
 Cigarette smoking is one of the main causes of prevent-
able death globally. When lightning a tobacco cigarette, the 
combination of tobacco and oxygen in the air generates a continu-
ing combustion process that consumes tobacco. During the period 
between two puffs, temperatures ranging from 600 to 800 °C in 
the center of the combustion zone are achieved, whereas the 
temperature increases during a puff to more than 900 °C at the 
periphery of the combustion zone [1]. The smoke of this combus-
tion process is a complex aerosol mixture containing several 
thousands of compounds [2,3]. 
 Since more and more smokers are looking for a way to 
replace tobacco cigarettes, they can find alternatives which heat 
tobacco instead of burning it. As a matter of fact, over the years, 
there have been proposed numerous smoking products which use 
various forms of energy to vaporize or heat tobacco. Heating of 
genuine tobacco is performed at much lower temperatures at
300 °C to 350 °C [4]. This is the primary difference to the smok-
ing of conventional cigarettes. Thus, a largely reduced number of 
unwanted by-products might be the result of heating tobacco.
 The present study was designed to investigate the possi-
ble differences in acute inhalation toxicity between tobacco 

heating sticks with different flavours in comparison to burning 
a conventional tobacco cigarette. For this purpose, human lung 
cells were used as submerged cultures and were also exposed at 
the air-liquid interface (ALI). Especially, the latter test system 
is very similar to the real situation in vivo.

Materials and Methods
Experimental procedure for getting extracts for aerosol 
application
 The following 6 different flavoured tobacco heating 
sticks were examined versus a conventional tobacco cigarette. A 
total of 50 puffs for each of the tobacco heating sticks were 
collected on a cellulose filter and extracted by vigorous shaking 
for 15 min in 100 ml of phosphate-buffered saline with calcium 
and magnesium (PBS+). A Borgwaldt LM4E smoking machine 
was used according to the Coresta method no. 81 (June 2015) 
with the following parameters: puff volume 55 ml; duration 3 
seconds; interval 30 seconds; profile rectangle [5]. A similar 
manual procedure was done by smoking 5 conventional tobacco 
cigarettes (condensate: 10 mg; nicotine: 0.8 mg) with 10 puffs 
each and bubbling of the smoke directly into 100 ml of PBS+.
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Abstract

Cigarette smoking which is one of the main causes of preventable death globally, is due to a combustion process 
with temperatures up to 900 °C which yield several thousands of more or less harmful compounds. Therefore, 
heating of tobacco at temperatures at around 300 °C instead of burning tobacco might be less harmful. The 
present study was designed to investigate the possible differences in acute inhalation toxicity between a tobacco 
heating device with different flavours in comparison to burning a conventional tobacco cigarette. Tobacco 
heating stick extracts were generated by using a Borgwaldt LM4E smoking machine according to the Coresta 
method no. 81 together with a cellulose filter and an elution with phosphate-buffered saline. For a concentional 
tobacco cigarette a manual procedure was used. Cultivated human lung cells (cell line A-549) were exposed as 
(1) submerged cultures and (2) by an aerosol of the extracts at the air-liquid interface. The results clearly demon-
strate that heating of tobacco by use of different flavoured tobacco heating sticks is significantly less harmful to 
the lung cells than burning tobacco as done with a conventional tobacco cigarette. Thus, we conclude that heating 
of tobacco instead of burning it might be an alternative for those who cannot quit smoking, but are seeking for a 
possibility to reduce unwanted health effects.
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Cultivation of A-549 cells
 The investigations were done with human lung adeno-
carcinoma cells (cell line A-549; ECACC, Salisbury, UK) 
which are widely used in current scientific research all over the 
world [for example, see 6-10]. Cells were routinely cultured as 
mass cultures in a CO2 incubator at 37 °C with a moist atmo-
sphere of 5 % CO2 and 95 % air. Culture medium was 
DMEM/Ham’s F12 (1:1) supplemented with 10 % growth 
mixture and 0.5 % gentamycin.

