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Abstract

Electronic cigarettes (ECIGs) are appealing in part because of the many flavors of the liquids 

used in them. Concerns have been raised that some ECIG liquid flavors, especially those that 

are sweet, are attracting otherwise nicotine-naïve youth to ECIGs. Sucralose is an artificial, 

non-caloric sweetener that is added to some ECIG liquids. In this study, we evaluated the 

toxicants, namely isomers of chloropropanols that can be produced when sucralose-containing 

ECIG liquid is aerosolized. An analytical separation method relying on solid-phase extraction 

(SPE) to isolate chloropropanols from the propylene glycol/glycerol matrix was developed. 

Chloropropanols were then derivatized by silylation before they were analyzed on GC-MS. The 

influence of different ECIG operating conditions on the generation of chloropropanols was studied 

by varying ECIG device design and power output and also the sucralose concentration of the 

liquid. Heated sucralose-containing ECIG liquids produce two toxic compounds that can be found 

in the resulting aerosols. The two chloropropanols, 3-monochloro-1,2-propanediol (3-MCPD) 

and 1,3-dichloropropanol (1,3-DCP) that were detected under all conditions were found to be 

correlated significantly with liquid sucralose content. Effective regulation of ECIGs will minimize 

user and bystander exposure to these and other ECIG toxicants.
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Introduction

The prevalence of electronic cigarette (ECIG) use has increased tremendously since their 

introduction to the market (McMillen et al. 2015, Anic et al. 2018). This increased use 

is usually attributed to several factors including the perception of reduced risk relative 

to combustible cigarettes and high appeal to former and current smokers as well as to 

nicotine-naïve users (Majeed et al. 2017, Bao et al. 2018, Fulton et al. 2018). ECIGs are 

advertised as safer alternatives to combustible cigarettes because they contain a simpler 
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matrix of chemicals (polyol solvents with or without nicotine and flavorings) subjected to 

lower temperatures during aerosolization (Breland et al. 2017). Moreover, there are claims 

that these chemicals distill almost intact to the generated aerosols that will be inhaled 

by the user (Margham et al. 2016). However, these claims were shown to be false with 

the detection of toxicants like aldehydes, reactive oxygen species, and metals at levels 

sometimes comparable or greater than those of combustible tobacco products (Jensen et 

al. 2015, Ogunwale et al. 2017, Wang et al. 2017, Haddad et al. 2018, Salamanca et al. 

2018). ECIG appeal is increased by the plethora of flavorings in ECIG liquids – traditional 

flavors such as “tobacco” and “menthol” are available, as are non-traditional flavors that 

are intended to resemble fruit, desserts, candy, and other sweet foods (St.Helen et al. 2018, 

Bono et al. 2019). Recently, several studies have reported that flavor additives increase 

the toxicant profile of ECIG aerosol (Khlystov and Samburova 2016, Bitzer et al. 2018), 

with one report showing higher toxicity from adducts formed between flavor chemicals and 

propylene glycol (PG), a common ECIG base liquid (Erythropel et al. 2018).

In 2009, the US FDA banned the addition of characterizing flavors, other than menthol, 

to tobacco cigarettes. However, characterizing flavors are not banned in the US for other 

tobacco or nicotine delivery products, including waterpipe tobacco (shisha), smokeless 

tobacco products, and ECIGs (FDA 2018a). In the case of ECIGs, sweet flavors were 

found to increase product appeal among youth (Kroemer et al. 2018), increasing the risk of 

nicotine dependence among youth and probably acting as a gateway to smoking (Spindle 

et al. 2017, Morgenstern et al. 2018, NIDA 2018). A sweet flavor in ECIG liquid can be 

obtained by the addition of saccharides (sucrose or honey monosaccharides) or artificial 

non-caloric sweeteners/sweet enhancers (such as ethyl maltol, sucralose or sorbitol) (Miao 

et al. 2016, Fagan et al. 2018). Sucralose is a high intensity sweetener (up to 600 times 

sweeter than sucrose) that is marketed as an additive for Do-It-Yourself (DIY) mixing of 

ECIG liquids (Rosbrook et al. 2017, Amazon 2018). FDA approves it as a general sweetener 

for food, but it is not currently listed as “generally recognized as safe” (FDA 2018b).

