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Abstract
The Institute for In Vitro Sciences (IIVS) is sponsoring a series of workshops to
develop recommendations for optimal scientific and technical approaches for conducting in vitro assays to assess potential toxicity within and across tobacco and various next-generation products (NGPs) including heated tobacco products (HTPs) and
electronic nicotine delivery systems (ENDSs). This publication was developed by a
working group of the workshop members in conjunction with the sixth workshop in
that series entitled “Dosimetry for conducting in vitro evaluations” and focuses on
aerosol dosimetry for aerosol exposure to combustible cigarettes, HTP, and ENDS
aerosolized tobacco products and summarizes the key challenges as well as documenting areas for future research.
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I N T RO DU CT I O N

|

estimated by a series of methods including the use of particle size
parameters such as particle number, size, and mass and software to

1.1

|

Background

estimate/predict lung deposition (e.g., using multiple pathway particle
dosimetry [MPPD] model software). Dose may also be measured

Since 2018, the Institute for In Vitro Sciences (IIVS) has been conduct-

directly on the cell surface area in the in vitro environment by using

ing a “Workshop Series to Identify, Discuss and Develop Recommen-

methods such as quartz crystal microbalances (QCMs),4 glass plates to

dations for the Optimal Generation and Use of In Vitro Assay Data for

measure deposited concentrations,5 or predicted means such as com-

Tobacco Product Regulation.” The sixth workshop in that series—

putational fluid dynamics (CFD).3

“Dosimetry for conducting in vitro evaluations”—was held on

Data generated from in vitro studies conducted preferably at the

November 30 to December 1, 2021, and was attended by scientists

air–liquid interface (ALI) or in vivo inhalation studies are preferable for

from industry, government, contract research organizations, and aca-

extrapolation to derived human doses. However, this can also be

demia. Prior to the workshop, a smaller working group (the authors of

addressed using traditional standard toxicological risk assessments

this manuscript) prepared background information on the current

with the use of safety factors to quantify the probability and potential

state of the art for dosimetry, which included potential conclusions

impact of a risk, which is an approach used by many regulatory agen-

and recommendations and also identified issues needing future

cies for decision-making purposes.6,7

research. This information was presented and discussed during the

Human dosimetry derived from in vitro data may also be accom-

workshop. An overview of the workshop along with final conclusions

plished by using in vitro to in vivo extrapolation (IVIVE), extrapolating

and recommendations agreed upon by the workshop participants will

effect concentrations seen in vitro to the corresponding human blood

be published.

concentrations using a combination of both dosimetry and physiologically based pharmacokinetic (PBPK) modeling.8,9 An essential step in
this IVIVE process is the identification of relevant in vitro assays for

1.2

|

Why is dosimetry important?

specific in vivo endpoints where the mode of action is known. It
should be noted that the validity of these methods relies heavily on

The health effects of substances exposed to humans via the inhalation

the accuracy of the in vitro response measurements and how relevant

route are of considerable interest to many people and have led to the

the in vitro assay is to the in vivo mode of action. Indeed, the biologi-

development and use of in vitro models of the respiratory tract. The

cal relevance of the in vitro assays to in vivo endpoints impacts the

inhalation route of administration for compounds has several advan-

ability of the IVIVE approach to provide an accurate estimation of an

tages such as a rapid onset of action for drugs and chemicals, and it is

equivalent administered dose (EAD), that is, the estimated external

predominantly noninvasive. This route of exposure comprises the

dose in humans that may induce similar bioactivity reflected by the

extra thoracic airways including the nasal and oral cavities, the larynx,

in vitro assay.10–12

trachea, and lungs. The lungs have both a high permeability to com-

These methods that place in vitro results in an in vivo context are

pounds due to a large blood supply and large absorptive surface area.

gaining increasing importance in scientific decision making13 and in

Critically, the exposure to compounds via the lungs avoids first-pass

the context of NGP evaluations. Chang et al.11 and Zhang et al.12 used

metabolism in the liver, which is important for compounds removed

an IVIVE approach to assess the toxicity of ingredients and their mix-

by metabolism. The major challenge, however, in inhalation toxicity is

tures in e-cigarette aerosols. The authors concluded that “IVIVE is a

the appropriate and accurate determination of the delivered dose

useful tool for interpreting in vitro data in the context of in vivo human

(dosimetry). The effective delivered dose (the percentage of the

exposure and can be applied to mixtures assessment for hypothesis

inhaled dose that enters the bloodstream) is key; however, this is not

generation and preliminary risk assessment.”12 This underscores the

easy to calculate due to numerous factors that can affect lung deposi-

necessity to conduct appropriate and, relevant, in vitro studies utiliz-

tion, for example, particle size, anatomy of the respiratory tract,

ing the most appropriate dosimetry measurements to facilitate subse-

breathing patterns, and aerosol type (solid or liquid particles, gas

quent data use in applications such as IVIVE extrapolations.

1

phase, or combination thereof).2,3 After deposition in the lung, some
particles dissolve and absorb into the systemic/pulmonary circulation,
whereas others are cleared from the lung by pulmonary metabolism,
alveolar macrophages, and higher up the respiratory tract by mucocili-

1.3 | Where should dosimetry be applied
(smoke/aerosol from the sample to exposure to cells)?

ary clearance (MCC). Similarly, substances forming liquid aerosols may
change their phase by evaporation processes or become absorbed

The exact application of dosimetry measurements largely depends on

from the gas phase into the liquid phase, thereby modulating the

the exposure system being used but should be based on sampling the

delivered dose.3

deposition and interaction of particles and gases or vapors at the cell

Understanding dosimetry in terms of delivered dose is essential

surface. The determination of dosimetry in an ideal world is the mea-

for placing scientific data gained from in vitro human models and

sure of the internal dose or even concentration at the molecular target

in vivo animal models into context with human exposure. In terms of

(biologically effective dose)14–16 within the cells for the chemicals of

in vivo modeling of dosimetry, delivered doses can be measured/

interest. However, the difficulty in directly measuring cellular dose in
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submerged cultures poses a significant obstacle to application of tar-

generated in this area, however, a means to compare information gen-

get tissue dosimetry for in vitro systems.

erated using different exposure systems is required. More recently,

For example, assessment of nanoparticle and microparticle toxic17

ity is challenging due to agglomeration of nanoparticles in liquids.

