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A B S T R A C T   

In many regulated industries there is an increasing pressure to provide timely and robust risk assessment data to 
support product launches. Real-time cell analysis (RTCA) is a tool that allows for the fast and relatively labour- 
free cytotoxic assessment of test compounds, compared to traditional methods. Here, we propose an application 
for the RTCA platform to provide a screening approach, to evaluate the cytotoxic potential of tobacco-free 
nicotine pouches, also termed modern oral product (MOP), to determine the contribution of differing nicotine 
strengths (4− 11 mg) and a range of available flavour types from multiple markets, on overall product toxicity. 

Aqueous extracts were prepared for all products using 1 pouch in 20 mL cell culture media and applied to the 
cell system for 24 h. Test extract nicotine concentrations reflected the increases in product nicotine strength; 
however, these changes were not present in the same magnitude in the cytotoxicity data obtained from both 
primary human gingival fibroblasts (HGF) and an NCI-H292 human bronchial epithelial continuous cell line. 
Furthermore, across the range of flavours and product nicotine strengths tested, H292 cells whilst not the target 
organ for oral product use, accurately predicted the results seen in HGFs and could be considered a useful 
surrogate for fast screening studies. H292 cells are more easily cultured and for longer periods, offering a more 
compatible test system. 

In conclusion, the data demonstrate the utility of the RTCA platform for the quick assessment of a large range 
of product variants. Furthermore, for a cytotoxicity measure with this test product, the simple H292 cell line can 
predict outcomes in the more complex HGF and provide useful pre-clinical cytotoxicity screening data to inform 
the risk assessment of MOPs and the relative contribution of flavourings, nicotine and other components.   

1. Introduction 

The last decade has seen an increasing diversity of nicotine- 
containing products; including electronic cigarettes (e-cigarettes), To-
bacco Heating Products (THPs) and more recently Modern Oral Products 
(MOPs), also referred to as tobacco-free nicotine pouches. These prod-
ucts are smokeless, comprising of a small fleece containing nicotine, 
flavourings, sweeteners and plant-based fibres. Like the more traditional 
oral product, snus, these products are intended to be placed under the 
upper lip to allow the release of nicotine for 30− 60 min per use. Due to 
the lack of tobacco constituents there is the potential for these products 
to have a reduced risk status compared to snus, for which there is 
already epidemiological evidence to suggest reduced cancer incidences 

compared to smoking. The risk of using snus is believed to be only 1% of 
that of traditional cigarette smoke [1]. 

Multiple studies have evaluated the oral health risks associated with 
smoking, smokeless loose tobacco products and smokeless tobacco- 
based pouched snus products. Cigarette smoke has been associated 
with gum inflammation/disease, tooth loss, cancer and tooth staining 
[2,3]. Studies have shown there is minimal or no increased risk of oral 
cancer associated with smokeless tobacco use [4–7]. In addition, a 
recent chemical analysis reported that MOPs have lower toxicant levels 
compared to Swedish-style snus products [8]. Recently, an in vitro 
assessment of the category showed limited biological activity of the 
MOP category using a variety of approaches compared to traditional 
snus and cigarette smoke extracts [9]. 

Abbreviations: AqE, Aqueous extract; CRP, 1.1 CORESTA Reference Product 1.1; H292, Human bronchial epithelial cells; HGF, Human gingival fibroblasts; LDH, 
Lactate dehydrogenase assay; MOP, Modern oral product; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NRU, Neutral red uptake assay; 
RTCA, Real Time Cell Analysis. 
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The changing nicotine product landscape highlights the requirement 
to diversify in vitro methods and expand into newer approaches over 
classical toxicological evaluation approaches, to provide timely and 
informative duty of care. This vision was propagated by the 2007 NRC 
report entitled Toxicity Testing in the 21 st Century (Tox21), the ensuing 
partnership between the National Toxicology Program (NTP), NIH 
Chemical Genomics Center (NCGC) and the Environmental Protection 
Agency (EPA) has aided the rapid advancement into novel high 
throughput in vitro methodologies [10]. 

Real Time Cell Analysis (RTCA) is one such technology, that has risen 
in popularity due to its versatility, ease of use and the ability to track cell 
status throughout the course of the experiment. RTCA is a non-invasive, 
label-free screening technique which reduces the labour and time 
required for traditional cell-based assays, whilst maximising the physi-
ological relevance of the data. 