The safety and toxicity of sucralose have become controversial (Abou-Donia et al. 2008, 

Brusick et al. 2009, Grotz and Munro 2009, Berry et al. 2016). Although originally thought 

to be thermally stable, several studies reported the degradation of sucralose at temperatures 

that are expected during cooking (Hutchinson et al. 1999, Dong et al. 2011, Dong et al. 

2013). The effect of temperature on sucralose was studied by thermogravimetric analysis/

differential scanning calorimetry techniques and showed that degradation of sucralose starts 

at temperatures as low as 120 °C yielding hydrochloric acid (HCl) (Bannach et al. 2009, 

de Oliveira et al. 2015). Furthermore, it has been shown that heating sucralose in the 

presence of glycerol in some food products leads to the formation of chloropropanols 

that have considerable toxicity (Rahn and Yaylayan 2010, Schiffman and Rother 2013). 

Chloropropanol formation in foods raises a concern about the use of sucralose as an 

additive in ECIG liquids. In this study, we assessed the generation of chloropropanols 

upon aerosolizing a sucralose-containing liquid in two ECIG devices at different powers. 

To enable quantification of chloropropanols in ECIG aerosols, an analytical separation 

method was developed and optimized to isolate chloropropanols from propylene glycol 

(PG) and vegetable glycerin (VG), the primary ECIG aerosol constituents. Following 

isolation, chloropropanols were derivatized by silylation and then analyzed using Gas 
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Chromatography coupled to a Mass Spectroscopy GC-MS (González et al. 2011, Kim et 

al. 2015, Yang et al. 2018).

Materials and methods

Materials

PG (99.5%) (CAS No 57–55-6), VG (99%–101%) (CAS No 56–81-5), 1,3-dichloro-2-

propanol (1,3-DCP) (CAS No 96–23-1), (±)-3-Chloro-1,2-propanediol (3-MCPD) (CAS No 

96–24-2), 2-bromoethanol (2-BE) (CAS No 540–51-2) and sucralose (CAS No 56038–13-2) 

were procured from Sigma-Aldrich. N,O-Bis(trimethylsilyl)trifluoroacetamide (BSTFA) 

with 1% trimethylchlorosilane (25561–30-2) used for the derivatization of chloropropanols 

before GC analysis was purchased from Fluka. HPLC grade solvents including ethyl acetate 

and methanol were purchased from Sigma-Aldrich. Quartz filters (ADVENTEC, QR-100 

47 mm) were procured from Pall Corporation. TELOS neo PRP 200mg/6ml solid phase 

extraction (SPE) cartridges were purchased from TELOS. ECIG devices, including above-

Ohm Vaporfi platinum II (2.2 Ω coil) and sub-Ohm Smok TFV12 (0.15 Ω coil) were 

purchased from online vendors.

Methods

Study design—Our approach was to evaluate the influence of electric power and sucralose 

content on chloropropanol yields in smoking machine generated-aerosols emitted by an 

above-Ohm and sub-Ohm ECIG device. Two different loadings of sucralose (1 and 5 

%) in ECIG liquid were prepared by dissolving pure sucralose powder in standard PG, 

VG and deionized water mixture (ratio: 28:67:5, respectively). These sucralose loadings 

were chosen based on previously reported work investigating the influence of sucralose 

on the sweetness of commercial flavors (Rosbrook, Erythropel et al. 2017). Different 

powers were tested for each ECIG design: 100, 150 and 200 W for sub-Ohm and 5 

and 11 W for above-Ohm ECIGs. These powers were consistent with the manufacturer’s 

recommendations for these devices. The formation of various mono- and di-chloropropanols 

is possible from PG and VG yielding two (1-chloro-2-propanol and 2-chloro-1-propanol) 

and four chloropropanols (3-chloro-1,2-propanediol (3-MCPD), 2-chloro-1,3-propanediol, 

1,3-dichloro-2-propanol (1,3-DCP), and 2,3-dichloro-1-propanol), respectively. In this study, 

the method was optimized to detect the most toxic compounds, namely 3-MCPD and 

1,3-DCP (IARC classification, group 2B).