Bishop et al.27 presented a means by which data generated using dif-

As

ferent aerosol generation systems could be compared. The authors

a consequence of this, the target tissue paradigm for dosimetry and

documented that cellular responses to generated e-cig aerosols were

hazard assessment for nanoparticles has largely been ignored in favor

comparable when applying an undiluted protocol. This research is

of using alternative indirect methods of potential exposure such as μg

especially vital as in vitro methods are critical in the evaluation and

particle/ml culture medium, particle surface area/ml, or particle

screening of NGP, and as such, adopting a methodology that facili-

number/ml.17

tates comparison between data utilizing different aerosol-generating

The nominal concentration measured in the cell culture medium

systems provides a tangible means to “bridge” information, which is

of in vitro studies can differ significantly from the cells' internal dose,

essential to maximize the use of in vitro data to aid in the screening

as different nanoparticle characteristics may affect the ability of parti-

and or evaluation of NGPs.27

18

cles to reach the cells at the bottom of the culture dish.

Due to the

difficulties in extrapolating the concentrations of particles in submerged cultures to the concentrations of particle deposited/available
at the cell surface and then internalized, the preferred exposure route
is to minimize surface liquid and use cells exposed at the ALI if at all

1.4 | The necessity to understand what changes
occur in the sample composition between smoke/
aerosol generation and cell exposure at the ALI

possible. Particle properties including particle size, surface charge,
transformation, solubility, or agglomeration state and chemical proper-

CS is a complex and dynamic aerosol consisting of both solid and liquid

ties are altered when particles are exposed in solution (submerged cul-

particles, called the particulate phase (able to be trapped on a filter

tures) and are also dependent on the specific composition of the cell

pad), suspended in a mixture of vapors and carrier gases, the gas phase

culture medium.19,20 For example, test chemical hydrophobicity is

(commonly referred to as the gas–vapor phase (GVP)) passes through

known to affect its distribution and bioavailability in vitro, rendering

a filter pad.28 CS is generated by several complex and overlapping

only a small fraction available in the aqueous phase for cellular

processes consisting of combustion, pyrolysis, pyrosynthesis, distilla-

uptake.21 Chemicals may bind to serum within the medium, may be

tion, sublimation, and condensation.29 The small highly reactive com-

absorbed into the cell culture setup plastic, or may volatilize to varying

pounds formed in the CS gas phase are generated by pyrosynthesis

The chemical sol-

(including carbonyls and NO30). Because combustion takes place during

vent used, for example, DMSO, may also have an influence on the

smoking, a substantial number of solid particles are released from the

way chemicals are distributed and on their availability to cells; how-

combustion of the tobacco itself and transferred to the mainstream

ever, the exact mechanism is unknown.21

smoke. This production of solid particles is not seen with next-

degrees dependent on chemicals' properties.

16,21,22

Dosimetry determination is also key for tissues exposed at the

generation products (NGPs) that heat and do not combust a tobacco

ALI to accurately determine the dose deposited on to the cell surface

rod or heat an e-liquid, for example,31,32 giving rise to far less chemi-

and the dose ultimately available to be absorbed by the cells. The

cally complex aerosols.33-35 Pyrolysis is not present in NGPs, but reac-

more physiologically relevant in vivo-like in vitro models cultured at

tion and degradation products are generated when an e-liquid is

the ALI is therefore becoming a realistic and efficient tool for lung tox-

heated34 due to the degradation of the heated constituents of e-liquids

23

icity testing.

The ALI is the preferred exposure route following

including propylene glycol, vegetable glycerin, and some flavors.36

exposure to either aerosolized or gaseous form of air pollutants,

Once the CS or aerosols are formed, compounds can rapidly react

including cigarette smoke (CS) due to the improved physiological rele-

with other constituents to form additional compounds, this is known

vance of this exposure route for humans when using human 3D

as aging; that is to say the smoke composition can change with time

reconstructed tissues (e.g., several studies23–25). Cao et al.26 also

after generation (temporally dynamic).28 Hence, one of the challenges

highlighted the value of utilizing the ALI for the evaluation of cigarette

in using CS exposure systems is getting samples as quickly as possible

and NGP (e-cig) aerosols and emphasized the suitability of these

to the cell exposure chambers without excessive deposition of solid

in vitro methods for the evaluation of pathological changes induced

and liquid particles on the walls of the equipment. For this reason,

by inhaled substances as well as indicating the possibility to use these

tubing connecting the generation of sample and the exposure appara-

systems to conduct subacute exposure studies with e-cig aerosols.

tus are kept as short as reasonably possible. For a comprehensive

The author concluded that “although the in vitro toxicity assessment

review on the history of methods and devices for generation, expo-

of e-cig aerosols is still in its infancy, the primary cell–based ALI air-

sure, and collection, please see Klus et al.28

way tissue model system has proven to be a relevant platform for

Exposure systems consist of three parts:

screening alternative tobacco products as well as elucidating the
mechanisms underpinning e-cig aerosol toxicity to human bronchial
epithelium.”

26

As these NGP products develop and the technologies evolve, ALI
testing will continue. To maximize the use of in vitro toxicological data

1. a smoke- or aerosol-generating component,
2. means of connection/delivery for the diluted or undiluted smoke
or aerosol, and
3. cell exposure system.
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Once the aerosol is generated, typically using a smoking robot

then been used to measure trapped constituents such as carbonyls

programmed with a fixed puffing regime (puff duration, puff volume,

and nicotine. Considering this information, exposing cells at the ALI

and time between puffs), CS or aerosol is usually delivered over a

exposes the cells to whole CS aerosol and is the most relevant to the

fixed time via a piston/syringe system. The fixed puffing regime is one

human exposure scenario for inhaled products and looking at direct

of several means enabling results to be compared across other

effects on the lungs.28,39,40

studies, along with other determinants described below. Dilution of

With the ALI exposure of cells, dosimetry is typically performed

the smoke/aerosol is possible as it transfers through the system. It is

using blank wells with round glass slides covering the cell growth area

at this stage, post-syringe, that these exposure systems start to

or full of PBS or cell media and quantified for the analytes of interest;

diverge in design. The type of tubing, diameter and length of tubing,

quartz microbalances have been typically used for cigarettes.5,41–48

dilution principle (use of pistons and vacuum rate from an airstream),

Traditionally, nicotine has been the measured analyte of choice due to

losses on the walls of connecting pipe work, and subsampling of the

its high stability, ease of measurement, and its relevance to smokers

aerosol significantly affect the delivered dose to the cells in the

and NGP users49,50; for further details, please see Table 2.

28,37

exposure chamber.

The final aspect, which all systems share, is

the exposure chamber/module, where cells are housed and exposed
with the cells raised up from the cell media, the basal surface in
contact with the cell media, and the apical surface being exposed to
CS/aerosols.