As shown in Fig. 1, each well of the E-Plates contains microelectrodes 
to monitor changes in impedance caused by adherence or changes in cell 
morphology in real-time, reporting data via the matrix of Cell Index (CI). 
Many changes in cell status can be captured via CI such as cell adhesion, 
cell growth, cytotoxicity, modulation of barrier function or morpho-
logical dynamics. The RTCA instrument used in this study is the xCEL-
Ligence (ACEA Biosciences; California, US) Multi-Plate version which 
contains 6 cradles, allowing for 6 × 96 well E-Plates to be monitored at 
any one time with integrated (RTCA Software 2.1.0) software. This al-
lows for the simultaneous assessment of multiple variables and test ar-
ticles. Importantly, the instrument can be installed within a cell culture 
incubator allowing cells to be monitored in situ, with limited manipu-
lation or movement from their optimal environment, and not limiting 
the time course of exposure. RTCA is commercially available and has 
been widely adopted in the scientific community, being utilised for 
many cell types and in a variety of research areas (Table 1). 

The application of the RTCA platform described in this paper forms a 
part of a larger proposed pre-clinical assessment framework [27] which 

is especially important when assessing a new category, where little in-
formation exists. Such a framework builds a weight of evidence on the 
category and facilities quicker and more accurate assessments for future 
product iterations, such as read across. 

Fig. 2 illustrates a proposed in vitro testing strategy that sits within a 
larger framework for the assessment of potentially reduced risk prod-
ucts. It starts with duty of care assessments. The identification and 
removal of any potential chemical alerts such as those with identified 
Carcinogenic, Mutagenic and Reprotoxic (CMR) activities and the 
establishment of toxicological thresholds of concern. Such duty of care 
approaches have been described for cigarette smoke and e-cigarette risk 
assessments [28,29]. Once the duty of care assessments are completed, 
we propose to screen the products using RTCA as detailed in this 
manuscript. This ensures that biologically these products meet the 
standard required as identified by the various risk assessments. At this 
stage, any flags in terms of cytotoxicity can be highlighted and addressed 
through product development. For the purpose of this study the ISO 
guideline for cytotoxicity assays was employed, where a loss of 30 % 
viability or more is required to deem a product cytotoxic [30]. This 
represents the quickest way to screen products, albeit from a cytotox-
icity perspective. Following this study, a more comprehensive in vitro 
biological assessment is conducted, focusing on disease mechanisms and 
endpoints, such as oxidative stress, protein damage, DNA damage and 
endothelial impairment, which may indicate potential risks that have 
not been captured in the formal risk assessment process. Such responses, 
if observed, could be linked to adverse outcome pathways. In addition to 
in vitro disease modelling, classical genotoxicological assessments con-
ducted to OECD standards [31] can also be employed to meet regulatory 
guidelines. Results from this stage of assessment will capture the in-
teractions of the extracted chemicals coming from the source material 
with those added to the product for flavouring purposes. Finally, the use 
of three-dimensional cell culture models such as those commercially 
available, could prove a valuable link to clinical and in vivo methods 

Fig. 1. Graphical representation of the experimental method using Real-Time Cell Analysis for the assessment of Modern Oral Products. A. shows xCELLigence with 
docking plate. B. example of an impedance measure C. example of RT trace data w/ phases growth. D. shows sample preparation for MOP and snus. 
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when coupled with more clinically relevant endpoints and potentially 
next generation sequencing. Such approaches are consistent and in-line 
with the 3Rs (refine, replace, and reduce) and Tox21 initiatives [32]. 

2. Materials and methods 

2.1. Study design 

In this manuscript RTCA is discussed as a potential screening tool. 

Such an approach would be a precursor to an in vitro weight of evidence 
assessment programme and would support both product development 
(in terms of identifying potential flags) and assessment of multiple 
product variants in a time-efficient manner. In order to achieve this, the 
impact of cell type, test product nicotine strengths (4− 11 mg) and a 
range of flavours (Table 3) were assessed and compared to commercial 
comparators and a reference snus product to determine the sensitivity of 
responses within similar product categories, as shown in Table 2. 

