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Abstract

Electronic cigarettes (ECIGs) are battery-powered devices that heat and vaporize solutions contain-

ing propylene glycol (PG) and/or vegetable glycerin (VG), nicotine and possible trace flavorants to

produce an inhalable aerosol. The heating process can lead to the formation of reactive oxygen

species (ROS), which are linked to various oxidative damage-initiated diseases. Several studies in

the literature have addressed ROS emissions in ECIG aerosols, but the effects of power, ECIG

device design and liquid composition on ROS are relatively unknown. In addition, ROS emissions

have not been examined in the emerging high power, sub-Ohm device (SOD) category. In this

study, an acellular 2’,7’-dichlorofluorescin (DCFH) probe technique was optimized to measure ROS

in ECIG aerosols. The technique was deployed to measure ROS emissions in SOD and supra-Ohm

ECIGs while varying power, heater coil head design and liquid composition (PG/VG ratio and nico-

tine concentration). Liquids were made from analytical standards of PG, VG and nicotine and con-

tained no flavorants. At high powers, ROS emissions in ECIGs and combustible cigarettes were

similar. Across device designs, ROS emissions were uncorrelated with power (R2 = 0.261) but

were highly correlated with power per unit area (R2 = 0.78). It was noticed that an increase in the

VG percentage in the liquid yielded higher ROS flux, and nicotine did not affect ROS emissions.

ROS emissions are a function of device design and liquid composition at a given power. For a

given liquid composition, a promising metric for predicting ROS emissions across device designs

and operating conditions is power per unit area of the heating coil. Importantly, ROS formation is

significant even when the ECIG liquid consists of pure analytical solutions of PG and VG; it can

therefore be viewed as intrinsic to ECIG operation and not solely a by-product of particular flavor-

ants, contaminants or additives.

Introduction

Electronic cigarette (ECIG) use has become an epidemic worldwide,
especially among youth (1, 2). ECIG use prevalence among cigarette
smokers, former smokers and previously nicotine-naïve groups alike
has increased tremendously in the last decade (3, 4). While it is often
claimed that ECIGs are good smoking cessation tools (5), the issue is
still controversial and empirical data to resolve it is sparse (6). On
the other hand, ECIGs may renormalize smoking among users and

bystanders (7, 8) and may initiate nicotine dependence among
young users, potentially constituting a gateway to cigarette smoking
(9–13).

ECIGs are battery-powered devices that heat and vaporize solu-
tions mainly consisting of propylene glycol (PG) and/or vegetable
glycerin (VG) and nicotine to generate inhalable aerosols (14) that
are not toxicant-free (15). Toxicants detected in ECIG aerosols are
either present in the liquid solutions even prior to heating (16, 17)
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or are produced via the thermal decomposition of the liquid con-
stituents on the hot surface of the heating coil (18–20). The most
studied toxicants formed in situ are carbonyl compounds that
result from the dehydration and oxidation of the alcohol func-
tional groups on a metal surface (21). Other toxicants include
furanic and aromatic compounds, which have been identified
when additives such as sugar and fruit flavors are present in the
mix (22, 23). In addition to carbonyls, thermal breakdown of
chemical bonds in ECIG liquids may lead to the formation of
reactive oxygen species (ROS), a class of chemicals, which induce
oxidative stress in cells.

It has been well established that oxidative stress from cigarette
smoke exposure leads to pulmonary diseases (24–27). A growing
number of studies have linked ROS emissions from ECIG to cyto-
toxicity in pulmonary tissues (28–30). Several studies in the litera-
ture have reported ROS emissions in ECIG aerosols using cellular
and acellular assays (31–36). In addition, electron paramagnetic
resonance (EPR) studies have revealed the presence of radical spe-
cies in ECIG aerosols (37, 38), and a recent report by Zhao et al.
assessed the effect of various parameters, including brand, flavor,
power and users’ puffing regimens, on the generation of ROS
(38). In this work, we used an optimized 2′,7′-dichlorofluorescin
(DCFH) probe solution in order to measure ROS emissions from
conventional tank and sub-Ohm ECIG devices (SODs) as a func-
tion of power, coil head geometry and ECIG liquid composition
(PG/VG ratio, nicotine content). ROS emissions were compared
across conditions to ROS emissions from combustible cigarette
and plotted vs power per coil surface area, which we have
recently shown as the relevant predictor of ECIG toxicant emis-
sions that are formed in situ (39).

Materials and Methods

Materials

PG (99.5%) (CAS № 57-55-6), VG (99–101%) (CAS № 56-81-5),
ethanol and deionized (DI) water were procured from Sigma-
Aldrich. Pure nicotine (CAS № 54-11-5), horseradish peroxidase
(HRP) (52 units/mg) (CAS № 9003-99-0), potassium phosphate
monobasic (CAS № 7778-77-0) and dibasic (CAS № 7758-11-4)
were purchased from Sigma-Aldrich. 2′,7′-dichlorofluorescin diace-
tate (DCFH-DA) was purchased from Molecular Probes (product
code D399). Quartz filters (ADVENTEC, QR-100.47mm) were
procured from Whatman International.