3 | T H E GE N E R A L C H A R A C T E R I Z A T I O N
OF SMOKE/AEROSOLS GENERATED USING
DI FF E R E N T M A C H I N ES A ND M E T HO D S

The physical and chemical behavior of CS, heated tobacco
product (HTP), or electronic nicotine delivery system (ENDS) aero-

As previously detailed, CS, HTP, or ENDS aerosols can be collected

sols are highly variable and can differ both temporally (highly reac-

and processed to produce extracts suitable for submerged culture

tive constituents can react in seconds) and in terms of composition

toxicology assessments. To produce these extracts, CS or aerosol is

due to a tendency for disparate deposition of particles and vapor

typically collected using a glass fiber filter connected in series with

and condensation as the CS/aerosols cool down on the exposure

a liquid-filled impinger. Particulate-phase material is collected on the

system walls and connecting tubes. For this reason, the design and

filter, and GVP compounds are collected in the impinger. Extracts

construction of aerosol generation and exposure chamber systems

are prepared by extracting the filter in a suitable solvent, with

are likely to alter an aerosol's characteristics (e.g., its particle size

DMSO being the most commonly used. GVP compounds are typi-

distribution [PSD] or the partitioning of its constituents in the solid,

cally collected in a chilled impinger containing PBS solution. The use

liquid, and gas phases). To achieve meaningful results when testing

of aqueous media in the impinger results in the collection of primar-

aerosols, a key requirement is to understand and potentially control

ily water-soluble GVP compounds. Extracts have been prepared

the processes influencing the aerosol delivery, including aerosol

using a range of smoking and puffing machines including 20-port

aging by getting the samples to the cells as quickly as possible and

rotary machines68 and linear smoking machines including both

measuring deposition at various points in the system. These require-

single-port69 and multi-port linear smoking machines.70 CS extracts

ments apply to analytical characterizations as well as to in vitro and

are typically collected under ISO 330871 or ISO 20778,72 and ENDS

in vivo testing.31,32

product extracts are typically collected under ISO 20768.73 Extracts

Acronyms, synonyms, and abbreviations used throughout this

from other products, including cigars or waterpipe, have been collected under suitable smoking regimes.74–77 More recently, water-

manuscript are shown in Table 1.

pipe tobacco has been smoked using the standardized ISO 2248678
conditions.79

2 | N E E D T O U N D E RS T A N D T H E
P R O P E R T I E S O F T H E EQ U I P M E N T A N D TO
C H A R A C T E R I Z E T H E SA M P L E

A wide range of smoking or puffing machines have been used to
generate whole smoke or aerosol for in vitro exposure systems. The
most common approach includes the use of smoking machines capable of the continuous delivery of smoke or aerosol to the in vitro

Cells may be experimentally exposed to CS in a variety of ways includ-

exposure system. Examples of commercially available continuous

ing trapped fractions in several defined media, such as bubbled

delivery systems include the 5-port Burghart MSB-01 (Burghart,

phosphate-buffered saline (PBS), cell media, ethanol, and DMSO, or

Wedel, Germany),80 the 5-port SAEIVS (Burghart, Wedel, Germany)81,

using a glass filter and aqueous extract combined. For an overview of

the 8-port Borgwaldt RM20S (Borgwaldt KC, Hamburg, Germany),60

38

the 10-port VITROCELL® VC 10 (VITROCELL® Systems, Waldkirch,

Trapping of CS/aerosols in impingers can be difficult

Germany),55 and the 30-port SM2000 (Philip Morris International,

to extrapolate across studies due to the differences in methods used

Neuchâtel, Switzerland).46 These systems operate by using a series of

and exact impinger setup.38 Impingers are used to trap CS/aerosols to

syringes to both puff and deliver the smoke or aerosol to the in vitro

prepare liquid cigarette whole-smoke samples. The different fractions

exposure system. A uniform delivery of the smoke or aerosol to the

captured depend on the media used in the impinger and partly on the

in vitro exposure system is maintained by controlling the exhaust tim-

volume of media used due to possible saturation. These fractions have

ing of the primary syringe or through the use of a secondary syringe

the wide variety of trapping methods used, see Smart and Phillips
28

and Klus et al.
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TABLE 1

Terminology, synonyms, and abbreviations

Terminologya

Synonym(s)b

Air–liquid interface

Abbreviationa

Descriptionc

ALI

Cells housed at an interface that facilitates
basolateral feeding and apical aerosol
exposure

Biologically effective dose

Metabolic dose

N/A

Dose delivered to the specific intracellular
process that results in the primary
biological response

Cigarette smoke

- Tobacco smoke
- Combustible cigarette smoke

CS

N/A

Cambridge filter pad

N/A

CFP

A filter pad used to capture particulate
material

Delivered dose

Cellular dose

N/A

Dose delivered to the surface of the cells
that results in the biological response

Dosimetry

- Delivered dose
- Biologically effective dose

N/A

Quantification of delivered dose. Often
related to the delivered dose to the target
tissue at the exposure interface. Can be
used to describe chemical and physical
approaches to measure/characterize test
articles prior to exposure

ENDS

- Electronic nicotine delivery system
- Electronic cigarette or e-cigarette
- Electronic vapor product (EVP) or evapor product

e-cig
ENDS

An electronic system that aerosolizes an eliquid

Exposure interface

N/A

N/A

The interface at which the cells are exposed

Electronic vapor product

- Electronic cigarette
- ENDS

EVP

An electronic system that aerosolizes an eliquid

Gas–vapor phase

Vapor phase

GVP

Normally referred to as the aerosol phase
that is not collected using particulatetrapping techniques such as Cambridge
filter pads (CFPs)

Quartz crystal microbalances

N/A

QCMs

A quartz crystal disc used to gravimetrically
measure deposited mass based on
changes in oscillating frequencies

Heated tobacco products

- Tobacco heating products (THPs)
- Heat not burn (HnB)
-Tobacco heating product (THP)
- Tobacco heating system (THS)

HTPs

A tobacco product that heats the tobacco to
create an aerosol that the user inhales

Internal dose

Intracellular dose

N/A

Dose present within the cells that results in
the biological response

Next-generation nicotine and tobacco
products

N/A

NGPs

Umbrella term for HTP, ENDS categories,
and other oral products such as modern
oral tobaccos, snus, and nicotine inhalers

Smoke/aerosol exposure chamber

- Smoke/aerosol exposure module
- Module
- Chamber

N/A

The apparatus in which the cells are housed
at the ALI and introduced to the exposure
aerosol