In our previous study [9], we saw similar cytotoxicity responses for 
human gingival fibroblasts (HGF) and the lung derived H292 cells and 
have further explored these responses in this study. The continuous 
H292 cell line offers many advantages for a fast and robust screening 
approach. Therefore, we tested H292 in parallel with HGF in Wave 1 
testing to determine whether the basic cytotoxicity response of the 
simpler culture model would predict and show parity with the more 
complex HGF cells. To ensure that the extraction efficiency between 
products tested was consistent, nicotine was used a marker for extrac-
tion efficiency, assuming that all constituents of the MOPs (such as 

Table 1 
The main applications of the RTCA platform and its published uses in differing 
research fields and cell types.  

RTCA application Research Area Cell type Reference 

Cell viability and 
cytotoxicity 

Dental Gingival fibroblasts 
[11] 
[12] 

Nicotine H292 
HGF 

[9] 

Cosmetics HepaRG [13] 

Particle 
toxicology 

BEAS-2B 
CHO 
HEK293 

[14] 

Review 
Summary of multiple 
cell lines 

[15]  

Cell proliferation, 
adherence and 
migration 

Co-culture 
models 

HP62 
Mesenchymal stem 
cells 

[16] 

Oncology 

H292 [17] 
H292 
MIA PaCa-2 
HCT-116 
MDA-MB-231 

[18] 

Extracellular 
matrix 

HEK293 [19]  

Morphological 
dynamics 

Karyotyping HeLa [20] 
Tissue injury/ 
disease 

BSMC 
HLF 

[21] 

Virology 

RD cells [22] 
Vero E6 
Vero CCL81 
HEK293T 

[23] 

Immunotherapy 
WO-19 
WO-6 PDX 
WO-12 

[24] 

Cardiotoxicity Safety assessment iCell 
Cardiomyocytes® 

[25] 

Barrier function Pharmaceutical HMECs [26]  

Fig. 2. A schematic representation of a proposed MOPs in vitro assessment strategy.  

Table 2 
Products assessed in this study. Products were assessed in two waves; Detailing 
the product type, flavour and nicotine classification.  

Testing wave Product 
classification 

Product 
Name 

Unique 
product 
identifier 

Nicotine 
strength 
(dots & 
mg) 

Wave 1 
HGF and 
H292 (to 
confirm 
parity of 
response) 

British 
American 
Tobacco 

Berry Frost LYFT_BF04 1 dot (4 
mg) Polar Mint LYFT_PM04 

Tropic 
Breeze 

LYFT_TB04 

LYFT_TB06 
2 dot (5.6 
mg) 

LYFT_TB11 
4 dot 
(10.8 mg) 

Commercial 
comparator 
(Nordic Spirit) 

Bergamot & 
Wildberry 

NDSP_BW06 2 dot (5.6 
mg) 

Mint NDSP_MN06 

Reference 
CORESTA 
Reference 
Product 1.1 

CRP1.1 8 mg  

Wave 2 
H292 only 

British 
American 
Tobacco 

Berry Frost LYFT_BF06 
2 dot (5.6 
mg) 

Liquorice LYFT_LC10 
3 dot (9.8 
mg) 

Urban Vibe LYFT_UV10 
Ice Cool LYFT_IC10 
Freeze LYFT_FZ11 4 dot 

(10.8 mg) Winter Chill LYFT_WC11  
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flavourings and sweeteners) would be equally transferred. Finally, the 
results from multiple products are compared contextualised against a 
reference Swedish-style snus and commercially available MOPs. 

2.2. Materials and reagents 

Unless otherwise stated all materials and reagents were purchased 
from Fisher Scientific (Loughborough, UK). 

2.3. Test products 

The test products used in this study are detailed in Table 2. These 
include nine LYFT variants, two commercial comparator variants and a 
reference snus. Depending on the geographical location, British Amer-
ican Tobacco (BAT) markets MOPs under the name LYFT and VELO 
depending on the geographical location, European LYFT products are 
being transitioned to a global VELO brand. For ease, we have termed all 
BAT products LYFT in this study (Table 2). 

