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Abstract

The popularity and the high nicotine content of the American pod e-cigarette JUUL have raised many concerns. To comply
with European law, the nicotine concentration in the liquids of the European version, which has been recently released on the
market, is limited to below 20 mg/mL. This limit can possibly be circumvented by technological adjustments that increase
vaporization and consequently, elevate nicotine delivery. In this study, we compare vapor generation and nicotine delivery of
the initial European version, a modified European version, and the original American high-nicotine variant using a machine
vaping set-up. Additionally, benzoic acid and carbonyl compounds are quantified in the aerosol. Further, concentrations of
nicotine, benzoic acid, propylene glycol, and glycerol, along with the density and pH value of JUUL e-liquids have been
assessed. Whereas the initial European version did not compensate for the low nicotine content in the liquid, we provide
evidence for an increased vaporization by the modified European version. As a consequence, nicotine delivery per puff
approximates the American original. Notably, this is not associated with an increased generation of carbonyl compounds.
Our data suggest a similar addictiveness of the enhanced European version and the original American product.
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Introduction (Rodgman and Green 2003). Yet, carbonyl compounds,
such as acetaldehyde or formaldehyde, have also been found
in e-cigarette vapor under dry-puff conditions. When used

under normal conditions, much lower levels are detected

Electronic cigarettes have been and are still at the center of
controversies among researchers and policy makers. There

is growing consensus that the exposure to carcinogens and
hence toxicological risks are markedly reduced when com-
pared to combustible tobacco cigarettes (Stephens 2018),
where combustion and pyrolysis of organic material lead
to the formation of toxicologically relevant substances
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compared to cigarette smoke though (Farsalinos and Gillman
2018; Goniewicz et al. 2014; Hutzler et al. 2014). Carbonyls
can be formed from the liquid components glycerol (veg-
etable glycerol, VG) or propylene glycol (PG) by thermal
decomposition (Gillman et al. 2016; Paine et al. 2007). On
the other hand, novel risks may arise from constituents that
are untypical for conventional cigarettes (Erythropel et al.
2019b; Kaur et al. 2018). Despite the confirmed reduction
of the long known and established toxicants, possible health
disturbances of e-cigarette consumption, such as the impact
of nicotine on brain development (Dwyer et al. 2008; Smith
et al. 2015) and the cardiovascular system (Buchanan et al.
2019), need to be further investigated and assessed. Con-
versely, also assumed benefits on the population level need
to be clarified. For example, it is criticized that smokers
who switch to e-cigarettes do not quit nicotine consump-
tion but use e-cigarettes for a longer term. A gateway
effect is debated, but more data are required to clarify this
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assumption (Conner et al. 2018; Etter 2018; Kandel and
Kandel 2015; Liu et al. 2020; Watkins et al. 2018).

The product spectrum of e-cigarettes is rapidly expand-
ing. Currently, there are two major developments in the
field: First, “open systems” that allow the consumer to adjust
vaporization power settings and the nicotine concentration
in the liquid individually, and second, “pod systems” that
already contain the coil, the wick and a small liquid res-
ervoir. These latter devices are comparatively simple and
easy to use. Pod systems usually contain highly concentrated
nicotine salt formulations and have recently been demon-
strated to deliver nicotine nearly equally efficient as com-
bustible cigarettes (Bowen and Xing 2014; O’Connell et al.
2019). The high nicotine content of up to 5% (approximately
58 mg/mL), the resulting high pH value of the vapor and the
high proportion of free-base nicotine would normally lead
to airway irritation (Duell et al. 2018). Weak organic acids,
such as benzoic or salicylic acid, are being supplemented to
adjust the pH value and the amount of free-base nicotine to
a level that is more tolerable for the consumer (Bowen and
Xing 2014; Duell et al. 2018).

E-liquids of the brand JUUL contain benzoic acid and
high nicotine concentrations of up to 5%. The brand had
reached a market share of about 40% in the US by the end
of 2017 (Huang et al. 2019) with high popularity among
adolescents (Hammond et al. 2019; Krishnan-Sarin et al.
2019). This is likely due to viral marketing and the spread-
ing of the product via social media and YouTube (Allem
et al. 2018; Brett et al. 2019; Chu et al. 2018; Czaplicki et al.
2019; Kavuluru et al. 2019; Ramamurthi et al. 2019). The
product design is flat and the vapor generation is low, which
allows unsuspicious “stealth” vaping that even went viral as
an internet challenge (Ramamurthi et al. 2019). Evidence for
nicotine dependence in adolescent pod users has been shown
in a pilot study (Boykan et al. 2019). The recent e-cigarette
innovations have led to a “public health epidemic” in the
US, as stated by the Surgeon General (U.S. Surgeon General
2018).

In 2018, JUUL was also introduced in Germany and was
required to comply with the European Tobacco Product
Directive 2014/40/EU (TPD), in respect to the upper limit
of 20 mg/mL for nicotine (European Parliament 2014). Con-
sequently, a lower nicotine delivery could be expected for
the European version, but no data are yet available. Some
research groups have already characterized the US-American
variant (Duell et al. 2018; Erythropel et al. 2019a; Pankow
et al. 2017; Reilly et al. 2019; Talih et al. 2019). The nico-
tine content in the aerosol was comparable to combustible
cigarettes, but formation of carbonyl compounds was low as
expected for low power vaporizers (Reilly et al. 2019; Talih
et al. 2019). We have hypothesized that the manufacturer
might increase the vapor generation of the European version
to compensate for the low nicotine content in the liquid. In
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fact, an improved version of European JUUL, referred to
as “Turbo” by JUUL employees (Mahase 2019), has been
recently introduced in Germany and prompted concerns of
an increased addictiveness. In this study, we aim to set a
reference point for nicotine and toxicant levels in the aerosol
of the initial and the modified version of JUUL. Technical
aspects for vaping machine experiments are also briefly dis-
cussed. Therefore this study provides a scientific ground for
the monitoring of current and further directions of product
development.

Methods
E-cigarettes and pods

The European devices and differently flavored pods were
purchased in local stores in Berlin and Sigmaringen, Ger-
many, and online. The US-American variant was purchased
in Tempe, Arizona.