Smoke/aerosol exposure system

- Smoking robot
- Whole-smoke exposure system
- Smoke exposure platform
- In vitro aerosol system

N/A

The complete smoke or aerosol exposure
system including the smoking head,
associated dilution system, and the
exposure chamber

Total particulate matter

- Particulate matter
- Particulate material

TPM

The total particulate material captured on a
Cambridge filter pad and eluted for testing
using traditionally DMSO as a solvent (but
is not exclusive to DMSO)

Whole aerosol

- Cigarette smoke aerosol
- HTP (whole HTP aerosol)
- ENDS (whole ENDS aerosol)

N/A

Refers to the generation of a “complete”
smoke/aerosol through in vitro aerosol
exposure systems. Umbrella term for
freshly machine-generated aerosols from

(Continues)
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TABLE 1

(Continued)

Terminologya

Synonym(s)b

Abbreviationa

Descriptionc
HTP (whole HTP aerosol) and ENDS
(whole ENDS aerosol)

Whole-aerosol extracts

N/A

N/A

The capturing of smoke or aerosol
constituents in an aqueous medium (e.g.,
either cell culture media or PBS)

a

Terminology and abbreviation used in this manuscript.
Not all synonyms are used in this manuscript, but they are used within the wider research environment.
c
Description based on working group and current opinion.
b

system. Single-port smoking machines have also been used to gener-

The TPM collected on glass fiber or similar filter pads, and indeed

ate smoke or aerosol on a puff-by-puff delivery of smoke or aerosol

the condensates collected in cold traps and electrostatic precipitators,

to in vitro exposure systems. Examples of commercially available puff-

can be chemically characterized to ensure that consistent test articles

by-puff delivery systems include the Borgwaldt RM1/LM182 and the

have been generated.94 For pad-collected matter, this usually involves

83

CS is typically generated under ISO 3308 or ISO

the determination of the weight of particulate matter collected and

20778, whereas ENDSs are typically generated under ISO 20768.73

VITROCELL VC 01.

the determination of nicotine,97 water,98,99 and humectants, as well

Smoke or aerosol from other products, such as waterpipes, has been

as other constituents that may be of interest. The use of nicotine and

generated using suitable smoking regime conditions.79,84 An overview

TPM weights can also be used as quality control checks for consis-

is presented in Table 3.

tency of the test article generated. Furthermore, the measurement of
constituents in frozen vehicle extracts can have nicotine determined
to demonstrate stability of the extracts.

4 | CHARACTERIZATION OF DIFFERENT
S AM P L E T Y P E S

There are essential differences between the different collection
methods. For example, pad-collected aerosol will predominantly collect the particulates in the aerosol and not capture volatile constitu-

4.1

|

Pad collected/condensates

ents. Aerosols that are captured in cold traps, electrostatically, or via
an impaction trap are more likely to contain the particulates, some

CS, HTP, or ENDS aerosols for in vitro toxicological assessment are

semi-volatile compounds, and possibly some volatile compounds.

typically generated on either linear or rotary smoking machines,
depending upon the requirements of the study.86
Various methods to trap the aerosol, or fractions of aerosol, exist

4.2

|

Samples trapped in liquid media

including glass fiber filter pads used to collect the particulate-phase
fraction that is subsequently extracted with DMSO or an alternative
87–94

suitable solvent to a specific concentration.

CS or aerosol generated from NGPs can be bubbled through a liquid

Alternatively, impac-

solvent to generate a test article for in vitro assessment. There are

tion trapping may be used for collection. This method forces high-

two main ways of generating the test article: The first is assessment

pressure aerosol through a capillary or nozzle and captures aerosol

of the GVP where a glass fiber filter pad is placed prior to the collec-

fractions via inertial impaction, which may be subsequently collected

tion so that the particulate matter does not interact with the liquid

28

solvent, and the second method is to generate an aqueous extract

onto a suitable surface.

Electrostatic trapping of the “whole” aerosol is where a positive

where both phases of the smoke or aerosol interact with the solvent.

electrode is in the center of a glass tube where the aerosol enters.

Sample generation, smoking regimens, and collection methods for

The tube is surrounded by a negative electrode made of stainless

cigarettes are generally performed as per ISO 330885 or ISO 20778.72

steel, and an electric field is created to attract the charged aerosol

Methods for NGPs are generally addressed using ISO 2076873 or a

particles to the inner glass tube, which collects the aerosol that passes

modified version of ISO 20778. ISO/AWI 5501 is currently drafting

through, and these are subsequently eluted with DMSO or another

HTP puffing regimes, but this activity remains ongoing at the time of

appropriate solvent.31,86,94–96 Electrostatic precipitation can be used

publication.

with almost any product type where an aerosol is generated. An alter-

A standardized method is available for the generation of GVP

native method uses a cold trap that has a glass impinger cooled and

samples as defined in the Canadian health authority (Health Canada)

held on dry ice and acetone or methanol or a mixture of the two, to

Tobacco Reporting Regulations (TRR) Method (T-502 2017).100 In

78 C. When the aerosol enters the

summary, the smoke or aerosol is passed through the glass fiber filter

impinger, the low temperature causes the aerosol to condense on the

before being bubbled through an ice-cold liquid solvent. The most

sides of the apparatus, which can then be eluted with an appropriate

common solvent used is PBS.70,101,102 It is important that the PBS is

maintain the environment at

28,31

vehicle, for example, DMSO.

ice-cold to ensure that the volatile compounds within the vapor phase
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TABLE 2

Reported online and offline ALI dosimetry parameters for cigarette smoke and e-vapor aerosol

Online dosimetry parameters
Parameter

Where measured

Method

Advantages/limitations

Mass deposited

Surface of exposure well with no
cells

Quartz crystal microbalance41–48,51
Predictions via computational fluid
dynamics (CFD)3,52

Quick continuous measurements;
excellent detection limit
Not suitable for all aerosols
including ENDS

Carbon monoxide (CO)
concentration

Exit of system

CO monitor53,54

Quick; measurement frequency
selectable
Chemical specific; not applicable to
particle phase

Aerosol mass

Sample of exposure atmosphere or
in dilution system (bar)

Photometers/optical particle
counters45,51,53,55

Quick; continuous measurement
Limited placement within system;
must be calibrated to aerosol
mass for each dilution

Nicotine, glycerol, propylene
glycol, and water

Various ports in high-throughput
ALI exposure system

FTIR31,56
SPI-MS57

Chemical specific; excellent
detection limits
Specialized equipment and skilled
operator required

Various chemicals

Various ports in high-throughput
ALI exposure system

PI-TOFMS31,32

Chemical specific; excellent
detection limits
Specialized equipment and skilled
operator required