2.4. Test sample generation 

As previously determined [9] in order to compare between the 
relative toxicity of MOP variants, aqueous extracts (AqE) were gener-
ated for each MOP as shown in Table 2. Briefly, all aqueous extracts were 
generated by removing the external fleece from 1 pouch, placing the 
contents into a conical flask with 20 mL complete cell culture media and 
incubating at 37⁰C with 150 RPM shaking for 1 h. Following shaking, 
particulate was removed by centrifugation and supernatant filtered at 5 
μm and 0.2 μm. 1 mL aliquot of each extract was used for nicotine 
analysis. The method of test article extraction has been previously 
detailed [9]. 

2.5. Determination of nicotine concentration 

To quantify the concentration of nicotine in the product extracts 495 
μL extract media were spiked with 5 μL of d4-nicotine (10 ng/mL final 
concentration), and resuspended in 5% acetonitrile in water before 
quantification by UPLC-MS/MS, as adapted from [33]. Subsequent 
extract dilutions were calculated from this 100 % value and averaged 
across 3 independent replicates. 

2.6. AqE osmolality measurements 

The osmolality of the AqE samples was measured using a Löser 
Micro-osmometer Type OM806 (Löser Messtechnik, Berlin, Germany). 
The osmometer was calibrated prior to use within the range of 0–900 

milli osmoles (mOsm). Distilled water (diH20) was used as a 0 mOsm 
calibration and osmometer calibration solutions with concentration 300 
mOsm/kg and 900 mOsm/kg (Löser Messtechnik, Berlin, Germany) 
were used for 300 mOsm and 900 mOsm respectively. Extracts were 
assessed in triplicate and data averaged. 

2.7. Cell culture 

Human bronchial epithelial cells (NCI-H292) (American Type Cul-
ture Collection (ATCC), were cultured at 37 ◦C in a 5% CO2 humidified 
atmosphere in Roswell Park Memorial Institute (RPMI) 1640 media 
supplemented with 10 % Foetal Bovine Serum (FBS), 2 mM Lglutamine 
and 50 U/mL penicillin and 50 μg/mL streptomycin. Cells were frozen in 
a cell bank at passage 79. Cyropreserved H292 were recovered and 
cultured for a further 21 passages before disposal. 

Human gingival fibroblasts (HGF; ATCC, Middlesex, UK) were 
maintained at 37 ◦C in a 5% CO2 humidified atmosphere. Cells (ATCC, 
Lot #6440682) were cultured in fibroblast basal media supplemented 
with low serum growth kit (ATCC) which includes: rh FGF b (5 ng/mL), 
L-glutamine (7.5 mM), Ascorbic acid (50 μg/mL), Hydrocortisone 
Hemisuccinate (1 μg/mL), rh Insulin (5 μg/mL) and Fetal Bovine Serum 
(2%). Cells were frozen in a cell bank at passage p4. Cryopreserved HGFs 
were recovered and cultured for a further 2–3 passages before disposal, 
these were either seeded into new flasks, or into 96-well plates for assays 
and grown to confluency before use. 

2.8. Real-Time Cell Analysis (RTCA) 

For real-time cell analysis (RTCA), the xCELLigence® multi-plate 
(MP) instrument (ACEA Biosciences; California, US) with integrated 
(RTCA Software 2.1.0) software was used to determine Cell Index (CI) 
which is considered a proxy for cytotoxicity. The MP RTCA instrument 
has 6 cradles which allows 6 plates to be run simultaneously, with 3 
samples per 96 well plate. The bottom of each 96 well E-Plate® contains 
a set of gold microelectrodes, attached to each well which allows the 
passing of an electric current. CI measures the electrode impedance at 
the electrode/solution interface, which is influenced by the presence of 
cells cultured in the wells and thus impeding electron flow. 

As described in the manufacturer’s protocol, E-Plates® were seeded 
(20,000 cells/well H292 s and 10,000 cells/well HGFs [11] and allowed 
to settle for 30 min before a background measurement was taken. Cells 
were allowed to proliferate for 24 h before dosing with test article for 24 
h. Impedance (Cell Index) measurements were taken throughout the 48 
h time period, producing a cell viability curve once analysed. 0.25 % 
(v/v) concentration of Triton-X100 was used to anchor curves when full 
cytotoxicity was not gained by the test article. 