Chemicals and standard substances

Used solvents or chemicals were of analytical or higher
purity grade. 2-Propanol containing 0.3 g/L n-heptadecane,
2 g/L ethanol as internal standards and (S)-nicotine salicy-
late were purchased from LGC Standards (Teddington,
UK), acetonitrile, sodium chloride, and orthophosphoric
acid (85%) from Merck KGaA (Darmstadt, Germany).
2,4-Dinitrophenylhydrazine (moistened with 33% water)
was bought from PanReac AppliChem (Darmstadt, Ger-
many). Tris(hydroxymethyl)aminomethane, sulfuric acid
(99.999%), (S)-nicotine, benzoic acid, benzoic acid-ds,
and the 2,4-dinitrophenylhydrazone (DNPH) derivatives
of acetaldehyde, acetone, acrolein, and formaldehyde were
purchased from Sigma-Aldrich (Taufkirchen, Germany).
Dimethyl sulfoxide was purchased from Honeywell Riedel-
de-Haén (Seelze, Germany). Ultrapure water was prepared
with a Milli-Q Integral Water Purification System (Merck
KGaA, Darmstadt, Germany).

Aerosol generation

Aerosols were generated in two different laboratories, here-
after referred to as “lab A” (BfR, Berlin, Germany) and
“lab B” (CVUA Sigmaringen, Sigmaringen, Germany).
Both laboratories used a standard linear smoking machine
that was designed for e-cigarettes (LM4E with PM1 piston
pump, Borgwaldt, Hamburg, Germany). Experiments were
performed according to CORESTA Reference Method 81
(CORESTA 2015) for the puffing regimen: 55 mL puff vol-
ume, 3 s puff duration, 30 s puff frequency, and rectangular
puffing profile. E-cigarettes were placed in an angle of — 15°
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from a horizontal position. Except for carbonyl analysis, ses-
sions of 20 puffs were taken with a clearing puff without
e-cigarette at the end of each session. Between sessions, the
liquid was allowed to cool down for approximately 10 min.
The batteries were recharged after 8 and 6 sessions for the
initial and the modified pods, respectively. Lab A compared
two different custom adapters for a tight placement of the
angular shaped e-cigarette mouth-piece on the filter hold-
ers as displayed in Fig. 5 in the Supplementary Material.
One adapter was self-made with a heat shrinkable tubing
(cross-linked polyolefin, HStronic GmbH, Schwibisch Hall,
Germany) that was prepared once and reused in combination
with tape sealing (Parafilm, Bemis Company, Neenah, WI,
USA). The second adapter was purchased from Borgwaldt
(Hamburg, Germany) and used without additional tape seal-
ing. Lab B used only the mouth-piece from Borgwaldt.

Determination of liquid consumption and total
particulate matter (TPM), water and nicotine
in the aerosol

TPM was collected on @ 44 cm glass fiber filters (Borg-
waldt, Hamburg, Germany). The filters in the filter hold-
ers and the e-cigarettes with pods were weighed before
and after each session on analytical scales (LE225-0CE in
lab A and CP225D-0CE in lab B, both Sartorius, Gottin-
gen, Germany). TPM was calculated with the weight gain
of the filters according to ISO 4387 (2019), consumption
of the e-liquid with the weight loss of the liquid. Filters
were extracted with 20 mL isopropanol containing internal
standards (0.3 mg/mL n-heptadecane, 2 mg/mL ethanol) on
a horizontal shaker (lab A: 3005, GFL, Burgwedel, Ger-
many; lab B: SM-30 Control, Edmund Biihler, Hechingen,
Germany) for 30 min at 80-100 rpm. The extracts were
used for the determination of nicotine and water. Nicotine
was quantified by gas chromatography with flame ioniza-
tion detection (GC/FID). Lab A used a 6890 series from
Agilent Technologies/Hewlett Packard (Agilent Technolo-
gies, Waldbronn, Germany) with a constant flow of 1.3 mL/
min hydrogen (purity 99.999%, Linde, Pullach, Germany)
on an HP-5 ms capillary column (30 m length, 250 um
inner diameter, 0.25 pum film thickness, 3 m pre-column,
Agilent Technologies, Waldbronn, Germany). The tempera-
ture program started with 5 min at 100 °C, followed by a
30 °C/min ramp to 325 °C with 3.50 min hold. 1 pL filter
extract was injected into a split/splitless injector at 250 °C
and split ratio of 1:5 was used. FID was operated at 290 °C
with a hydrogen flow of 30 mL/min, air flow of 300 mL/
min, and a nitrogen (purity 99.999%, Linde, Pullach, Ger-
many) make up flow of 20 mL/min. Lab B analyzed nicotine
with flame ionization detection at 300 °C (7890A, Agilent
Technologies, Waldbronn, Germany; 30 mL/min H, flow,
99.999%; 400 mL/min air flow; 15 mL/min make up flow,

N,, 99.999%; Air Liquide, Paris, France) and water with
thermal conductivity detection at 250 °C (Agilent Technol-
ogies, Waldbronn, Germany; 15.5 mL/min reference flow,
5 mL/min combined flow) in one run after separation with
a 7890A series gas chromatograph (Agilent Technologies,
Waldbronn, Germany). 1 uL extract was injected into a split/
splitless injector at 250 °C in splitless mode. Separation for
nicotine analysis was performed by using an Rtx-VMS col-
umn (30 mx0.530 mm, 3 pum film thickness, Restek GmbH,
Bad Homburg, Germany), and for water an HP Plot Q col-
umn (30 m x 0.530 mm, 45 um film thickness, Agilent Tech-
nologies, Waldbronn, Germany).The oven program started at
75 °C for 0.5 min, heated with a rate of 50 °C/min to 165 °C
and held for 3 min, heated with 50 °C/min to 225 °C, held
for 5 min, before it cooled down at 50 °C/min to 75 °C,
followed by a 1 min hold. Flow rate of helium carrier gas
(99.999%, Air Liquide, Paris, France) was 4.240 mL/min.

Determination of carbonyl compounds

Carbonyls were analyzed as described previously (Mallock
et al. 2018) with liquid chromatography and UV detection on
an RP-Amid column (Ascentis, 150 X2 mm, 3 um, Supelco,
Bellefonte, PA, USA). Fractions of 40 puffs each were drawn
through impingers that contained 35 mL of 2,4-dinitrophe-
nylhydrazine (3.4 mg/mL in 45% acetonitrile with 0.35%
orthophosphoric acid) each. After two clearing puffs, the
content of both impingers was combined and incubated at
room temperature for 30 min before reaction was stopped by
addition of 2 mL tris(hydroxymethyl)aminomethane (tris)
solution (16 mg/mL in 80% acetonitrile) to 8 mL of the sam-
ple. Calibration standards for carbonyl-DNPH-derivatives
were diluted with the same DNPH/tris solution mixture to
mimic effects of excess DNPH on the UV spectra.