Particle size

Various ports in high-throughput
ALI exposure system

Aerodynamic particle sizer (TSI
3321)57–59
Scanning mobility particle sizer
(SMPS) (TSI 3080)44

Online monitoring
Aerosol is diluted 100-fold (may
introduce artifacts)

Offline dosimetry parameters
Parameter

Where measured

Method

Advantages/limitations
60,61

Mass deposited

Surface of exposure well with
no cells

Gravimetric
Glass plates to measure
deposited
concentrations5

Direct; relatively quick
Does not capture gas-phase constituents

Number of particles

Surface of exposure well with
no cells

Fluorescence44,45,54,58–

Quick; relatively easy
Fluorescence must be calibrated to mass; sensitivity depends
on equipment and fluorescent marker

Solanesol and
acetaldehyde

Surface of exposure well with
no cells, membrane
removed

Analytical chemistry
HPLC63

Specific; markers of particle- and gas-phase constituents
Analytical method must be developed for collection matrix

Mass of nicotine

Exhaust line and cell culture
media from reservoir

Analytical
chemistry46,49,64,65

Specific; can capture gas and particle phase
Analytical method must be developed for collection matrix

Carbonyls

In-line impingers and cell
culture media from
reservoir

Analytical
chemistry46,66,67

Specific; captures gas phase
Analytical method must be developed for collection matrix

Distribution of MS
among exposure
inserts

Surface of exposure well with
no cells

WST-1 reduction46

Quick; relatively easy
Not chemical specific, limited dynamic range, fluorescence
must be calibrated to mass, and sensitivity depends on
equipment

60,62

Abbreviations: ALI, air–liquid interface; ENDS, electronic nicotine delivery system; FTIR, Fourier-Transform Infrared spectroscopy; HPLC, highperformance liquid chromatography; MS, mass spectrometry; PI-TOFMS, photo-ionization time-of-flight mass spectrometer; SMPS, scanning mobility
particle sizer; SPI-MS, single-photon ionization mass spectrometry.

are retained. Health Canada T-502 recommends the GVP to be

the weight of particulate matter can be used to assign an equivalent

applied to the test system within an hour of generation due to poten-

total particulate matter (mg TPM equivalent/ml). Additionally, chemi-

tial loss of captured volatile and semi-volatile constituents. Analysis of

cal analysis of the GVP-bubbled solvent can be performed to quantify

the glass fiber filter can be undertaken as described in ISO 4387103;

captured constituents.
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TABLE 3

Overview of ISO smoking regime parameters

Regimen

Puff volume (ml)

Puff duration (s)

Puff interval (s)

Reference

ISO 3308

35

2

60

ISO 3308:2012 Routine analytical cigarette-smoking
machine—definitions and standard conditions85

ISO 20778

55

2

30

ISO 20778:2018 Cigarettes—routine analytical cigarette
smoking machine—definitions and standard conditions with
an intense smoking regime72

ISO 20768

55

3

30

ISO 20768:2018 Vapour products—routine analytical vaping
machine—definitions and standard conditions73

ISO 22486

530

2.6

20

ISO 22486:2019 Water pipe tobacco smoking machine—
definitions and standard conditions78

A standardized method is not available for the generation of

generation from reference or representative tobacco products is a

whole-aerosol aqueous extracts; however, the procedure would be as

first important step in understanding the entire exposure system.

described above for GVP but without the presence of the glass fiber

Thorne et al.37 demonstrated comparable aerosol generation, based

filter. Aqueous extracts are generally produced in a wide range of cell

on nicotine, from nine in vitro whole-aerosol exposure setups repre-

culture medium suitable to the in vitro assay.104–106 Aerosol exposure

senting seven different systems, across five geographical locations,

has also been performed with a test system such as the Ames assay

using a Kentucky Reference 3R4F combustible cigarette when sys-

where the bacterial inoculum is suspended in PBS and bubbled with

tems were well maintained and run under standard atmospheric and

whole smoke or aerosol.82 Due to the lack of a glass fiber filter and

puffing conditions.

the subsequent inability to measure weight or w/v of TPM to quantify

Once the representative aerosol is generated, it must be delivered

the exposure dose, nicotine analysis of the extract is performed to

to the exposure portion of the system. Aerosol can be delivered undi-

enable characterization.

luted or undergo dilution prior to delivery to the exposure module(s).

As with any of the methods described for generation and testing

Several systems perform aerosol dilution by mixing the aerosol with

of sample types derived from aerosolized tobacco products, it is

clean air, either within a piston or with a constant controlled flow of

important to characterize and understand the trapping system that is

air.28,109 Aerosol dilution allows exposures to be conducted over a

being used for both GVP and whole-aerosol aqueous extracts. There

range of delivered doses over a set time, whereas undiluted aerosol

is a wide selection of impingers and bubblers available with differing

can be delivered on the basis of time or puff number to alter the

amounts of headspace. Consideration should be given to interaction

amount of aerosol exposed to the cell cultures.110,111 How the aerosol

of smoke or aerosol with the solvent and if a frit or glass beads should

is delivered and deposited into the exposure module is another crucial

be employed to increase the bubbling and therefore increase the sur-

step in understanding the performance of the system. There are sev-

face area for gas transfer to the solvent. It is possible to connect mul-

eral published studies examining aerosol or particulate deliveries into

tiple impingers in series, and subsequent chemical analysis can

a host of exposure modules to determine deposition consistency or

demonstrate capture efficiency. A wide range of commercially avail-

patterns on cell culture surfaces.46,52,63,110,112–115

able smoking machines have been used, both linear and rotary. There

Determination of the delivered dose to the cells is essential in

is no consensus as to the type of smoking machine to use, but the

understanding the aerosol's impact and relevance to the biological

smoking machine should be assessed and characterized alongside the

responses measured and also important in facilitating any possible

impinger system for compatibility, total leakage, and trapping

comparisons between laboratories and exposure systems. Examples

efficiency.

of early dosimetry approaches included using percent (%) cigarette or
smoke,46,116,117 dilution airflow rate,118,119 or number of cigarettes.120 Implementation of real-time dose determinations included

4.3

|

Whole-aerosol methods

the use of QCMs to measure the mass of deposited particulate
material,51,121 laser photometers to monitor aerosol being delivered

In vitro systems exposing 2D cultures or 3D tissue constructs exposed

into the exposure module,45 or online chemical analysis.31,32 These

to freshly generated whole aerosol at the ALI add a level of complex-

methods have their strengths and limitations; for an overview, see

ity to the overall exposure system construction and determination of

Table 2.