Exposure of cells as submerged cultures
 For the experiments, A-549 cells were taken from 80 
to 90 % confluent mass cultures and were seeded into 96-well 
plates (200 µl/well). Cell densities were chosen that cell 
cultures did not reach confluency during the total experimental 
period. 24 hours after seeding, cells were completely attached 
and spread to the bottom of the wells. Then, culture medium 
was discarded and replaced by fresh culture medium containing 
the extracts with the following concentrations in the test: 0 – 10 
– 20 – 40 – 60 – 80 vol% with 0 vol% as internal control (= only 
culture medium without primary extract).
 The exposure time of the different concentrations of 
the extracts was 24 hours. Thereafter, culture medium of the 
96-well plates was replaced by a mixture of 180 µl/well of 
culture medium and 20 µl/well of XTT (Xenometrix, Allschwil, 
Switzerland). Multiwell plates were incubated for another 120 
min at 37 °C in the incubator and the optical density of each 
well was examined by a difference measurement at ∆OD = 450 
– 690 nm using a double-wavelength elisa reader (BioTEK Elx 
808). XTT is the sodium salt of 2,3-bis[2-methoxy-4-ni-
tro-5-sulfopheny]-2H-tetrazolium-5-carboxy-anilide and has a 
yellowish colour. Mitochondrial dehydrogenases of viable cells 
cleave the tetrazolium ring of XTT yielding orange formazan 
crystals which are soluble in aqueous solutions. The intensity of 
the resulting orange solution is directly correlated with cell 
vitality and metabolic activity. For further information on the 
use of XTT, see Roehm et al. [11]. Experiments were done in 
triplicate.
 In addition, we also checked cell size distributions of 
cells exposed to the extracts by using a CASY cell counter and 
analyzer system (OLS-OMNI Life Science, Bremen, Germany) 
which quantifies cells and particles passing a measuring pore 
exposed to a low voltage electrical field. Based on a cells size 
and conductivity, a resistance signal is generated and recorded.
Exposure of cells at the air-liquid interface (ALI)
 A-549 cells were seeded on transwell inserts (12-well 
cell culture inserts, porous size 0.4 µm; Corning/Sigma-Al-
drich, Taufkirchen, Germany) and grown to confluency within 
two days. Then, transwells were transfered to a Cultex® RFS 
exposure module (Fig. 1) and exposed to the aerosol of the 
extracts in PBS+ for 15 and 30 minutes. Aerosols were generat-
ed using a vaporizer (AGK 2000, PALAS). Compressed air 
according to DIN EN 12021 (Linde Gases Division, Pullach, 
Germany) was used as a carrier gas in a main flow of 1.5 l/min 
and a chamber flow of 5 ml/min exposing 3 cell culture inserts 
at a time in each experimental run [12,13]. In order to obtain a 
constant pH value during the exposure period, cells were 
exposed in Leibowitz L-15 medium. After exposure, medium 

was exchanged to routine culture medium and cells were 
cultivated for another 24 hours in the incubator. Thereafter, cell 
vitality was checked using XTT as already described for 
submerged cultures.

Results
Cell vitality and cell size distribution of submerged cultures
 In the case of tobacco cigarette extract, only the 
highest possible extract concentration of 80 vol% present in the 
culture medium of submerged cultures for 24 hours caused a 
significant decrease in cell vitality. Therefore, only this concen-
tration was taken into further consideration for all products 
tested here.
 As shown in Figure 2, tobacco cigarette extract caused 
a decrease in cell vitality by 50 % in comparison to the solvent 
control (= PBS+). This decrease was statistically significant
(p < 0.01) as checked by Wilcoxon-Mann-Whitney test. In 
contrast, all 6 different tobacco heating sticks did not cause any 
significant loss in cell vitality. However, some slight differences 
between the flavours were observed with flavour “C” and “E” 
showing a decreased cell vitality by about 8 to 10 %. The 
enzymatical data with XTT were in accordance with the cell 
counter data demonstrating the largely decreased cell number in 
the case of tobacco cigarette extract in comparison to tobacco 
heating stick extracts (Figure 3). The average cell diameter of 
A-549 was in the range of 16 to 18 µm for the control and all 