2.9. Statistical methods 

Cytotoxicity data across the concentration range were averaged 
across the experimental replicates and then averaged across the con-
centration to provide a global mean viability value (%) per product, in 
each cell system tested. By removing extract concentration, it allowed 
for comparison of larger numbers of product variants. 

Each product extract was assessed on a minimum of three indepen-
dent occasions, using 8 concentrations of extract (0–100 %), applied in 
triplicate wells per experiment. 

Resultant data were analysed for statistical significance using Mini-
tab 17® statistical software, where data was normally distributed (as 
determined by the normality test function) either a two-sample t-test, 
one-way ANOVA or GLM ANOVA test was used to determine signifi-
cance. Where data was not normally distributed non-parametric tests 
were used. 

Table 3 
Summary of extraction efficiency results and osmolarity measures.  

Unique product 
identifier 

Product 
name 

Extraction 
efficiency 
(% ± SD) 

Osmolarity 
(mOsm) 

LYFT_BF04 Berry Frost 74.75 ± 18.13 321.67 
LYFT_PM04 Polar Mint 97.25 ± 25.13 318.67 
LYFT_TB04 Tropic Breeze 79 ± 2.82 311.00 
LYFT_BF06 Berry Frost 100.71 ± 2.79 320.00 
LYFT_TB06 Tropic Breeze 85.30 ± 1.64 338.33 
LYFT_LC10 Liquorice 72.18 ± 8.65 339.33 
LYFT_UV10 Urban Vibe 66.05 ± 3.30 329.33 
LYFT_IC10 Ice Cool 79.86 ± 15.86 337.00 
LYFT_TB11 Tropic Breeze 77.73 ± 7.69 317.00 
LYFT_FZ11 Freeze 77.43 ± 14.13 343.00 
LYFT_WC11 Winter Chill 76.33 ± 4.48 339.33 
NDSP_BW06 Bergamot & 

Wildberry 
86.79 ± 13.24 371.33 

NDSP_MN06 Mint 75.83 ± 13.85 385.67 
CRP1.1 CORESTA Reference 

Product 1.1 
74.5 ± 3.93 454.67  
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3. Results 

3.1. Test article characterisation 

In order to characterise the extracts generated in this study, nicotine 
concentration was used both as a marker for dose, and as a quality 
control marker for extract generation. Fig. 3 demonstrates that with 
increasing product nicotine strength that there is a proportional increase 
in extract nicotine concentration. This indicates that the test article, 
even at the highest nicotine level (~11 mg), are extracting equally as 
well as lower strength products, with no saturation of the test matrix. 
The relationship between product strength and extract concentration 
was highly linear (r2 = 0.98) and variations in extract concentration 
were relatively consistent regardless of nicotine strength. 

3.2. Cell system comparisons 

In order to assess the effects of cell lines sensitivity to MOP extracts, 
lung-derived NCI-H292 and human gingival fibroblasts (HGF) cells were 
compared. HGF were chosen to provide a physiologically relevant route 
of exposure for MOPs. As primary cells, HGFs have some disadvantages 
for use in routine screening assays; with fewer useable passages, ex-
periments often spread across multiple sub-cultures, increasing vari-
ability, exhibiting a longer population doubling time, and growing at 
lower confluency producing overall fewer cells per passage which can be 
rate limiting for 96-well based assays. H292 s, although not primary 
cells and not target organ specific, have been widely used for toxicity 
screening purposes for other tobacco and nicotine products [34–37]. 

H292 s can be used for an extended number of passages per vial and 
grow to a monolayer creating a larger number of useable cells per pas-
sage. Due to their continuous nature, it is also feasible to suggest that we 
could expect less variability with H292s compared to the primary HGF s. 

To determine parity of response between these two cell types, RTCA 
was employed to determine the relative toxicity for three product var-
iants (consisting of different flavours and nicotine strengths). As shown 
in Fig. 4 both cell systems showed similar results with approximately a 
10–20 % reduction in cell viability following 24 h incubation with the 
test extract. HGF showed slightly more variability in their response to 
MOPs, and slightly lower sensitivity compared to H292 s, although 
neither observations change the outcome, that these products were 
deemed non-toxic using both cells systems. Statistical analysis of the 
data using a t-test (p value = 0.01), confirmed that H292 s and HGFs 
were statistically different although the difference between the two cell 
lines was only 7 %. This observed statistical difference could be due to 
the low variability within the dataset and could be argued whether such 
a small change in viability should be consider biologically relevant. 