the delivered dose to the cells.107,108 The exposure system will

The use of chemistry methods to quantify aerosol constituents

include some form of smoking or vaping machine capable of generat-

captured or delivered is also being used to determine the amount of

ing a representative aerosol from the combustible or NGPs to be

aerosol delivered. Nicotine, an obvious representative compound, has

tested. There are a wide range of aerosol-generating machines that

been widely used across the spectrum of tobacco- and nicotine-

are commercially available or developed by individual laboratories to

containing products49 to measure delivered dose. Other constituents

meet their specific needs. Demonstration of consistent aerosol

have also been utilized, including those found in either the particulate
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or gas phases of the aerosol.31,32,46,63 To efficiently use quantitative
measures of aerosol constituents, researchers need to characterize
the levels of those compounds generated by the product prior to performing whole-aerosol exposures. A recent publication122 demon-

TABLE 4

Table of recommendations

Area

Recommendations

Methods

Methods used by laboratories to collect,
trap, sample, and quantify the dosimetry
parameter (delivered dose of aerosol
constituents) should be thoroughly
documented, standardized, and/or
validated and be capable of adaptation to
a variety of in vitro whole-aerosol
exposure systems to allow comparisons
across laboratories, other in vitro and ALI
exposure systems, and in vivo and human
studies.

Dosimetry parameter
characterization

Dosimetry parameter characterization
should be conducted in the ALI in vitro
exposure system using experimental
conditions (temperature, humidity,
dilutions, etc.) and the same aerosol to
demonstrate acceptable uniformity
between all wells in the ALI in vitro
exposure system.

strated the variability of methods and approaches laboratories utilize
for whole-aerosol in vitro cytotoxicity. Harmonization of methods and
the use of quantitative measures of aerosol constituents when exposures are performed under standard puffing and laboratory conditions,
however, should allow comparisons between laboratories and different whole-aerosol exposure systems.123

5 | C H A R A C T E R I Z A T I O N O F D E L I V ER E D
DOSE TO CELLS AND ANALYTICAL
C HE M I S T R Y FO R D O S I M E T R Y
As indicated previously, aerosol dosimetry (delivered dose), understanding what is applied or delivered to cells and to what they are
exposed, is critical to understanding the biological responses.

Dosimetry parameter characterization
should include deposition efficiency, and
if the aerosol is not a liquid droplet, then
uniformity of deposition across the cell
culture insert should also be confirmed
quantitatively.

Although the chemical complexity and temporal dynamics of
tobacco smoke and NGP aerosol currently preclude determining the
internal and biologically effective dose, estimating or providing the
delivered dose has been done using various online (during experiment)
and offline methods (analyzed after the experiment) in ALI in vitro
studies (Table 3).
Sauerbrey124 developed the QCM and had three criteria for
valid measurements: (1) Deposited mass must be small compared
with mass of quartz crystal; (2) deposited mass is rigid; and (3) mass
is evenly distributed over the crystal surface. Although the QCM
technique works for tobacco smoke, some investigators allowed
water and potentially volatiles to evaporate prior to a final measurement, which may affect measurement accuracy.125 Given the criteria
noted above, the QCM technique would not be expected to work
well for ENDS aerosols as they are characterized by liquid droplets
that are not rigid. Steiner et al.,59 Adamson et al.,49 and Keyser
et al.51 have recently confirmed the limitations of the QCM technique using ENDS aerosols. Also, uniformity of particle deposition
across the surface of the cell inserts, and therefore the QCM, has
recently been questioned in a couple of high-throughput ALI
in vitro exposure systems.114,115
The use of optical particle counters, photometers, and specialized
gas analyzers may be limited to where they can sample from within
the ALI exposure system, and measurement at the cell surface is
recommended. Measurement of specific chemicals online or offline
from tobacco smoke or ENDS aerosol requires specialized equipment
and collection techniques (use of PBS, DNPH, DMSO, etc.) that must
be validated prior to use. When different dilutions are used, chemical
amounts should ideally be determined at each dilution. Steiner et al.67

Dosimetry
parameter(s)

Dosimetry parameters should be
representative of the aerosol being
assessed biologically in vitro. Additionally,
the measured aerosol constituent(s)
should represent the specific aerosol
phase (particle or gas vapor phase) being
studied, or in which phase the biological
activity is thought, or found to reside. For
example, a particle phase constituent
should not be the only representative
dosimetry parameter if the gas phase is
shown to possess the biological activity
being assessed in vitro. Hence, for CS,
HTP, and ENDS aerosols, it is
recommended that a minimum of two
aerosol constituents representing the
particulate and gas phases of the aerosol
should be quantified for dosimetry
purposes (e.g., nicotine and carbonyls in
undiluted ENDS aerosols or glycerol and
carbonyls in diluted ENDS aerosols).
Dosimetry parameter(s) must be measured
in a representative manner during each
experimental run using chemical, physical,
and in vitro methods (e.g., separate test
on the test day and one of the replicate
wells).

Abbreviations: ALI, air–liquid interface; CS, cigarette smoke; ENDS,
electronic nicotine delivery system; HTP, heated tobacco product.

reported that diluting tobacco smoke approximately 7-fold resulted in
3- to 30-fold decreases in chemical delivery to the cell surfaces,
depending on the specific chemical. Another dosimetry concern with

high humidity (>65–70%) is used during the experiment, then water

ENDS aerosols is osmolarity. Even use of gravimetric samples from a

and other chemical evaporation could occur after removal from the

cell insert collected during an experiment can present challenges. If

ALI exposure system and during weighing.
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Aerosol dosimetry should not be exclusively represented by a
dilution factor or percentage of delivered aerosol. Due to the considerable differences in aerosol compositions and deliveries among
the range of nicotine delivery product types such as combustible
cigarettes, HTP, and ENDS, utilizing a dilution or percentage
approach will hinder or prevent any realistic and meaningful product comparisons. Currently, the most rigorous approach incorporates analytical measures, with standard and/or validated methods
of particle- and gas-phase aerosol constituents to quantify the
delivered dose. The aerosol dosimetry challenges of CS, HTPs, and
ENDS aerosol also include the specific ALI system used for cell
exposure. Therefore, a series of recommendations are proposed as
outlined in Table 4.