Aerosol generation and sampling—The AUB Aerosol Lab Vaping Instrument 

(ALVIN) was used to generate ECIG aerosols (Talih et al. 2015), using a puffing regimen 

consisting of 15 puffs for above-Ohm and three puffs for the sub-Ohm device, 4-sec puff 

duration, 10-sec inter-puff interval, and 1 L/min flow rate. The generated aerosols were 

trapped on 47 mm quartz filters, using the same setup previously described in Talih et al. 

(2015).

Separation method—A clean-up analytical method using solid phase extraction (SPE) 

cartridges was developed and optimized (Figure 1).
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As shown in Figure 1, aerosols trapped on the quartz filters were extracted in 10 mL 

NaCl aqueous solution (15 % w/w) and then loaded onto an SPE cartridge. The SPE 

was pre-conditioned with ethyl acetate, methanol, and water (4 mL each). After loading 

the sample, the SPE was washed with 1.5 mL of water and then air-dried for 10 min 

to remove any remaining water on the stationary phase. The analytes were then eluted 

with 6 mL of ethyl acetate using a vacuum manifold at a rate of 1 drop/sec. The organic 

layer was concentrated under nitrogen flow (10 L/min) down to 100 μL and spiked with 

Bromoethanol as an internal standard for quantification. The mixture was reacted with N, 

O-Bistrifluoroacetamide (BSTFA) (50 μL) for derivatization of the hydroxyl groups while 

heating at 70 °C for 30 min. An aliquot was injected into GC-MS for analysis. Table 1 

summarizes the analytical parameters of the optimized method.

GC-MS method—The GC-MS analysis was performed on a Thermo Trace GC-2000 

POLARIS QMS instrument equipped with a thermostatically controlled AI 3000 auto-

sampler and a TG-5MS Thermo Scientific fused silica capillary GC column (30 m × 0.25 

mm × 0.25 μm). The mobile phase was helium delivered at 1 mL/min flow rate. The injector 

temperature was 250 °C, with a split-less injection mode of 1μL. The oven temperature 

program was: 50 °C for 1 min, 5 °C/min ramp to 90 °C, and another ramp of 10 °C/min 

to 240 °C. The total run time was 25 min, and the solvent delay time was 6.6 min. The 

quantification was performed using selected ion mass (SIM) mode with two qualifiers and 

one quantifier peak for each analyte, as shown in Table 2.

Results and Discussion

The optimized separation method allowed the isolation of chloropropanols from PG and 

VG matrix due to the salting-out effect of NaCl that retained the chloropropanols on the 

stationary phase of the SPE. Both chloropropanols, 3-MCPD and 1,3-DCP, were identified 

only in aerosols and not in the gas phase (Figures S3–S5) in all conditions at levels ranging 

from zero to 25 μg/puff. Chloropropanol yields were strongly dependent on sucralose 

concentration (p < 0.05) and were found to be unrelated to the power level (p < 0.899 

and 0.528 for 3-MCPD and 1,3-DCP, respectively). Sub-ohm and above-Ohm devices had 

similar levels of 3-MCPD, while sub-Ohm devices exhibited greater levels of DCP, although 

not significant (p < 0.147). Results are illustrated in Figure 2.

The chloropropanols are produced from the halogenation reaction of polyols like PG and 

VG with HCl. This latter is generated from sucralose degradation upon heating (R1 and R2). 

Thermo-gravimetric analysis (TGA) of sucralose confirmed, as reported in the literature, 

that the emission of HCl initiates at 130 °C (Supplementary information (Figure S1)) and 

that aerosolizing ECIG liquid containing sucralose dissolved in PG leads to the formation 

of gaseous acid-catalyzed products as depicted by infrared (IR) and nuclear magnetic 

resonance (NMR) spectroscopy analysis (Figures S3–S5). Products found in the gas phase 

like acetals were detected only in the absence of nicotine in the ECIG liquid. Acetal is 

known to be an acid transformation catalyzed in this case by HCl that is produced from 

the sucralose degradation reaction. In the presence of nicotine, an HCl-nicotine scavenging 

reaction is most likely to take place, eliminating, thereby the formation of the acetal.
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R1