Preparation of DCFH probe solution

DCFH-DA was dissolved in ethanol in order to prepare a 125 μM
solution. The DCFH-DA solution (10mL) was deacetylated with
40ml of 0.01M NaOH aqueous solution. The activated DCFH solu-
tion was wrapped in aluminum foil and kept in the dark for 30min.
A phosphate buffer (pH= 7.1), prepared by mixing monobasic and
dibasic potassium phosphate to attain a 0.25mM concentration
(200ml), was added to 50mL of DCFH solution. Horseradish peroxi-
dase (0.5 units/mL) was added (2.4mg) to amplify the fluorescence
signal. The final 250mL working solution had a concentration of
5 μM of DCFH. A linear calibration curve (1 × 10−7 to 10−6M) was
constructed using hydrogen peroxide (H2O2) to express ROS equiva-
lents. The limit of detection (LOD) was 0.14 × 10−7M, and the limit of
quantification (LOQ) was 0.48 × 10−7M of H2O2. LOD and LOQ of
the method were calculated according to the equations mentioned in the
eighth edition of Quantitative Chemical Analysis by Daniel C. Harris
(p. 103–106), which is LOD = 3 SD/m and LOQ = 10 SD/m, where SD
stands for standard deviation of replicates of a low concentration (C =
0.5 × 10−7M of H2O2) and m is the slope of the calibration curve.

Probe solution

The optimal experimental conditions of the DCFH solution were
determined so that the photo- and auto-oxidation of the probe solu-
tion were minimized (40). Several combinations of DCFH concen-
tration, storage temperature and duration, and mixing time were
tested in order to achieve this goal. The final probe was a 5 μM
DCFH solution, stored at 4°C and mixed for 30min with the sam-
ples (41, 42). This solution provided a >98% calibration R2 with
<6% bias error due to auto-oxidation at the maximum allowed
solution storage time of 2.5 h. All storage and reacting samples were
wrapped in an aluminum foil to prevent photo-oxidation.

Aerosol generation

The American University of Beirut’s aerosol lab vaping instrument
(ALVIN) (43) was used to generate ECIG aerosols. Puff duration,
inter-puff interval and flow rate were selected to represent the pattern
of an “experienced” ECIG user (4-s puff duration, 10-s inter-puff
interval, 1 L/min flow rate) (43). A vaping session constituted from
five puffs on a supra-Ohm ECIG and two puffs on a sub-Ohm ECIG,
both sessions having a 4-s puff duration, a 10-s puff interval and a
volume of 67mL/puff. In the case of the conventional cigarette, 10
puffs were executed using ISO protocol puffing parameters (2-s puff
duration, 60-s inter-puff interval, 35mL/puff). For both the ECIG

Figure 1. The sub-Ohm SmokTFV8 device with illustration of the different coil heads (retrieved from the study of Talih et al. (39)).
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and combustible cigarette conditions, the aerosol was drawn through
a particulate filter trap as described by Zhao and Hopke (41).

Study design and sampling

ROS emissions in the total particulate matter (TPM) of ECIG aero-
sols and the smoke of the tobacco cigarettes were assessed, as it was
previously found that ROS concentrations in the particle phase are
much greater than in the gas phase (41). TPM was trapped on a 47-
mm quartz filter installed at the mouth end of the ECIG and the
tobacco cigarettes and then directly immersed in 20mL of a freshly
prepared DCFH probe solution. Fluorescence was read on a
SpectraMax M5 microplate reader acting as a fluorimeter. Liquids
containing 50/50 PG/VG solution with 12mg/mL of nicotine were
vaped in a VaporFi platinum tank at two different powers (5 and
11W) and in a sub-Ohm SmokTFV8 device equipped with a V8-T8
coil head (eight coils) at five different powers (50, 75, 100, 150 and

200W). Keeping the power and liquid constant at 50W and using a
50/50 PG/VG solution with 12mg/mL of nicotine, the effect of dif-
ferent coil heads was assessed using the sub-Ohm device (SOD)
equipped with V8-Q4 (4 coils), V8-T8 (8 coils), V8-T10 (10 coils)
and TF-Q4 (4 coils) (Figure 1). Three PG/VG ratios were prepared
from standard liquid PG and VG (100/0, 50/50 and 0/100 PG/VG
ratios), and three different nicotine loads in a 50/50 PG/VG solution
were tested (0, 6 and 12mg/mL nicotine concentrations). These
solutions were vaped at two different powers for each device (5 and
11W for supra-Ohm device and 50 and 150W for SOD). Each con-
dition was repeated in triplicate, and the results are reported as the
mean of three measurements after blank subtraction.

TPM, surface area, and ROS flux

The amount of TPM was determined gravimetrically by weighing
the filter pad and its holder before and after each sampling session.
The total surface area of the coil was calculated based on the coil
wire diameter (measured using calipers), the length of coil wire and
the number of coils (39). ROS emissions are reported as the number
of moles of H2O2 equivalent per second of vaping/smoking in order
to facilitate comparison between different puffing regimens.