Determination of benzoic acid in liquids and aerosol

Benzoic acid was quantified using headspace-solid phase
microextraction-gas chromatography/mass spectrometry
(HS-SPME-GC/MS). 60 mg of sample liquid or self-pre-
pared standard liquid (20 mg/mL nicotine in PG/VG 50:50
(w/w)) was weighed into 20 mL headspace vials and dis-
solved in 5 mL saturated sodium chloride solution contain-
ing 0.5 M sulfuric acid. 50 pL of isotope-labeled internal
standard solution (8 mg/mL benzoic acid-ds) and/or cali-
bration standard solution (4, 10, 15, 20 and 30 mg/mL ben-
zoic acid) in DMSO were added and mixed. For analysis of
benzoic acid in the aerosol, vaped filters were transferred
into 20 mL headspace vials. For calibration, blank filters
were used in combination with 40 mg or 80 mg standard
liquid. Standard solutions were directly pipetted on the fil-
ter, followed by mixing with 5 mL saturated salt solution
containing 0.5 M sulfuric acid. SPME was automated on
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an MPS2-XL autosampler (Gerstel, Miihlheim, Germany)
with an incubation temperature of 80 °C and 1 min incuba-
tion time prior to 50 min headspace extraction by a polydi-
methylsiloxane/divinylbenzene fiber (Supelco, Bellafonte,
PA, USA) with 250 rpm shaking only for the filter samples.
The fiber was injected into a cooled injection system (CIS)
4 (Gerstel, Miihlheim, Germany) and desorbed for 5 min at
250 °C and a 1:50 split ratio. The GC 6890A (Agilent Tech-
nologies, Waldbronn, Germany) was equipped with a 30 m
HP-FFAP capillary column with 250 ym inner diameter and
0.25 pm film thickness (Agilent Technologies, Waldbronn,
Germany). After 5.5 min at 60 °C, the GC oven ramped
with 15 °C/min to 240 °C and held for 15 min. The helium
(purity 99.999%, Linde, Pullach, Germany) carrier gas flow
was constant at 1 mL/min. The mass selective detector
MSD 5975C (Agilent Technologies, Waldbronn, Germany)
was equipped with an electron impact ion source (Agilent
Technologies, Waldbronn, Germany) and operated with an
ionization energy of 70 eV using a combined selected ion
monitoring (SIM) and scan mode with a mass range from 29
to 300 m/z. Benzoic acid was quantified with the ion masses
of 77 m/z and qualified with 105 m/z and 122 m/z. The inter-
nal standard benzoic acid-ds was quantified with 82 m/z and
qualified with 110 m/z and 127 m/z. Dwell time was 15 ms
for each ion. Optimization of extraction parameters is sum-
marized in the Supplementary Material.

Determination of density, pH value and nicotine
content of the e-liquid

Liquids from the same batch were pooled for direct deter-
mination of density with an oscillating U-tube (DMA 500,
Anton Paar, Graz, Austria). For quantification of the nicotine
content in liquids, 300 mg liquid was diluted in 10 mL iso-
propanol with internal standards (0.3 mg/mL n-heptadecane,
2 mg/mL ethanol) and analyzed with the above mentioned
GC/FID method in lab B. The pH value of a 1:20 dilution of
liquids in ultrapure water was directly measured with a pH
meter (765 Calimatic; Knick, Berlin, Germany).

Determination of propylene glycol and glycerol
content of the e-liquid

E-liquids were analyzed by diluting a sample solution of
approx. 5 mg/mL (precisely weighed) with methanol. The
resulting solution was diluted by 1:1 with the internal stand-
ard solution containing 5 mg/mL 1,4-butanediol in metha-
nol. 1 pL aliquot of this sample solution was injected into
the split/splitless injector and analyzed by means of GC/
FID. GC/FID analysis was performed on an Agilent 7890A
gas chromatograph equipped with an FID detector and an
autosampler (Agilent Technologies, Waldbronn, Germany).
Separation was achieved on an HP-FFAP (25 m X 0.32 mm
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i.d. X 0.52 pm film) capillary column (Agilent Technologies,
Waldbronn, Germany). GC/FID conditions were as follows:
split mode, split ratio: 1:40; injector temperature: 230 °C;
nitrogen (99.999%; Air Liquide, Paris, France) as carrier
gas at a constant pressure of 0.7 bar. FID was operated at
250 °C (30 mL/min H, flow, 99.999%; 400 mL/min air flow;
30 mL/min make up flow, N,, 99.999%; Air Liquide, Paris,
France). The oven program started at 70 °C, held for 4 min.
The temperature was raised by 10 °C/min up to 220 °C and
held for 7 min, followed by a ramp of 30 °C/min to 70 °C.
Total run time was 31 min.

Characterization of the pod construction

Resistance was measured between the connectors at the bot-
tom of the pods with a 2010 DMM ohmmeter (PeakTech,
Ahrensburg, Germany). For FT-IR analysis, the wick was
removed from the pod, washed twice with ethanol, dried at
80 °C (FED 240, Binder, Tuttlingen, Germany), and ana-
lyzed with attenuated total reflectance-Fourier-transform
infrared (ATR-FTIR) spectroscopy using a Nicolet 6700
spectrometer (Thermo Electron Corporation, Madison, WI).

Results
Description of the product

The JUUL device consists of a flat and elongated battery
with contacts to connect to the particular pods as shown in
Fig. 1. The prefilled and disposable pods are composed of
an e-liquid tank, including coil and wick, and a rectangular
mouthpiece. The pods are marketed in four-packs and are
declared to contain approximately 0.7 mL liquid with for-
merly 20 mg/mL (referred to as “initial” in this publication)
and now 18 mg/mL and 9 mg/mL nicotine (referred to as
“modified”). The modified JUUL version has been launched
in Germany in summer 2019, and could still be included in
our study. Vegetable glycerol (VG), propylene glycol (PG),
nicotine, benzoic acid and “aromas” are listed as ingredients.
The packets contain health warnings and hazard pictograms
and refer to the product as “alternative for adult smokers”.