Future assessments utilised H292 s due to the decrease in variability of 
response and observed increase in sensitivity, providing a worst-case 
scenario assessment. 

3.3. Increasing nicotine strengths 

The effect of nicotine strength on the cytotoxicity of LYFT variants 
were investigated. In this experiment the same flavour group was used, 
with varying nicotine strength (4, 6 and 11 mg). As Fig. 5 demonstrates, 
increasing the nicotine strength from 4 to 11 mg did not have a signif-
icant impact on the cytotoxic profile of the products. Statistical analysis 
by way of a one-way ANOVA analysis, showed that there were no sig-
nificant differences between the products (p = 0.097). The mean 
viability difference between the three groups was only 2.9 %. Based on 
these results, nicotine was deemed not to have a significant impact on 
cytotoxicity. Future testing could, therefore, focus on the cytotoxic 
impact of differing flavour groups rather than nicotine strengths. 
Moreover, as nicotine has no impact on resultant cytotoxicity, we could 
justifiably compare between different nicotine strengths, when 
comparing flavour groups. 

3.4. Flavour assessment 

The final assessment was to compare products across the smokeless 
nicotine category to determine the effect of flavours on cytotoxic po-
tential, whilst contextualising against a competitor product and a 

Fig. 3. Recovered nicotine concentration in all extracts used in this study 
across all variants. Solid line represents regression; dotted line is 95 % confi-
dence intervals. 

Fig. 4. Cytotoxicity in H292 vs HGF cells as determined by RTCA for 3 different 
flavours (Berry Frost 4 mg nicotine (BF04), Polar Mint 4 mg nicotine (PM04), 
Tropical Breeze 6 mg nicotine (TB06)). Data are global mean ± SD (average cell 
viability across concentration range tested) from 3 independent experiments. 
Upper dotted line represents HGF averaged response and lower dotter line 
represents H292 averaged response. 

Fig. 5. Samples of the same flavour (Tropical Breeze) in H292 as determined by 
RTCA for 3 different nicotine strengths. Data are mean ± SD from 3 indepen-
dent experiments. Dotted line represents the averaged response. 
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Swedish-style snus reference benchmark. LYFT flavours assessed in this 
study ranged from mint to fruit variants, as shown in Table 1. In addition 
to assessing flavours in LYFT, two commercial comparators consisting of 
similar flavourings and nicotine strengths to LYFT were assessed. 
Finally, as no reference standard exists for the modern oral category, a 
reference snus product was used CRP1.1 [38]. Fig. 6A shows the mean 
cytotoxicity across the concentration tested for each product. 

Increases in toxicity were observed with commercial comparator 
brand, for both flavour variants. To eliminate the possibility of increased 
sweetener content (found in most tobacco-free nicotine products in a 
varying amounts) causing an osmotic shift, osmolarity of all extracts was 
recorded (Fig. 6B) with all extracts determined to be within physiolog-
ical range except from CRP 1.1. The response for CRP1.1 was corrected 
for doses within physiological range (AqE concentrations of above 60 % 
exceeded physiological osmolarity and were excluded, the cytotoxicity 
at the highest concentration whilst maintaining physiological osmolar-
ity was 60.32 %). Table 3 shows the extraction efficiency and osmolarity 
data for all the products tested. The testing of these products in ranges 
exceeding physiological conditions could be a confounding factor for 
increased cytotoxicity and the relationship between product constitu-
ents and osmolarity warrants further investigation. 

All LYFT variants (at 100 % extract) induced up to 10–20 % toxicity, 
and therefore based on a 30 % toxicity threshold, can be deemed non- 
cytotoxic in an acute exposure model [30]. In contrast, the commer-
cial comparator brand induced up to 86–91 % toxicity at 100 % extract. 
For LYFT variants, when the data across the nicotine strengths were 
compiled, there was no discernible increase in cytotoxicity for the higher 
strength products, confirming the result shown in Fig. 5. 