Statistical analysis

T-test was used to estimate the statistical significance of the differ-
ence between powers relative to the lowest power for each ECIG
and relative to the combustible cigarette level. It was also used to
assess the effect of liquid composition (PG/VG ratio and nicotine
content) on ROS emission.

Results

Effect of power and power per unit coil surface area

ROS emission rates as a function of power are shown in Table I for
VaporFi Platinum and SmokTFV8 SOD. In the supra-Ohm device,
the ROS flux in the aerosols generated using 11W was three times

Table I. ROS flux as a function of power and coil head in VaporFi

Platinum and SmokTFV8 SOD devices in comparison to a

conventional cigarette. Statistical significance is shown in

comparison with the conventional cigarette

ECIG Coil head Power (W) ROS flux (nmole/s)

VaporFi Single coil 5 0.238 ± 0.253**
11 0.696 ± 0.096*

SmokTFV8 SOD V8-T8 50 0.114 ± 0.034**
75 0.109 ± 0.042**

100 0.167 ± 0.117**
150 0.241 ± 0.029*
200 1.143 ± 0.606

V8-Q4 50 0.066 ± 0.030**
V8-T10 50 0.045 ± 0.019**
TF-Q4 50 0.049 ± 0.016**

Tobacco cig 1.240 ± 0.210

Significant difference from tobacco cigarette level: *P < 0.05, **P < 0.01.

Figure 2. ROS flux as a function of power per surface area of the coil. Filled circles correspond to SOD, while empty circles correspond to supra-Ohm.
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higher than that of 5W (P < 0.1). In the SOD, the ROS flux showed
an increase between 50 and 200W (P < 0.1). ROS emissions at the
highest power tested (200W) in SOD device was comparable to
those of conventional cigarettes (Table I).

Holding power and liquid composition constant, there was a sig-
nificant difference only between the coil head V8-T8 and both V8-T10
and TF-Q4 (P < 0.1). ROS emission was weakly correlated with
power across devices (R2 = 0.26); however, a significant correlation
was found when the ROS flux was plotted as a function of power per
surface area, P/SA (R2 = 0.78), as shown in Figure 2. The two data
points of the supra-Ohm device seem to fit well within this correlation.

Effect of liquid composition

The effect of the PG/VG ratio on ROS emissions from ECIG is
shown in Figure 3A and B for the VaporFi and the SmokTFV8

SOD. In both devices, ROS flux trended downward with increasing
VG content and attained significant difference between pure PG and
VG liquids (P < 0.05). On the other hand, nicotine concentration
did not have any effect on ROS emissions (Figures 3C and D).

Discussion

Our results showed that ROS flux in tank and SOD ECIGs increases
with power within the same device design. At high powers, ROS
emissions from both ECIGs, especially the SOD, can reach levels
that are similar to those of tobacco cigarettes. Higher powers have
been associated with elevated temperatures on the coil surface caus-
ing an increase in the TPM emitted and/or a higher probability of
the degradation of the chemical bonds in the molecules of the vaped
liquids (38). ROS emission is not always significantly affected by the

Figure 3. ROS flux as a function of the PG/VG ratio in the liquid vaped on the supra-Ohm device (A) and SOD (B). ROS flux vs nicotine content in the vaped liquid

on the supra-Ohm device (C) and SOD (D).
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coil head design. In this study, we showed that the ROS flux is sig-
nificantly correlated (78%) with P/SA, supporting the theory that P/
SA is a better predictor of toxicant emissions in general than the
power or the number of coils (39). The surge of the ROS flux level
at 200W is not linked to an increase in TPM (Figure 4), and there-
fore high ROS flux in this particular case can be ascribed to a spike
in temperature caused by the “dry puff” phenomenon.

The chemical degradation of the ECIG liquids—PG, VG and nic-
otine—are thought to play a determinant role in ROS emissions. In
this study, we showed that an increase in the VG percentage in the
liquid yielded higher ROS flux, and this may be due to the emission
of higher ROS from VG molecules or to a slower wicking and con-
sequently higher probabilities of the “dry puff” phenomenon, partic-
ularly at high powers. This is in disagreement with a recent paper in
which a higher PG/VG ratio in the liquid was correlated with higher
radical emissions from ECIGs (44). Our study also showed that nic-
otine does not affect ROS emissions, which are mainly a function of
the chemical nature of the solvent and the P/SA of the coil.

Conclusion

Our results showed that ECIGs intrinsically emit ROS even in the
absence of flavorants. ROS levels from conventional tank ECIGs
and SODs at high powers could reach tobacco cigarette-like levels.
P/SA is a better predictor of ROS emissions than power. In addition,
ROS emission is affected by the chemical constituents of the vaped
liquid (PG/VG ratio). Toxicant flux is an easy tool to compare the
results across different puffing regimens and among studies.
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