Chemical characterization of JUUL pods and aerosol

Different analytical assessments have been performed in the
liquid and the aerosol of JUUL pods with the aromas “Rich
Tobacco” (initial and modified pods in comparison), “Royal
Creme”, “Mint”, “Mango”, and “Apple” (initial pods). The
results are shown in Table 1. Although declared as 20 mg/
mL, nicotine content was found to be below 18 mg/mL in
the initial pods. Thus, the modified European pods contained
the same amount of nicotine as the initial ones. Density,
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Fig. 1 Photography of a JUUL
e-cigarette with a battery and
differently flavored pods

composition of the liquid basis, pH values, and amount of
benzoic acid did not vary significantly between different aro-
mas of the initial pods. Modified European JUUL generated
more TPM (as marker for vapor generation) as the initial
European version. The molar ratio of nicotine to benzoic
acid decreased in both liquid and vapor of the improved
European version, implying that more benzoic acid is now
being applied. The pattern of aldehyde formation changed
with the alteration of the pod design: The generation of
acetone increased whereas the generation of acetaldehyde
and formaldehyde decreased. For formaldehyde, the high
standard deviation is likely due to inter- and intra-device
variabilities of carbonyl generation. As discussed in the Sup-
plementary Material, the concentrations of all other analytes
were close to its analytical thresholds, what could have been
an additional factor for high deviations. Furthermore, the
amount of water in the vapor has been assessed for 10 initial
Rich Tobacco JUUL pods. The mean and standard deviation
of the first 160 puffs were 0.25 +0.08 mg water/puff.

Comparison of European JUUL pods
with the US-American version

As visualized in Fig. 2, the US-American JUUL device
released 1.4 +0.4 mg TPM per puff, resulting in a similar
vapor generation compared to the initial European JUUL.
The nicotine delivery was with 72 +25 pg per puff approx-
imately threefold higher. This correlates with a threefold
higher nicotine content in the liquid. The vapor generation
of the European modified JUUL pods was more than dou-
bled compared to both the European initial pods and the
US-American version. Accordingly, the nicotine delivery
of modified European JUUL approximated to the high-
nicotine US-American variant. The resistance between
the connections of the pods, reflecting the resistance of
the coil, has been measured and ranged between 1.6 and

1.7 Q for all three variants. As shown in Fig. 3, the wick
material has been replaced in the modified JUUL vari-
ant. The change in the material has been confirmed with
ATR-FTIR. Spectra are displayed in the Supplementary
Material.

Intra-device variability of nicotine delivery

According to European tobacco legislation, E-cigarettes
need to deliver nicotine at consistent levels. We have there-
fore tested whether JUUL complies with this requirement.
As illustrated in Figs. 6 and 7 in the Supplementary Mate-
rial, the aerosol generation of JUUL e-cigarettes varied
significantly over all fractions. The continuity of nicotine
delivery was assessed in light of the intra-device variability.
For each pod analyzed, the mean nicotine delivery for the
first 8 fractions was calculated. The difference of each single
value to the mean was calculated in percent. The highest dif-
ference to the mean was set as maximum deviation for the
corresponding pod type in our experiments. This reflects the
intra-device variability. Only the first 8 fractions of 20 puffs
each were regarded as intended use. Out of 10 initial JUUL
pods for each laboratory, the maximum deviation was+ 31%
and+ 79% as determined by lab A and lab B, respectively.
Out of the 20 pods, 17 had a maximum deviation above an
exemplary threshold of 15% that might be used to define
a consistent nicotine delivery. The maximum intra-device
deviation out of 6 modified pods was —50% and —45% for
18 mg/mL and 9 mg/mL nicotine pods, respectively. For all
modified pods analyzed, the maximum deviation was found
for the first fraction. All 12 pods had a maximum deviation
above 15%. When this fraction was left out from the cal-
culation, the maximum deviation was still characterized as
—45% and —39% for 18 mg/mL and 9 mg/mL nicotine pods,
respectively, with 6 out of 12 pods above 15%.
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Table 1 Chemical characterization of JUUL liquids and aerosol

Flavor Rich tobacco  Rich tobacco  Richtobacco  Royal Creme  Apple Mango Mint
Pod design Initial Modified Modified Initial Initial Initial Initial
Declared nicotine con- 20 18 9 20 20 20 20
centration (mg/mL)
Characterization of liquids
Measured nicotine 17.20+0.13 17.69+0.09 9.03+0.14 17.41+0.05 17.40+0.28 17.78 +0.14 17.26 +0.21
concentration (mg/ (3 pods) (3 pods) (3 pods) (3 pods) (3 pods) (3 pods) (3 pods)
mL)
Density (g/cm®) 1.16 1.16 1.16 1.18 1.18 1.18 1.18
Liquid basis (g/100 g) PG:26.0+1.6 PG:244+2.1 PG:27.6+0.1 PG:23.8+1.5 PG:24.0+1.6 PG:249+02 PG:23.6+04
VG: 56.8+4.0 VG:55.8+49 VG:61.2+0.8 VG:64.7+35 VG:62.5+44 VG:65.8+0.7 VG:65.6+1.2
(5 pods) (3 pods) (3 pods) (3 pods) (3 pods) (3 pod) (4 pods)
pH value (of 1:20 5.51 542 5.40 5.42 5.74 5.56 5.52
dilution in ultrapure (1 pod) (1 pod) (1 pod) (1 pod) (1 pod) (1 pod) (1 pod)
water)
Benzoic acid (mg/mL) 9.64+0.05 12.67+0.38 7.02+0.21 9.24+0.04 8.82+0.59 9.24+0.09 9.17+0.02
(3 pods) (3 pod) (3 pods) (3 pods) (3 pods) (3 pods) (3 pods)
Molar ratio 1:0.7 1:1.0 1:1.0 1:0.7 1:0.7 1:0.7 1:0.7
(Nicotine:Benzoic acid)
Characterization of aerosol
TPM (mg per puff) 1.6+0.4 3.7+0.7 3.7+0.7 1.8+0.5 1.8+0.3 1.8+0.3 1.9+0.3
Mean of the first 160 (20 pods) (6 pods) (6 pods) (2 pods) (2 pods) (2 pods) (2 pods)
puffs
Nicotine (ug per puff) 23+5 61+12 306 2347 23+4 23+4 24+4
Mean of the first 160 (20 pods) (6 pods) (6 pods) (2 pods) (2 pods) (2 pods) (2 pods)
pufts
Benzoic acid (ug per 21+3 41+6 22+3
puff) (2 pods) (2 pods) (2 pods)
Mean of the first 160
pufts
Acetaldehyde (ng per 76 +116 12+13
puff) (4 pods) (4 pods)
Mean of the first 160
pufts
Acetone (ng per puff) 3+2 36+10
Mean of the first 160 (4 pods) (4 pods)
puffs
Acrolein (ng per puff) 13+7 T+2
Mean of the first 160 (4 pods) (4 pods)
puffs
Formaldehyde (ng per 112+117 11+6
puff) (4 pods) (4 pods)

