
Many flavor compounds used in e-liquids are generally recognized as safe (GRAS) for oral consumption, however, the respiratory effects of most flavors 
are unknown. Preclinical inhalation studies can provide toxicity hazard data to assess the inhalation risk of flavors in e-vapor aerosols. Considering 
the number of available flavors and the numerous potential flavor combinations, toxicity testing of each individual compound or formulation may not be 
always feasible. Therefore, we used a structural grouping approach to select representative compounds and formulate e-liquid flavor mixtures that may 
reflect over 200 flavors commonly used in e-liquid formulations. Flavors were first grouped into 38 structurally distinct groups and representatives from 
each group were selected based on toxicological endpoints. The selected flavors were prepared into a total of 6 concentrates (pre-blends) based on their 
physicochemical properties. Pre-blends were then mixed into the final e-liquid test formulations (total flavor loads up to 18% w/w) and tested for stability. 
The pre-blends and test formulation (e-liquid) were screened for biological activity using in vitro testing: genotoxicity (Ames and micronucleus [MN]) and 
cytotoxicity (Neutral Red Uptake [NRU]). The test formulations were negative in genotoxicity (Ames and MN) assays but were cytotoxic in all three 
assays. Cytotoxicity assessment of pre-blends indicated that certain flavors may contribute more to cytotoxicity of test formulations than other flavors. 
Additionally, to confirm flavor transfer, aerosols from test formulations were generated using a capillary aerosol generator and all monitored flavors 
were found in the aerosol. PG, glycerin, and nicotine content, as well as pH of the aerosol, were comparable with those of the e-liquid, and particle size 
was within respirable range (MMAD~1 µm, GSD< 2). Altogether, this structural grouping approach can be used for selection and characterization of 
representative flavor mixtures that could support product development with respect to selection of flavor ingredients.
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Pre-blends (Refrigerated) Stability Characterization (up to 4 weeks) 

Test Formulation (Refrigerated) Stability Characterization (up to 11 days) 

Test Formulation with Nicotine

Pre-blends & Test Formulations-In Vitro Assays

Test formulations (with or without nicotine) are cytotoxic per NRU assay. Few individual flavors in pre-blends 
may contribute to cytotoxicity potential (1a: isopulegol; 2: furaneol, ethyl maltol).

Aerosol Generation and Characterization

(A) Aerosol size distribution measured using a cascade impactor.

(B) Analytical characterization of liquid and aerosol generated from test formulations

(C) pH of test formulations & generated aerosols

► Structural grouping approach allows a representative e-formulation mixture that covers
>200 flavors for preclinical characterization and toxicity testing. This framework for
pre-clinical characterization of flavor mixtures can be used for selection and
characterization of flavors in e-vapor products.

► Pre-blends were stable for up to 4 weeks and the final test formulations were stable for 3
days (with nicotine) and 10 days (without  nicotine) under refrigerated conditions. The
use of pre-blends substantially simplify the repeated preparation and characterization
necessary for long-term testing.

► Test mixtures (with and without nicotine) were cytotoxic in NRU assay, negative in Ames
mutagenicity assay. In the in vitro MN genotoxicity assay, the test formulation with
nicotine was negative; the test formulation without nicotine provided equivocal results.
Similar to the cytotoxicity of the test mixture, most pre-blends except pre-blend 3 were
cytotoxic in the NRU assay.

► PG, glycerin, and nicotine content, as well as the pH of the aerosol, were comparable
with those of the test formulations. Test formulation without nicotine has pH of ~4: when
an attempt was made to adjust the formulation pH (using NaOH), the pH adjustment did
not transfer to aerosol pH.

► Flavor transfer from the formulation to aerosols was confirmed. The particle size for both
test formulations were in the respirable range (MMAD<1.6 µm, GSD<2) for rodents.

Strengths:  
► Structural grouping approach allows generation of “toolbox of flavors” with the

indication of inhalation safety levels, that can be used in the development and
biological assessment of e-vapor flavor mixtures. By supporting individual flavor
usage levels, this potentially reduces the need for individual flavor animal testing.

► Use of pre-blends as part of test formulation preparation reduces and
simplifies the preparation and characterization time, especially in support of
long-term high-volume (in vivo) inhalation studies.

Limitations:
► This approach is based on assumption, based on available information, that

the flavor group representative (FGR) is the most toxic in the group and all
flavors in the same group can be used at the cleared FGR concentration.
Based on lack of inhalation data, some prediction was based on in silico data,
which needs to be verified experimentally.

► We did not include complex flavors (naturals, extracts) that are commonly
used in some e-vapor products.

► Combinatorial responses among flavors such as synergism, potentiation, or
antagonism may affect overall toxicological outcomes.
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Structural Grouping & Flavor Representative Selections for Preclinical Testing: Representative flavors were selected based on the 
approach in EC regulation no. 1565/2000. Briefly, a toxicological review of 246 flavors was conducted based on available data (e.g., acute and 
repeated dose toxicity, in vitro and in vivo genotoxicity, developmental/reproductive toxicity, irritation/sensitization, and carcinogenicity). In case of 
data gaps, in silico predictions such as Cramer classification and TOPKAT (predictive software) were used. Both experimental and predicted 
data were used to select 38 flavors (flavor group representative), which were mixed to create the test formulation.

Test Formulation Preparation & Stability Characterization: The 38 flavors were sub-divided (based on solubility and chemical reactivity) to 
make a total of 6 pre-blends. These pre-blends were mixed to make the test formulations (38 flavor mixtures [up to 18%], with & without nicotine 
2%, and carriers [PG/VG/water]). Stability of pre-blends (for up to 1 month) and test formulations (for up to 10 days) were tested using GC/MS 
under room temperature and refrigerated conditions. 

In Vitro Cytotoxicity and Genotoxicity: Pre-blends and test formulations 
were subjected to the standard CORESTA battery of in vitro cytotoxicity 
(Neutral Red Uptake [NRU]) and genotoxicity (Ames and micronucleus [MN]) 
assays. 

Aerosol Characterization: Test formulation aerosol characterization-Test 
formulations were aerosolized by a capillary aerosol generator (CAG) at 
~250C. Aerosols were collected with a Cambridge filter pad followed by a 
liquid impinger containing ethanol for flavor analysis. The aerosol mass was 
determined gravimetrically. Flavors were analyzed with a GC/MS method, 
as well as the major carrier ingredient (PG and VG), nicotine, and selected 
carbonyls. Aerosol pH and the particle size were also measured. 
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