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Neutral Red absorbances were expressed in terms of absolute optical density (OD540). A

calculation of cell viability was made for each concentration of the test article, the air,
untreated and positive control, by using the mean Neutral Red absorbance of the three

replicate values, corrected by the mean blank Transwell® value.

The mean OD540 values for each treatment concentration and the untreated and positive

controls was compared with the mean OD540 value for the air control. Relative cell viability

was expressed as a percentage of the air control. A four parameter logistic nonlinear
regression model was used to fit the data and to calculate an IC50 value for EtO.

Results

Ames reverse mutation assay 

EtO was found to be mutagenic in this system, inducing a dose-dependent increase in
mean revertant numbers when tested under both ISO (Fig. 2A) and HCI (Fig. 2B)
conditions.

Figure 2: Induction of reverse mutations in Salmonella typhimurium strain YG1042 upon exposure to diluted EtO
under A) ISO and B) HCI conditions (n=2). Mean revertants and associated fold change values are from three

replicate plates within one single concentration exposure performed on a Vitrocell® VC 10 smoking robot, at the
following diluting airflows: A - 10.0, 2.0, and 0.8 L/min in Experiment 1, and 2.3, 1.2 and 0.8 L/min in Experiment

2; B - 10.0, 2.0, and 0.8 L/min in Experiment 1, and 2.3, 1.2 and 0.8 L/min in Experiment 2.

NRU Cytotoxicity Assay

Figure 3 shows the results obtained from seven experiments performed under ISO

conditions. A concentration-dependent decrease in cell viability was observed, with an IC50

of 4,132 ppm. Some variation was seen in the data (particularly at the 5,000 ppm
treatment), which may be due in some part to the fact that separate exposure runs were

performed for each concentration of gas.

Conclusions

• Concentration-related increases in revertant numbers were observed in S. typhimurium
strain YG1042 up to a maximum mean fold increase of 3.6, following 24 minute exposure to

EtO. There was no discernible difference in revertant induction under ISO and HCI

conditions.

• There was also a concentration-dependent decrease in cell viability in 3T3 cells exposed

to EtO.

• These studies show that the exposure system described here can facilitate the testing of

the toxic effects of gases in mammalian and bacterial cell systems.

Future Directions

• Since this work was performed, we have further developed the system to allow

simultaneous exposures to up to four concentrations of gas within an experiment. This

should reduce a potential source of the variability seen in the present study where multiple
exposure runs were required within an experiment.

• As the gaseous exposure system is linked to a VC10 smoking robot, spiking experiments
can be performed to investigate the relative contribution of individual toxicants to smoke

toxicity.
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Introduction

Cigarette smoke is a complex mixture of 5,600 individual chemical constituents.

Approximately 150 of these have been identified as ‘tobacco smoke toxicants’ due to their
known toxicological effects. A number of these toxicants are present in the gaseous phase

of cigarette smoke. This presents a technical challenge when assessing the effects of these

chemicals in vitro.

We have developed a method for exposing mammalian and bacterial cells to gaseous

chemicals. Here we present a description of the exposure system and the methodology
developed. The example of a gaseous cigarette smoke constituent, Ethylene Oxide (EtO), is

used to illustrate how this methodology can be applied to the assessment of genotoxicity

and cytotoxicity of gaseous chemicals. EtO has been classified by IARC as a Group 1
carcinogen, and has previously been shown to induce mutations in the Ames assay. In the

present study EtO was tested in Salmonella typhimurium strain YG1042, which is

particularly sensitive to cigarette smoke (1). Cytotoxicity was assessed in Balb/c 3T3 mouse
fibroblast cells using the neutral red uptake (NRU) cytotoxicity assay.

Materials and Methods

Vitrocell® VC 10 setup for gaseous exposure

All experiments were performed on the Vitrocell® VC 10 smoking robot using a Vitrocell®

valve spiking setup. The VC 10 and gas cylinders were located in an extraction chamber

which was maintained under constant negative pressure (Controlled Air Solutions,
Heywood, Lancashire, UK). Air quality within the chamber was monitored continuously

using AreaRAE Steel monitors, (RAE Systems, Kastrup, Denmark).