Mean of the first 160
puffs

For all aerosol measurements, the commercially available mouth piece was used. Contents of benzoic acid in liquids and vapor, and pH values
of liquids were determined in lab A. Density, liquid basis composition, nicotine content of liquids, and carbonyl emissions were analyzed in lab
B. TPM and nicotine in the emissions were determined in both labs. Values are presented as mean values and corresponding absolute standard

deviations

Discussion

Nicotine-salt pod e-cigarettes, especially the market leader
JUUL, have started a controversy that first emerged in the
US. The combination of factors like product design, viral
marketing, and the high nicotine contents in liquids and
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corresponding aerosols have triggered a great popularity
especially among young people, thus raising concerns by
US-American authorities (Koh and Douglas 2019; U.S.
Surgeon General). In December 2018, JUUL e-cigarettes
became available in Europe, where the nicotine contents
in the liquids had to be lowered to 20 mg/mL in order to
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Fig.2 Total particulate matter (TPM) in mg per puff and nicotine
levels in pg per puff released during the first 160 puffs of 20 mg/mL
initial European Rich Tobacco JUUL (20 pods), 18 mg/mL modified
European Rich Tobacco JUUL (6 pods) and 58 mg/mL US-American
Virginia Tobacco JUUL (5 pods)

comply with European regulation (Art. 20 TPD, (European
Parliament 2014)). Little is known about the product variants
that were placed on the European market.

Our data demonstrate that the initial product on the
European market generated a similar amount of vapor when
compared to the American version and subsequently only
achieved relatively low levels of nicotine delivered into the
aerosol. Amidst our investigation, a new product design,
referred to as “Turbo”, was launched (Mahase 2019). We
could show that the degree of vaporization in the newly
designed product increased more than twice and therefore
can be considered sufficient to compensate for the lower nic-
otine contents in the liquid. This observation confirmed our
initial expectation that nicotine delivery will be increased
with technical adaptions. Modified JUUL was shown to
deliver approximately the same amounts of nicotine as
the American version in our machine vaping set-up and

Fig.3 Photographs of emptied a
JUUL pods: The initial (a) and

the American (c) variant contain

a different wick material than

the one used in the modified

JUUL version (b)

thus could potentially lead to blood nicotine levels that are
comparable to tobacco cigarettes as well.

The increased vaporization of modified JUUL is linked
to the use of another wick material. It is not related to a
higher power delivery as parameters like the resistance of
the coil and the battery voltage did not change. The prop-
erties of the wick can also have a substantial influence on
vaporization via the liquid supply rate. A wick made of an
expansible material can resupply the coil faster and more
stably with unvaporized e-liquid. It is visible by the naked
eye that the constitution of the wick has changed. The
initial version of the product showed very high intra- and
inter-device deviations, especially when more than 200
puffs were drawn. Vapor generation by modified JUUL is
more stable; however the deviations are still high and do
not attest a good consistency of nicotine delivery. Since
both versions contain the same amount of liquid, only half
the number of puffs can be drawn from the modified ver-
sion (see Supplementary Material). Depending on changes
in consumption behavior, this could have an influence on
cost.

We also would expect an increased addictiveness of
the modified JUUL version due to the higher nicotine
delivery. Non-smokers who start vaping e-cigarettes with
such a high nicotine delivery per puff are at higher risk
to become dependent. If these novel design features were
combined with higher power settings, nicotine delivery
might increase further. In the case of pod systems, our data
possibly support the notion that setting a limit for nicotine
delivery into the aerosol (per puff) might be more purpose-
ful than liquid nicotine content limits only. To this end, the
nicotine delivery limits should be similar or even lower
when compared to tobacco cigarettes. Pod systems are
very simple; they do not require any prior knowledge as
in the case of conventional e-cigarettes and can be bought
and used directly. Setting a general limit of aerosol nico-
tine levels in pod systems would at least protect initiating
adolescents who are getting exposed to these products the
first time.

b c
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E-cigarettes and e-liquids are complex products that
undergo steady product development. Therefore, it can be
anticipated that further product innovations will occur and
current knowledge becomes quickly outdated. This is of spe-
cial importance for regulators and surveillance authorities
who not only need to keep up with future product develop-
ment but who are also in charge of monitoring the already
existing products. The Sisyphean challenge of tobacco con-
trol to keep pace with the development on the market is
complicated by practical problems, for example the connec-
tivity of e-cigarette mouth pieces of new shapes to the filter
holders of vaping machines used for analytical testing. In the
Supplementary Material we demonstrate that suitable adapt-
ers can be self-made and lead to comparable results as com-
mercially available options. The adjusted adapters made out
of a heat-shrinkable material are cheap and uncomplicated
in production and could be considered whenever connection
of e-cigarettes to the vaping machine is troublesome and no
commercial option is available.

Pod systems are usually operated with low electrical
power and therefore provide some advantages from a toxico-
logical perspective. We found levels of carbonyl compounds
in the respective aerosols lying in a similar range as reported
for the American and non-American JUUL devices (Hiraki
et al. 2019; Reilly et al. 2019; Talih et al. 2019), but magni-
tudes lower than those found in tobacco cigarettes (Counts
et al. 2005). Also in relation to other e-cigarettes, especially
with higher power settings, the carbonyl emissions by JUUL
are still comparatively low (El-Hellani et al. 2018; Talih
et al. 2017, 2019).

Tobacco smokers who switch completely to e-cigarettes
significantly reduce their levels of exposure to known ciga-
rette toxicants, as shown recently in a 5-days trial by the
manufacturer (Jay et al. 2019). A closed system device with
a low power setting has the advantage that toxicant genera-
tion is comparatively low and no easy manipulation by the
consumer is feasible as with open systems. Composition of
e-liquids can be regulated and monitored better, although
this might be undermined by third-party suppliers of pods
and refill solutions.

High nicotine delivery might pose an increased risk for
adolescents to initiate nicotine use. On the other side, this
feature can be beneficial for smokers who intend to reduce
harm or attempt cessation. Satisfying nicotine delivery
might suppress urges to smoke and prevent dual use or a
relapse to tobacco cigarettes. This has not been achieved by
older generations of e-cigarettes (Fearon et al. 2018). But
it is yet unclear how these high nicotine levels affect com-
plete cessation, considering that at some point e-cigarette
use should be ceased as well. Possible harm reduction is also
counteracted by dual use of tobacco and electronic cigarettes
that might even increase toxicological health risks for vapers
(Osei et al. 2019).