6 | IDENTIFICATION OF ISSUES NEEDING
ADDITIONAL RESEARCH
This publication was designed to focus on dosimetry, which is essential to understanding the biological response(s) in in vitro systems. It
outlines the available methodologies, hardware, quantification
methods, and challenges and highlights areas for additional research
consideration, including the need for further research to better understand which aerosol constituents adequately represent each aerosol
phase (particulate and gas) from NGP and reference cigarettes for
specific biological endpoints.
Recommendations and areas for future research include that
experienced, well-equipped laboratories should determine the aerosol
constituents that best represent in vitro exposures in ALI systems and
publish these results. All data should be accompanied with the justifications as to why the chosen aerosol constituents are adequately representative. Research is also needed to not only identify the most
relevant aerosol constituents for each aerosol phase but also ensure
that any analytical methods chosen for these aerosol constituents be
as simple as possible with minimal associated cost. Collaborative studies are essential to facilitate interlaboratory comparisons of dosimetry
measurements for standardization purposes.
Knowing the different hardware profiles for the different smoking
or aerosol-generating machines, care should be taken to understand
how these differences may impact the constituent profile after conducting puff profiles, and as such, the following should be considered:
aerosol constituent losses along the exposure system, for example, is
there a loss of constituents to tubing; understand/determine the runto-run, day-to-day variability, and so forth for all ALI systems; and
understand/determine smoke/aerosol aging in general and within
each ALI system; specific studies should be designed to understand
the various sources of total amount of dosimetric variability
(e.g., product aerosol generation variability, in vitro exposure system
variability, and analytical technique measurement variability).
ORCID
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https://orcid.org/0000-0001-5815-0552

RE FE RE NCE S
1. Labiris NR, Dolovich MB. Pulmonary drug delivery. Part I:
physiological factors affecting therapeutic effectiveness of aerosolized medications. Br J Clin Pharmacol. 2003;56(6):588-599. doi:10.
1046/j.1365-2125.2003.01892.x. PMID: 14616418; PMCID:
PMC1884307.
2. Alexander DJ, Collins CJ, Coombs DW, et al. Association of Inhalation Toxicologists (AIT) working party recommendation for standard
delivered dose calculation and expression in non-clinical aerosol
inhalation toxicology studies with pharmaceuticals. Inhal Toxicol.
2008;20(13):1179-1189. doi:10.1080/08958370802207318. PMID:
18802802.
3. Kolli AR, Kuczaj AK, Martin F, Hayes AW, Peitsch MC, Hoeng J.
Bridging inhaled aerosol dosimetry to physiologically based pharmacokinetic modeling for toxicological assessment: nicotine delivery
systems and beyond. Crit Rev Toxicol. 2019;49(9):725-741. doi:10.
1080/10408444.2019.1692780
4. Amaral SS, De Carvalho JA, Costa MAM, Pinheiro C. An overview of
particulate matter measurement instruments. Atmos. 2015;6(9):
1327-1345. doi:10.3390/atmos6091327
5. Wieczorek R, Trelles Sticken E, Bode LM, Simms L. Dosimetry: TPM
and nicotine delivery of combusted tobacco products to the 24 and
96 Multi Well Plate and inserts on Smoke Aerosol Exposure In vitro
System (SAEIVS) poster. 2017. https://www.coresta.org/sites/
default/files/abstracts/2017_STPOST22_Wieczorek.pdf
6. European Chemicals Agency (ECHA). Guidance on information
requirements and chemical safety assessment. Chapter R.8: characterisation of dose [concentration]-response for human health. 2012.
https://echa.europa.eu/documents/10162/17224/information_
requirements_r8_en.pdf/e153243a-03f0-44c5-880888af66223258?t=1353935239897
7. Marano KM, Liu C, Fuller W, Gentry PR. Quantitative risk assessment of tobacco products: a potentially useful component of substantial equivalence evaluations. Regul Toxicol Pharmacol 2018;95:
371–384. 10.1016/j.yrtph.2018.03.026. Epub 2018 Mar 31. PMID:
29614342.
8. Casey WM, Chang X, Allen DG, et al. Evaluation and optimization of
pharmacokinetic models for in vitro to in vivo extrapolation of estrogenic activity for environmental chemicals. Environ Health Perspect.
2018;126(9):097001. doi:10.1289/EHP1655. PMID: 30192161;
PMCID: PMC6375436.
9. Yoon M, Campbell JL, Andersen ME, Clewell HJ. Quantitative in vitro
to in vivo extrapolation of cell-based toxicity assay results. Crit Rev
Toxicol. 2012;42(8):633-652. doi:10.3109/10408444.2012.692115.
PMID: Epub 2012 Jun 6. PMID: 22667820.
10. Bell SM, Chang X, Wambaugh JF, et al. In vitro to in vivo extrapolation for high throughput prioritization and decision making. Toxicol
In Vitro. 2018;47:213-227. doi:10.1016/j.tiv.2017.11.016. PMID:
Epub 2017 Dec 5. PMID: 29203341; PMCID: PMC7393693.
11. Chang X, Abedini J, Bell S, Lee KM. Exploring in vitro to in vivo
extrapolation for exposure and health impacts of e-cigarette flavor
mixtures. Toxicol In Vitro. 2021;72:105090, ISSN 0887-2333. doi:10.
1016/j.tiv.2021.105090
12. Zhang J, Chang X, Holland TL, et al. Evaluation of inhalation exposures and potential health impacts of ingredient mixtures using
in vitro to in vivo extrapolation. Front Toxicol. 2022;3:787756. doi:10.
3389/ftox.2021.787756
13. Hines DE, Bell S, Chang X, Mansouri K, Allen D, Kleinstreuer N.
Application of an accessible interface for pharmacokinetic modeling
and in vitro to in vivo extrapolation. Front Pharmacol. 2022;13:
864742. doi:10.3389/fphar.2022.864742
14. Escher BI, Hermens JL. Internal exposure: linking bioavailability to
effects. Environ Sci Technol. 2004;38(23):455a-462a. doi:10.1021/
es0406740

19427611, 0, Downloaded from https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/dta.3344 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