In this instance neither the inclusion of flavour(s) or nicotine 
strength had an adverse effect on the base toxicity of the product. To 
understand the inclusion of different flavours into the product, LYFT 
products containing menthol were compared to those of a fruit flavour, 
and no statistical differences were observed (p = 0.095). When 
compared to the other products, the commercial comparators showed a 
statistical difference from LYFT products, as determined by the Tukey 
method. This observation indicates that the products are not equivalent 
in their toxicity and that the approach used is sensitive enough to pick 
up subtle but significant differences in the products on the market. CRP 
1.1 (adjusted for osmolarity) was also considered to be significantly 
comparable to LYFT in terms of toxicity. 

4. Discussion 

The aim of this study was to determine the suitability of Real Time 

Cell Analysis (RTCA) as a screening tool for Modern Oral Products 
(MOPs) also known as tobacco-free nicotine pouches. Multiple param-
eters were assessed in order to optimise the approach, including 
assessment of cell types, determination of extract nicotine concentra-
tion, osmolarity, and cytotoxicity acceptance criteria. Using this 
approach 11 LYFT variants containing different flavours and nicotine 
strengths were compared to two commercially available competitor 
products and contextualised against a reference Swedish-style snus 
product. 

The RTCA platform was selected for this screening approach, due to 
its real-time and semi-automated nature compared to classical cyto-
toxicity assays such as MTT, lactate dehydrogenase assay (LDH) and 
neutral red uptake (NRU), which all require a degree of downstream 
processing. RTCA measures electrical impedance in a real-time trace, 
from which cytotoxicity and other mechanistic and morphological 
changes can be derived [11,21]. Previous research has shown that RTCA 
can provide comparable data to the well-established NRU assay in a 
more time-efficient manner [9,39,40]. Furthermore, continuous moni-
toring of each well allows for easy detection of anomalies such as missed 
wells, inconsistent cell seeding or dosing errors, which in standard as-
says wouldn’t be detected until the end of the assay. The obvious ad-
vantages provided by this platform have led to it being increasingly used 
for the assessment of cell viability [15,16] suggesting that newer tech-
nologies are becoming more commonplace for high throughput cyto-
toxicity screening. 

In order to characterise and quality control the extracts generated in 
this study, the nicotine extract concentration was determined, and 
extraction efficiency calculated (Table 3). In our previous study [9] 
there was a concern that, when attempting to increase test extract 
concentration (from one 4 mg pouch to two 4 mg pouches per 20 mL) the 
nicotine level was saturated. By testing a range of product strengths in 
this study we aimed to further elucidate the boundaries of our extraction 
method. The extracts prepared in this study did not show any signs of 
nicotine saturation, there was a highly linear relationship between 
product and subsequent extract nicotine concentrations up 10.8 mg. The 
saturation observed in the previous study must be have due to the 
doubling of pouch material in the extract affecting the transfer of 
nicotine rather than the nicotine itself being saturated [9]. For the 
purpose of this study, we have assumed that all flavourings and sweet-
eners would transfer into the extract at the same rate as nicotine. The 
main product constituent other than nicotine is the natural fibres from 
the pouch material, however, this material is not present in the final 
extract due to the centrifugation and filtration steps. The only other 
product constituents that could be analytically determined to further 

Fig. 6. A. Cytotoxic assessment of LYFT flavour variants, commercial comparator and snus reference product (CRP1.1). Data are mean viability at highest con-
centration tested ± SD from 3 independent experiments (CRP1.1 response was adjusted for osmolarity). B. Osmolarity measures for all products tested, dotted lines 
indicate the physiological range of 280-400 mOsm. 
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characterise the extracts would be flavour components, but this would 
be restrictive to comparisons within flavour families rather than across 
the whole product line. Adding a complementary dosimetry marker will 
be the subject of future investigation. Average extraction efficiency in 
this study was 79.3 %, to align with our previous study we did not 
include the fleece material in the extract preparation, however, it is our 
intention to include this in future studies to increase the overall 
extraction efficiency. 

In order to complete the testing of multiple flavour variants and 
comparator products, the use of a high throughput-compatible cell line 
such as H292, that could be easily cultured producing large numbers of 
plates per passage was essential. From the data presented, the cytotoxic 
responses of H292 show a great deal of parity with those of HGF 
following wave 1 testing and therefore allowed the continuation of 
testing into wave 2, with an extended range of variants. Multiple oral 
cells were considered but HGFs were chosen based on ease of procure-
ment, growth and use in other RTCA cytotoxicity studies [11,12]. 
EpiOral™ or EpiGingival™ 3D cell types will be explored, among others, 
in future projects. 