@ Springer

While tobacco smokers, who switch completely to e-ciga-
rettes, can reduce their exposure to known tobacco cigarette
toxicants and putatively reduce health risks, non-smokers
that start with e-cigarettes jeopardize their health and are
prone to develop an addictive disorder. Therefore, initiation
of e-cigarette consumption is strongly discouraged for non-
smokers irrespective of their age.

Acknowledgement Open Access funding provided by Projekt DEAL.
We thank A. Baumann, H. Brauer, N. Dreiack, S. Gnannt, J. Junghardt,
A. Fink, J. MoB, and S. Nebe for their excellent technical assistance.

Author contributions NM, HLT, FHS, JH, CH, and AL contributed to
the implementation of this e-cigarette research and designed the study.
Experiments and data analyses were performed by NM, HLT, MM, SM
and AK. NM drafted the manuscript. FHS, CH, PL and AL supervised
the study, refined and finished the manuscript.

Funding This study was financially supported by intramural funding
of the German Federal Institute for Risk Assessment (BfR) [SFP Grant
No. 1322-535].

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Allem JP, Dharmapuri L, Unger JB, Cruz TB (2018) Characterizing
JUUL-related posts on Twitter. Drug Alcohol Depend 190:1-5.
https://doi.org/10.1016/j.drugalcdep.2018.05.018

Bowen A, Xing C (2014) Nicotine salt formulations for aerosol device
and methods thereof. US 9215895 B2

Boykan R, Goniewicz ML, Messina CR (2019) Evidence of nico-
tine dependence in adolescents who use JUUL and similar pod
devices. Int J Environ Res Public Health 16:2135. https://doi.
org/10.3390/ijerph16122135

Brett EI, Stevens EM, Wagener TL, Leavens ELS, Morgan TL, Cotton
WD, Hebert ET (2019) A content analysis of JUUL discussions
on social media: using Reddit to understand patterns and percep-
tions of JUUL use. Drug Alcohol Depend 194:358-362. https://
doi.org/10.1016/j.drugalcdep.2018.10.014

Buchanan ND, Grimmer JA, Tanwar V, Schwieterman N, Mohler PJ,
Wold LE (2019) Cardiovascular risk of electronic cigarettes: a


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.drugalcdep.2018.05.018
https://doi.org/10.3390/ijerph16122135
https://doi.org/10.3390/ijerph16122135
https://doi.org/10.1016/j.drugalcdep.2018.10.014
https://doi.org/10.1016/j.drugalcdep.2018.10.014

Archives of Toxicology (2020) 94:1985-1994

1993

review of preclinical and clinical studies. Cardiovasc Res 116:40—
50. https://doi.org/10.1093/cvr/cvz256

Chu KH, Colditz JB, Primack BA et al (2018) JUUL: spreading
online and offline. ] Adolesc Health 63:582-586. https://doi.
org/10.1016/j.jadohealth.2018.08.002

Conner M, Grogan S, Simms-Ellis R et al (2018) Do electronic ciga-
rettes increase cigarette smoking in UK adolescents? Evidence
from a 12-month prospective study. Tob Control 27:365-372.
https://doi.org/10.1136/tobaccocontrol-2016-053539

CORESTA (2015) CORESTA Recommended Method No. 81—Rou-
tine analytical machine for e-cigarette aerosol generation and col-
lection—Definitions and standard conditions. Cooperation Centre
for Scientific Research Relative to Tobacco, Paris

Counts ME, Morton MJ, Laffoon SW, Cox RH, Lipowicz PJ (2005)
Smoke composition and predicting relationships for international
commercial cigarettes smoked with three machine-smoking
conditions. Regul Toxicol Pharmacol 41:185-227. https://doi.
org/10.1016/j.yrtph.2004.12.002

Czaplicki L, Kostygina G, Kim Y et al (2019) Characterising JUUL-
related posts on Instagram. Tob Control. https://doi.org/10.1136/
tobaccocontrol-2018-054824

Duell AK, Pankow JF, Peyton DH (2018) Free-base nicotine determi-
nation in electronic cigarette liquids by (1)H NMR spectroscopy.
Chem Res Toxicol 31:431-434. https://doi.org/10.1021/acs.chemr
estox.8b00097

Dwyer JB, Broide RS, Leslie FM (2008) Nicotine and brain develop-
ment. Birth Defects Res C Embryo Today 84:30-44. https://doi.
org/10.1002/bdrc.20118

El-Hellani A, Salman R, El-Hage R et al (2018) Nicotine and carbonyl
emissions from popular electronic cigarette products: correlation
to liquid composition and design characteristics. Nicotine Tob Res
20:215-223. https://doi.org/10.1093/ntr/ntw280

Erythropel HC, Davis LM, de Winter TM et al (2019a) Flavorant-
solvent reaction products and menthol in JUUL E-cigarettes and
aerosol. Am J Prev Med 57:425—427. https://doi.org/10.1016/j.
amepre.2019.04.004

Erythropel HC, Jabba SV, DeWinter TM, Mendizabal M, Anastas
PT, Jordt SE, Zimmerman JB (2019b) Formation of flavorant-
propylene Glycol Adducts With Novel Toxicological Properties
in Chemically Unstable E-Cigarette Liquids. Nicotine Tob Res
21:1248-1258. https://doi.org/10.1093/ntr/nty 192

Etter JF (2018) Gateway effects and electronic cigarettes. Addiction
113:1776-1783. https://doi.org/10.1111/add.13924

European Parliament (2014) Directive 2014/40/EU of the European
Parliament and of the Council. https://ec.europa.eu/health/tobac
co/docs/dir_201440_en.pdf. Accessed 16 March 2020

Farsalinos KE, Gillman G (2018) Carbonyl emissions in e-cigarette
aerosol: a systematic review and methodological considerations.
Front Physiol 8:1119. https://doi.org/10.3389/fphys.2017.01119

Fearon IM, Eldridge AC, Gale N, McEwan M, Stiles MF, Round EK
(2018) Nicotine pharmacokinetics of electronic cigarettes: a
review of the literature. Regul Toxicol Pharmacol 100:25-34.
https://doi.org/10.1016/j.yrtph.2018.09.004