The EtO gas flow rate was set to 0.263 L/min or 0.413 L/min, which is equivalent to smoke

exiting the piston of a VC-10 smoking robot during an ISO or Health Canada Intense (HCI)

smoking regime, respectively. Valves were programmed such that EtO gas was supplied to
the test system for 8 seconds of every 60 seconds (ISO) or 30 seconds (HCI), and directed

to exhaust for the remaining 52 or 22 seconds. EtO was diluted into a flow of compressed

air through the Vitrocell® dilution system. Different concentrations of EtO were achieved by
varying the flow rate of diluting air (Fig.1). In using this setup it was only possible to treat

cells with one concentration of EtO at a time, and so multiple runs were performed per

experiment to achieve the testing of a range of concentrations.

Figure 1: Diagram of dilution system used to expose mammalian and bacterial cells to gaseous toxicants

Ames reverse mutation assay 

Exposure to EtO was conducted using Salmonella typhimurium strain YG1042.

Approximately 2x107 bacterial cells were plated on to 35 mm Vogel-Bonner E agar plates
using a spread plate methodology. Plates were then transferred to an incubator set at 37oC

until dry.

All experiments were performed using a 24 minute exposure period (the equivalent of a 3

cigarette exposure smoked to ISO guidelines) with a 5 mL/min vacuum. Gas, air and

vacuum rates were set using mass flow controllers (Analyt-MTC GmbH, Mulheim,
Germany). Air controls, using an air flow rate of 0.2 L/min, and positive treatments with 2-

aminoanthracene (AAN), were included with each experiment. Following exposure, the

system was purged with air to remove all residual EtO before retrieval of the agar plates.
The plates were then incubated for a further 3 days before being examined for signs of

toxicity and scored for revertant colonies (Sorcerer Image Analyser, Perceptive Instruments,

Haverhill, UK).

NRU Cytotoxicity Assay

24 hours prior to exposure, mouse embryo fibroblast cells (3T3 clone A31) were seeded

onto 24 mm Transwell® inserts at a density of 5.5x105 cells/well. Blank Transwells® were
included with equivalent volumes of DMEM complete added into and below each

Transwell®. Plates were incubated for approximately 24 hours at 37±1oC. Immediately prior

to treatment the culture medium was removed from the Transwells®, and the treatment
Transwells® placed into Vitrocell® exposure modules containing DMEM beneath each well

to maintain cells at an air-liquid interface. Untreated (DMEM) and positive (SDS) controls

were incubated at 37±1oC in a humidified atmosphere of 5% CO2 in air for the duration of
the exposure period. Exposure modules were sealed and attached to the Vitrocell® dilution

system and vacuum, with the diluting air flow and vacuums set to the appropriate levels

using mass flow controllers.

Following exposure, the test gas flow was switched off and the system purged with air. All 

Transwells® were transferred to plates and incubated with Neutral Red solution (50 µg/mL) 
at 37±1oC for 3 hours in a humidified atmosphere of 5% CO2 in air. Following incubation, 

the cells were washed in PBS and Neutral Red extracted from the cells using destain 

solution. Each sample was analysed in triplicate using a VERSAmax plate reader (540nm).

Figure 3: Effects of EtO exposure on viability of 3T3
cells. Cells were exposed to various concentrations of

EtO for 3 hours using a Vitrocell® VC 10 smoking
robot under conditions comparable to ISO smoking

conditions (n=7). The following airflows were used:
10, 5 and 0.263 L/min in Exp 1; 10, 0.8 and 0.263

L/min in Exp 2, Exp 3 and Exp 4; 1.7, 0.5 and 0.263

in Exp 5, Exp 6 and Exp 7. Cell viability was assessed
by NRU assay, and is expressed relative to that of the

air control.
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