Figure 1. Experimental setup represen�ng the different device 
units used for exposure of  A-549 cells at the air-liquid 
interface. (1) Vaporizer to produce aerosol, (2) aerosol control 
chamber, (3) Cultex® RFS exposure module. The yellow arrow 
indicates the loca�on of the transwells for an experimental run 
with each extract.
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Cell vitality after exposure at ALI
 As depicted in Figure 4, exposure of human lung cells 
at the ALI to the aerosols caused a time-dependent decrease in 
cell vitality only in the case of tobacco cigarette extract. Expo-
sure for 15 min resulted in a decreased cell vitality of about
30 % and exposure for 30 min in a decreased cell vitality of 
approximately 45 %. Both values differed significantly from 
the solvent control and from the values obtained with tobacco 
heating stick extracts (p < 0.01; Wilcoxon-Mann-Whitney test). 
For all tobacco heating stick extracts, no significant time-de-
pendent decrease in cell vitality in comparison to the solvent 
control was observed. The results were similar to those 
obtained under submerged culture conditions.

Discussion
 As demonstrated in the present in vitro-study with 
cultured human lung cells by use of two different test systems, 
heating of tobacco by use of different flavoured tobacco heating 
sticks is significantly less harmful to lung cells than burning 
tobacco as done with a conventional tobacco cigarette. 
 Thus, the present study confirms previous investiga-
tions demonstrating the reduction of the formation of harmful 
and potentially harmful constituents by heating devices in 
comparison to a tobacco (reference) cigarette. For example, 
Schaller et al. [14] have observed a reduction of about 90 % in 

Figure 2. Presenta�on of cell vitality data of different hea�ng 
tobacco s�ck extracts (“A” to “F”) in comparison to solvent 
control (Ctrl; set as 100 % cell vitality) and tobacco cigare�e 
extract (TC). An extract concentra�on of 80 vol% present in the 
culture medium was used. Data represent mean value ± 
standard devia�on of 3 parallel experiments. 

Figure 2.  Presenta�on of cell vitality data of different hea�ng 
tobacco extracts (“A” to “F”) in comparison to solvent control 
(Ctrl; set as 100 % cell vitality) and tobacco cigare�e extract 
(TC) a�er exposure at the air-liquid interface for 15 min (A) and 
30 min (B). Data represent mean value ± standard devia�on of 
four parallel experiments.

Figure 3. Graphical presenta�on of cell size distribu�ons of 
A-549 exposed to the tobacco hea�ng s�ck extracts “A” to “F” 
in comparison to tobacco cigare�e extract and solvent control 
(= PBS+). Data are obtained with a CASY cell counter and 
analyzer system. 

tobacco heating stick extracts. A distinct cell diameter for 
tobacco cigarette extract cannot be given, because the typical 
Gaussian distribution was no longer present. The tobacco 
cigarette extract resulted in a diameter shift and matching 
towards smaller diameters as typical for cell debris and cell 
fragmentation.
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cytotoxicity in comparison to a 3R4F reference cigarette by the 
neutral red assay and examination of the mutagenic potency in 
the mouse lymphoma assay. Also Forster et al. [15] found that 
in comparison to the University of Kentucky 3R4F reference 
cigarette the toxicant levels in the emissions of the tobacco 
heating device used were significantly reduced across all chem-
ical classes by more about 90 %.
 To make this kind of comparative percentage quantifi-
cation is quite problematic in our test assays presented here. 
Nevertheless, the emissions of a conventional tobacco cigarette 
reduced cell vitality to about 50 % of the cell vitality observed 
for heating stick extracts. It could be possible that the difference 
is much lower than described by Schaller et al. [14] and Forster 
et al. [15], because we made the extraction only in PBS+, i.e. an 
aqeous solvent and not an organic solvent. However, even the 
water-soluble emissions of heating sticks as tested here have a 
significantly lower cytotoxic effect than the water-soluble 
emissions of the conventional tobacco cigarette.

Abbreviations: ALI: air-liquid interface; PBS+: 
phosphate-buffered saline with calcium and magnesium
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