Gillman IG, Kistler KA, Stewart EW, Paolantonio AR (2016) Effect of
variable power levels on the yield of total aerosol mass and forma-
tion of aldehydes in e-cigarette aerosols. Regul Toxicol Pharmacol
75:58-65. https://doi.org/10.1016/j.yrtph.2015.12.019

Goniewicz ML, Knysak J, Gawron M et al (2014) Levels of selected
carcinogens and toxicants in vapour from electronic cigarettes.
Tob Control 23:133-139. https://doi.org/10.1136/tobaccocontrol-
2012-050859

Hammond D, Reid JL, Rynard VL et al (2019) Prevalence of vap-
ing and smoking among adolescents in Canada, England, and
the United States: repeat national cross sectional surveys. BMJ
365:12219. https://doi.org/10.1136/bm;j.12219

Hiraki B, Misra M, Cook D (2019) HPHC analysis of seven flavors
of a temperature-regulated nicotine salt pod system. https://jlisc
ience.com/wp-content/uploads/2019/09/TSRC-HPHC-WM.pdf.
Accessed 16 March 2020

Huang J, Duan Z, Kwok J et al (2019) Vaping versus JUULing: how
the extraordinary growth and marketing of JUUL transformed the
US retail e-cigarette market. Tob Control 28:146—151. https://doi.
org/10.1136/tobaccocontrol-2018-054382

Hutzler C, Paschke M, Kruschinski S, Henkler F, Hahn J, Luch A
(2014) Chemical hazards present in liquids and vapors of elec-
tronic cigarettes. Arch Toxicol 88:1295-1308. https://doi.
org/10.1007/s00204-014-1294-7

ISO 4387:2019 (2019) Cigarettes - Determination of total and nico-
tine-free dry particulate matter using a routine analytical smoking
machine. International Organisation for Standardisation, Geneva

Jay J, Pfaunmiller EL, Huang NJ, Cohen G, Graff D (2019) 5-Day
changes in biomarkers of exposure among adult smokers after
completely switching from combustible cigarettes to a nicotine-
salt pod system. Nicotine Tob Res. https://doi.org/10.1093/ntr/
ntz206

Kandel D, Kandel E (2015) The gateway hypothesis of substance
abuse: developmental, biological and societal perspectives. Acta
Paediatr 104:130-137. https://doi.org/10.1111/apa.12851

Kaur G, Muthumalage T, Rahman I (2018) Mechanisms of toxicity and
biomarkers of flavoring and flavor enhancing chemicals in emerg-
ing tobacco and non-tobacco products. Toxicol Lett 288:143-155.
https://doi.org/10.1016/j.toxlet.2018.02.025

Kavuluru R, Han S, Hahn EJ (2019) On the popularity of the USB flash
drive-shaped electronic cigarette Juul. Tob Control 28:110-112.
https://doi.org/10.1136/tobaccocontrol-2018-054259

Koh HK, Douglas CE (2019) The San Francisco ban and the future
of e-cigarettes. JAMA 322:1540-1541. https://doi.org/10.1001/
jama.2019.16181

Krishnan-Sarin S, Jackson A, Morean M et al (2019) E-cigarette
devices used by high-school youth. Drug Alcohol Depend
194:395-400. https://doi.org/10.1016/j.drugalcdep.2018.10.022

Liu X, Lugo A, Davoli E, Gorini G, Pacifici R, Fernandez E, Gallus S
(2020) Electronic cigarettes in Italy: a tool for harm reduction or
a gateway to smoking tobacco? Tob Control 29:148-152. https://
doi.org/10.1136/tobaccocontrol-2018-054726

Mahase E (2019) Juul shipped a million contaminated e-cigarette pods,
claims lawsuit from former employee. BMJ 367:16333. https://doi.
org/10.1136/bm;j.16333

Mallock N, Boss L, Burk R et al (2018) Levels of selected analytes in
the emissions of "heat not burn" tobacco products that are relevant
to assess human health risks. Arch Toxicol 92:2145-2149. https
://doi.org/10.1007/s00204-018-2215-y

O’Connell G, Pritchard JD, Prue C, Thompson J, Verron T, Graff D,
Walele T (2019) A randomised, open-label, cross-over clinical
study to evaluate the pharmacokinetic profiles of cigarettes and
e-cigarettes with nicotine salt formulations in US adult smokers.
Intern Emerg Med 14:853-861. https://doi.org/10.1007/s1173
9-019-02025-3

Osei AD, Mirbolouk M, Orimoloye OA et al (2019) Association
between E-cigarette use and cardiovascular disease among never
and current combustible-cigarette smokers. Am J Med 132:949—
954. https://doi.org/10.1016/j.amjmed.2019.02.016

Paine JB, Pithawalla YB, Naworal JD, Thomas CE (2007) Carbohy-
drate pyrolysis mechanisms from isotopic labeling. J Anal Appl
Pyrol 80:297-311. https://doi.org/10.1016/j.jaap.2007.03.007

Pankow JF, Kim K, McWhirter KJ et al (2017) Benzene formation
in electronic cigarettes. PLoS ONE 12:e0173055. https://doi.
org/10.1371/journal.pone.0173055

Ramamurthi D, Chau C, Jackler RK (2019) JUUL and other stealth
vaporisers: hiding the habit from parents and teachers. Tob