R2

The influence of different ECIG operating parameters including device type, power and 

sucralose liquid content on the generation of 3-MCPD and 1,3-DCP is summarized in 

Figure 2. 3-MCPD and 1,3-DCP result from the reactions of HCl with VG and 3-MCPD, 

respectively. 1,3-DCP concentration seems to be limited by the formation of 3-MCPD, and 

as such, it is observed at much lower concentrations. Both 3-MCPD and 1,3-DCP exhibit 

carcinogenic and genotoxic properties in animals (Eder and Weinfurtner 1994, Cho et al. 

2008, Baer et al. 2010). Also, 3-MCPD has been reported to have male antifertility effects 

and is commonly used as a rat chemosterilant (Kwack et al. 2004). They are classified as 

possibly carcinogenic to humans (group 2B) by the International Agency for Research on 

Cancer (IARC) (IARC 2013a, IARC 2013b). As per IARC classification, the toxicity of 

these compounds is similar to acetaldehyde reported as the most harmful carbonyl in ECIGs 

after formaldehyde (Bekki et al. 2014).

Table 3 summarizes the multiple variable analysis of the correlation between the formation 

of 3-MCPD and 1,3-DCP and the different ECIG operating conditions. Only sucralose 

concentration in the ECIG liquid significantly affected the emission of chloropropanols (p < 

0.05). The fact that power has no significant effect on the generation of chloropropanols (P 
value is 0.528 for 1,3-DCP and 0.899 for 3-MCPD) could be explained by the low stability 

of sucralose, degrading at relatively low temperatures that can be attained by all the tested 

powers.

Our results show that the addition of sucralose as a sweetener in ECIG liquid yields 

chloropropanols that are classified as possibly carcinogenic to humans (Group 2B). There 

is limited information about the toxicity of chloropropanols (Andres et al. 2013). The only 

toxicity level reported for chloropropanols is a provisional maximum tolerable daily intake 

(PMTDI) of 2μg/kg of body weight estimated from a long-term study of toxicity and 

carcinogenicity in rats (FSANZ 2003). If we consider a rough estimation of ECIG use at 

150 puffs/day, a 70 kg user will be exposed to 0–18 times more than PMTDI depending on 

the operating conditions, keeping in mind the difference between inhalation and ingestion 

routes. The detection of these possible carcinogens in the aerosols of sweet flavored liquids 

adds to the risk of carcinogenic carbonyls emitted from the degradation of the base liquid. 

Therefore, policymakers worldwide should consider banning the use of sucralose as an 

additive in ECIG liquids.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
A stepwise scheme of the optimized analytical method for the separation of chloropropanols.

El-Hage et al. Page 10

Aerosol Sci Technol. Author manuscript; available in PMC 2022 December 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
A bar graph of 3-MCPD (A) and 1,3-DCP (B) concentration versus the different ECIG 

operating parameters. %Su, P(W), and ECIG refer to sucralose content (%), power output 

(W) and ECIG design, respectively.
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Table 1.

Method validation parameters.

1,3-DCP 3-MCPD

Recovery (%) 80–110 60–90

LOD (μg/mL) 0.07 0.03

LOQ (μg/mL) 0.09 0.05

Range of calibration curve 0.09–4.4 0.05–4.4

Repeatability (%RSD) 5–12 7–20
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Table 2.

Qualifiers and quantifier peaks in GC-MS (m/z) of the selected analytes.

Analyte Qualifier 1 Qualifier 2 Quantifier

1,3-DCP 151 185 93

3-MCPD 101 116 239

2-BE 137 183 139

1,3-DCP: 1,3-dichloro-2-propanol; 3-MCPD: 3-Chloro-1,2-propanediol; 2-bromoethanol
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Table 3.

Statistical Analysis (p value) of the effect of different ECIG operating parameters on chloropropanols 

formation

1,3-DCP (ug/puff) 3-MCPD (ug/puff)

Device 0.720 0.147

Concentration 0.000* 0.000*

Power 0.528 0.899

*
: statistically significant (P < 0.05)
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