

the coil’s resistance, so it may provide an easier and potentially safer option for the 

consumer. To the best of our knowledge, this is the first time the inner workings of these 

temperature control devices have been described, and we are hopeful it will allow 

researchers to better understand their functionality. Finally, we find that e-liquid composition 

is also an important factor and those with lower propylene glycol levels may result in 

decreased delivery of radicals. Additional studies will be required to assess the overall harm 

associated with exposure to e-cigarette aerosol free radicals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

AA arachidonic acid

COPD chronic obstructive pulmonary disease

DHA cis-4,7,10,13,16,19-docosahexaenoic acid

ELISA enzyme-linked immunosorbent assay

EPA cis-5,8,11,14,17-eicosapentaenoic acid

EPR electron paramagnetic resonance

GLY glycerol

PBN phenyl-N-tert-butylnitrone

PG propylene glycol

RNS reactive nitrogen species

ROS reactive oxygen species

TBARS thiobarbituric acid-reactive substances

TEMPO 2,2,6,6-tetramethyl-1-piperidinyloxyl

Tris-HCl tris-(hydroxymethyl)aminomethane hydrochloride
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Figure 1. 
Logic flow diagram for a temperature control e-cigarette.
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Figure 2. 
E-Cigarette setup. (a) The relay timer switches the e-cigarette on and opens the solenoid 

valve. (b) The e-cigarette’s pushbutton switch has been shorted enabling it to be turned on 

when the relay switch is closed. (c) The e-cigarette aerosol is pulled into the impinger that is 

filled with a spin trap to capture free radicals. (d) The solenoid valve opens, which pulls a 

vacuum when the relay switch is closed allowing the aerosol to be pulled through the 

impinger. (e) The flow meter is adjusted to ensure that the volume pulled for each puff is 

consistent.
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Figure 3. 
Effects of solvent on radical production. (a) Radical production under constant-temperature 

mode at different temperatures and different solvent compositions. (b) Radical production 

under constant-wattage mode at different temperatures and different solvent ratios. Different 

letters indicate significant differences within the temperature or wattage group.
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Figure 4. 
Effects of constant temperature and constant wattage on radical production for a typical e-

liquid solvent (75:25). (a) Effects of different constant temperatures on radical generation in 

a 75:25 (PG:GLY) solution. (b) Effects of different constant wattages on radical generation 

in a 75:25 PG/GLY solution. Different letters indicate significantly different values. (c) 

Sample PBN spectra of the different constant temperatures. (d) Sample PBN spectra of the 

different constant wattages.
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Figure 5. 
Coil temperatures based on modes. (a) Temperature changes based on different coil 

resistances and different wattages using a constant-wattage mode. (b) Temperature changes 

based on different coil resistances and different set temperatures using a constant-

temperature mode. Different letters indicate significant differences.
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Figure 6. 
Effects of constant-temperature and constant-wattage radical production on a per gram 

solvent consumption basis for a typical e-liquid solvent (75:25). (a) Effects of different 

constant temperatures on radical generation in a 75:25 PG/GLY solution on a per gram 

solvent consumed basis. (b) Effects of different constant wattages on radical generation in a 

75:25 PG/GLY solution on a per gram solvent consumed basis. Different letters indicate 

significantly different values between temperatures and wattages only.
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Figure 7. 
Effects of solvent on lipid peroxidation markers under constant-temperature conditions 

(200 °C). (a) Thiobarbituric acid-reactive substances (TBARS) formed by different PG:GLY 

ratios and numbers of puffs. (b) 8-Isoprostane formation from different PG:GLY ratios and 

numbers of puffs. Different letters indicate significantly different values.
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