@ Springer


https://doi.org/10.1093/cvr/cvz256
https://doi.org/10.1016/j.jadohealth.2018.08.002
https://doi.org/10.1016/j.jadohealth.2018.08.002
https://doi.org/10.1136/tobaccocontrol-2016-053539
https://doi.org/10.1016/j.yrtph.2004.12.002
https://doi.org/10.1016/j.yrtph.2004.12.002
https://doi.org/10.1136/tobaccocontrol-2018-054824
https://doi.org/10.1136/tobaccocontrol-2018-054824
https://doi.org/10.1021/acs.chemrestox.8b00097
https://doi.org/10.1021/acs.chemrestox.8b00097
https://doi.org/10.1002/bdrc.20118
https://doi.org/10.1002/bdrc.20118
https://doi.org/10.1093/ntr/ntw280
https://doi.org/10.1016/j.amepre.2019.04.004
https://doi.org/10.1016/j.amepre.2019.04.004
https://doi.org/10.1093/ntr/nty192
https://doi.org/10.1111/add.13924
https://ec.europa.eu/health/tobacco/docs/dir_201440_en.pdf
https://ec.europa.eu/health/tobacco/docs/dir_201440_en.pdf
https://doi.org/10.3389/fphys.2017.01119
https://doi.org/10.1016/j.yrtph.2018.09.004
https://doi.org/10.1016/j.yrtph.2015.12.019
https://doi.org/10.1136/tobaccocontrol-2012-050859
https://doi.org/10.1136/tobaccocontrol-2012-050859
https://doi.org/10.1136/bmj.l2219
https://jliscience.com/wp-content/uploads/2019/09/TSRC-HPHC-WM.pdf
https://jliscience.com/wp-content/uploads/2019/09/TSRC-HPHC-WM.pdf
https://doi.org/10.1136/tobaccocontrol-2018-054382
https://doi.org/10.1136/tobaccocontrol-2018-054382
https://doi.org/10.1007/s00204-014-1294-7
https://doi.org/10.1007/s00204-014-1294-7
https://doi.org/10.1093/ntr/ntz206
https://doi.org/10.1093/ntr/ntz206
https://doi.org/10.1111/apa.12851
https://doi.org/10.1016/j.toxlet.2018.02.025
https://doi.org/10.1136/tobaccocontrol-2018-054259
https://doi.org/10.1001/jama.2019.16181
https://doi.org/10.1001/jama.2019.16181
https://doi.org/10.1016/j.drugalcdep.2018.10.022
https://doi.org/10.1136/tobaccocontrol-2018-054726
https://doi.org/10.1136/tobaccocontrol-2018-054726
https://doi.org/10.1136/bmj.l6333
https://doi.org/10.1136/bmj.l6333
https://doi.org/10.1007/s00204-018-2215-y
https://doi.org/10.1007/s00204-018-2215-y
https://doi.org/10.1007/s11739-019-02025-3
https://doi.org/10.1007/s11739-019-02025-3
https://doi.org/10.1016/j.amjmed.2019.02.016
https://doi.org/10.1016/j.jaap.2007.03.007
https://doi.org/10.1371/journal.pone.0173055
https://doi.org/10.1371/journal.pone.0173055

1994

Archives of Toxicology (2020) 94:1985-1994

Control 28:610-616. https://doi.org/10.1136/tobaccocontrol-
2018-054455

Reilly SM, Bitzer ZT, Goel R, Trushin N, Richie JP (2019) Free radi-
cal, carbonyl, and nicotine levels produced by Juul electronic ciga-
rettes. Nicotine Tob Res 21:1274-1278. https://doi.org/10.1093/
ntr/nty221

Rodgman A, Green CR (2003) Toxic chemicals in cigarette mainstream
smoke-hazard and hoopla. Beitrige zur Tabakforschung Inter-
national/Contrib Tob Res 20:481-545. https://doi.org/10.2478/
cttr-2013-0764

Smith RF, McDonald CG, Bergstrom HC, Ehlinger DG, Brielmaier J]M
(2015) Adolescent nicotine induces persisting changes in develop-
ment of neural connectivity. Neurosci Biobehav Rev 55:432-443.
https://doi.org/10.1016/j.neubiorev.2015.05.019

Stephens WE (2018) Comparing the cancer potencies of emissions
from vapourised nicotine products including e-cigarettes with
those of tobacco smoke. Tob Control 27:10-17. https://doi.
org/10.1136/tobaccocontrol-2017-053808

Talih S, Salman R, Karaoghlanian N, El-Hellani A, Saliba N, Eissen-
berg T, Shihadeh A (2017) “Juice Monsters”: sub-ohm vaping and

@ Springer

toxic volatile aldehyde emissions. Chem Res Toxicol 30:1791—
1793. https://doi.org/10.1021/acs.chemrestox.7b00212

Talih S, Salman R, El-Hage R et al (2019) Characteristics and toxicant
emissions of JUUL electronic cigarettes. Tob Control 28:678-680.
https://doi.org/10.1136/tobaccocontrol-2018-054616

U.S. Surgeon General (2018) Surgeon general’s advisory on e-cigarette
use among youth. https://e-cigarettes.surgeongeneral.gov/docum
ents/surgeon-generals-advisory-on-e-cigarette-use-among-youth
-2018.pdf. Accessed 16 March 2020

Watkins SL, Glantz SA, Chaffee BW (2018) Association of nonciga-
rette tobacco product use with future cigarette smoking among
youth in the population assessment of tobacco and health (PATH)
study, 2013-2015. JAMA Pediatr 172:181-187. https://doi.
org/10.1001/jamapediatrics.2017.4173

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1136/tobaccocontrol-2018-054455
https://doi.org/10.1136/tobaccocontrol-2018-054455
https://doi.org/10.1093/ntr/nty221
https://doi.org/10.1093/ntr/nty221
https://doi.org/10.2478/cttr-2013-0764
https://doi.org/10.2478/cttr-2013-0764
https://doi.org/10.1016/j.neubiorev.2015.05.019
https://doi.org/10.1136/tobaccocontrol-2017-053808
https://doi.org/10.1136/tobaccocontrol-2017-053808
https://doi.org/10.1021/acs.chemrestox.7b00212
https://doi.org/10.1136/tobaccocontrol-2018-054616
https://e-cigarettes.surgeongeneral.gov/documents/surgeon-generals-advisory-on-e-cigarette-use-among-youth-2018.pdf
https://e-cigarettes.surgeongeneral.gov/documents/surgeon-generals-advisory-on-e-cigarette-use-among-youth-2018.pdf
https://e-cigarettes.surgeongeneral.gov/documents/surgeon-generals-advisory-on-e-cigarette-use-among-youth-2018.pdf
https://doi.org/10.1001/jamapediatrics.2017.4173
https://doi.org/10.1001/jamapediatrics.2017.4173

	Trendy e-cigarettes enter Europe: chemical characterization of JUUL pods and its aerosols
	Abstract
	Introduction
	Methods
	E-cigarettes and pods
	Chemicals and standard substances
	Aerosol generation
	Determination of liquid consumption and total particulate matter (TPM), water and nicotine in the aerosol
	Determination of carbonyl compounds
	Determination of benzoic acid in liquids and aerosol
	Determination of density, pH value and nicotine content of the e-liquid
	Determination of propylene glycol and glycerol content of the e-liquid
	Characterization of the pod construction

	Results
	Description of the product
	Chemical characterization of JUUL pods and aerosol
	Comparison of European JUUL pods with the US-American version
	Intra-device variability of nicotine delivery

	Discussion
	Acknowledgement 
	References