To our knowledge this is the largest in vitro cytotoxicity assessment of 
MOP flavour variants and contributes valuable information towards a 
risk assessment framework on the contribution of flavours and nicotine 
strength to overall product toxicity. This study demonstrates that flavour 
(Table 3) and nicotine strength (4− 11 mg) do not increase the overall 
toxicity of MOPs in a short-term assay. Flavoured nicotine products have 
a key role to play in providing alternatives for smokers, as demonstrated 
by mainstream oral nicotine replacement therapy products and e-ciga-
rettes [41,42]. Electronic cigarettes for example, have played an 
important role in reducing smoking rates in UK, where non-tobacco 
flavours as just as popular as tobacco flavours, fruit (29 %), tobacco 
(27 %) and menthol/mint (25 %) [41]. 

We acknowledge there are several limitations to the conclusions that 
can be drawn from this study due to its single endpoint, short-term 
exposure and minimal responses. However, the next phase of the 
assessment framework will be to consider any genotoxicological effects, 
leading to a repeated dose study to model any potential longer-term 
toxic effects of product use in a more physiologically relevant 3D tis-
sue system such as EpiOral™ or EpiGingival ™. RTCA platform can also 
be used in repeated dosing studies [13,25], in order to determine more 
long-term cytotoxicity and extending the reach of the current approach. 
In addition, osmolarity must also be considered as a confounding vari-
able when analysing the data due to the varying levels of sweetener in 
the products. 

For the current study in order to provide a worst-case scenario in vitro 
assessment, extracts were used from 0% to undiluted (100 %), based on 
extracts made on a per pouch (single use) basis. To contextualise this in 
terms of human daily exposure estimates, we can extrapolate from 
pharmacokinetic studies. A MOP-based pharmacokinetic study has 
recently been published using a similar product to LYFT (non-tobacco- 
based nicotine pouch, ZYN 3 mg and 6 mg), where the peak plasma 
concentrations following product use was approximately 16 ng/mL 
[43]. A total nicotine exposure of 80 μg was calculated from a single use, 
assuming a human blood volume of 5 L. Extracts in this study has 
approximately 70x the amount of total nicotine compared to the esti-
mated human exposure, therefore cells in our model (at the 100 % 
concentration) received closer to a weekly exposure at 10 pouches/day, 
in a 24 h period. MOPs human consumption data has yet to be published, 
however human Swedish-style snus data reports average use at 11.7 (±
6.5) snus pouches/day [44], and it likely that MOP consumption will 
follow the same trends. 

5. Conclusions 

In summary, we propose that RTCA is a reliable and efficient 
screening technique for MOPs. This technique provides reproducible 
data and can discriminate between products in this category. By 

exposing the in vitro system to concentrations higher than the predicted 
daily exposure we can quickly identify variants that may pose risks and 
require further in vitro investigation with repeated use. 

The reduced harm potential of Swedish-style snus has been clearly 
demonstrated [4–7], by extension, tobacco free-MOPs, with nicotine 
levels comparable to levels found in Swedish-style snus, could be ex-
pected to have similar or greater harm reduction potential and therefore, 
this study contributes to the underpinning science used to determine the 
risk profile of the emerging MOPs category as an alternative to smoking. 
The data produced in this study demonstrate that LYFT are less cyto-
toxic, across multiple flavour variants and nicotine strengths, than an 
equivalent reference snus product and comparator products which can 
be replicated in both H292 s and HGFs. H292 s and HGFs showed parity 
of response to MOPs extracts and the higher throughput compatible 
H292 were chosen to screen wave 2 variants. Data also eliminated 
higher nicotine level as a contributing factor of acute cytotoxicity, 
allowing for a reduction in test sample number when performing future 
RTCA screening. Finally, consumer safety in this new and emerging 
category is paramount. Through the use of food purity flavourings, in-
gredients and pharmaceutical grade nicotine this should be assured 
[45], coupled with a robust pre-clinical assessment framework to 
continually evaluate tobacco free-MOPs and their risk profile. 
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