10

15. Paustenbach DJ. The practice of exposure assessment: a state-ofthe-art review. J Toxicol Environ Health B Crit Rev, 2000;3(3):179291. doi:10.1080/10937400050045264. PMID: 10911984.
16. Proença S, Escher BI, Fischer FC, et al. Effective exposure of chemicals in in vitro cell systems: a review of chemical distribution models.
Toxicol In Vitro. 2021;73:105133, ISSN 0887-2333. doi:10.1016/j.
tiv.2021.105133
17. Hinderliter PM, Minard KR, Orr G, et al. ISDD: a computational
model of particle sedimentation, diffusion and target cell
dosimetry for in vitro toxicity studies. Part Fibre Toxicol. 2010;7(1):
36. doi:10.1186/1743-8977-7-36. PMID: 21118529; PMCID:
PMC3012653.
18. Teeguarden JG, Hinderliter PM, Orr G, Thrall BD, Pounds JG. Particokinetics in vitro: dosimetry considerations for in vitro nanoparticle
toxicity assessments. Toxicol Sci. 2007;95(2):300-312. doi:10.1093/
toxsci/kfl165 PMID: Epub 2006 Nov 10. Erratum in: Toxicol Sci.
2007 Jun;97(2):614. PMID: 17098817.
19. Armitage JM, Wania F, Arnot JA. Application of mass balance
models and the chemical activity concept to facilitate the use of
in vitro toxicity data for risk assessment. Environ Sci Technol. 2014;
48(16):9770-9779. doi:10.1021/es501955g
20. Endo S, Goss KU. Serum albumin binding of structurally diverse neutral organic compounds: data and models. Chem Res Toxicol. 2011;
24(12):2293-2301. doi:10.1021/tx200431b
21. Chapman FM, Sparham C, Hastie C, et al. Comparison of passivedosed and solvent spiked exposures of pro-carcinogen, benzo[a]pyrene, to human lymphoblastoid cell line, MCL-5. Toxicol In Vitro.
2020;67:104905. doi:10.1016/j.tiv.2020.104905
22. Groothuis FA, Heringa MB, Nicol B, Hermens JL, Blaauboer BJ,
Kramer NI. Dose metric considerations in in vitro assays to improve
quantitative in vitro–in vivo dose extrapolations. Toxicology. 2015;
332:30-40. doi:10.1016/j.tox.2013.08.012. PMID: Epub 2013 Aug
23. PMID: 23978460.
23. Upadhyay S, Palmberg L. Air-liquid interface: relevant in vitro
models for investigating air pollutant-induced pulmonary toxicity.
Toxicol Sci. 2018;164(1):21-30. doi:10.1093/toxsci/kfy053. PMID:
29534242.
24. Gindele JA, Kiechle T, Benediktus K, et al. Intermittent exposure to
whole cigarette smoke alters the differentiation of primary small airway epithelial cells in the air-liquid interface culture. Sci Rep. 2020;
10(1):6257 doi:10.1038/s41598-020-63345-5. PMID: 32277131;
PMCID: PMC7148343.
25. Mathis C, Poussin C, Weisensee D, et al. Human bronchial epithelial
cells exposed in vitro to cigarette smoke at the air-liquid interface
resemble bronchial epithelium from human smokers. Am J Phys Lung
Cell Mol Phys. 2013;304(7):L489-L503. doi:10.1152/ajplung.00181.
2012. PMID: Epub 2013 Jan 25. PMID: 23355383; PMCID:
PMC3627940.
26. Cao X, Coyle JP, Xiong R, et al. Invited review: human air-liquidinterface organotypic airway tissue models derived from primary tracheobronchial epithelial cells—overview and perspectives. In Vitro
Cell Dev Biol Anim. 2021;57(2):104-132. doi:10.1007/s11626-02000517-7 PMID: Epub 2020 Nov 11. PMID: 33175307; PMCID:
PMC7657088.
27. Bishop E, Terry A, East N, Breheny D, Gaça M, Thorne D. A 3D
in vitro comparison of two undiluted e-cigarette aerosol generating
systems. Toxicol Lett. 2022;358:69-79, ISSN 0378-4274. doi:10.
1016/j.toxlet.2022.01.002
28. Klus H, Boenke-Nimphius B, Müller L. Cigarette mainstream smoke:
the evolution of methods and devices for generation, exposure and
collection. Beiträge Zur Tabakforschung International/Contributions to
Tobacco Research. 2016;27(4):137-274. doi:10.1515/cttr-20160015
29. Baker RR, Bishop LJ. The pyrolysis of tobacco ingredients. J Anal
Appl Pyrolysis. 2004;71(1):223-311.

11

30. Jenkins RA, Gill BE. Determination of oxides of nitrogen (NOx) in
cigarette smoke by chemiluminescent analysis. Anal Chem. 1980;
52(6):925-928. doi:10.1021/ac50056a035
31. Boué S, Goedertier D, Hoeng J, et al. State-of-the-art methods and
devices for generation, exposure, and collection of aerosols from evapor products. Toxicol Res Appl. 2020;4:1-32. doi:10.1177/
2397847320979751
32. Boué S, Goedertier D, Hoeng J, et al. State-of-the-art methods and
devices for the generation, exposure, and collection of aerosols from
heat-not-burn tobacco products. Toxicol Res Appl. 2020;4:
2397847319897869.
33. Margham J, McAdam K, Forster M, et al. Chemical composition of
aerosol from an e-cigarette: a quantitative comparison with cigarette
smoke. Chem Res Toxicol 2016;29(10):1662–1678. doi:10.1021/acs.
chemrestox.6b00188. Epub 2016 Sep 18. PMID: 27641760.
34. Margham J, McAdam K, Cunningham A, et al. The chemical complexity of e-cigarette aerosols compared with the smoke from a tobacco
burning cigarette. Front Chem. 2021;9, ISSN 2296-2646. doi:10.
3389/fchem.2021.743060
35. Pratte P, Cosandey S, Goujon Ginglinger C. Investigation of solid
particles in the mainstream aerosol of the Tobacco Heating System
THS2.2 and mainstream smoke of a 3R4F reference cigarette. Hum
Exp
Toxicol.
2017;36(11):1115-1120.
doi:10.1177/
0960327116681653. PMID: Epub 2017 Jan 4. PMID: 27932538;
PMCID: PMC5639962.
36. Uchiyama S, Noguchi M, Sato A, Ishitsuka M, Inaba Y, Kunugita N.
Determination of thermal decomposition products generated from
E-cigarettes. Chem Res Toxicol. 2020;33(2):576-583. doi:10.1021/
acs.chemrestox.9b00410
37. Thorne D, Adamson J, Sticken ET, et al. An interlaboratory in vitro
aerosol exposure system reference study. Toxicol Res Appl. 2021;
doi:10.1177/2397847321992752
38. Smart DJ, Phillips G. Collecting e-cigarette aerosols for in vitro applications: a survey of the biomedical literature and opportunities to
increase the value of submerged cell culture-based assessments.
J Appl Toxicol. 2021;41(1):161-174. doi:10.1002/jat.4064. PMID:
Epub 2020 Oct 4. PMID: 33015847; PMCID: PMC7756347.
39. Ishikawa S, Ito S. Repeated whole cigarette smoke exposure
alters cell differentiation and augments secretion of inflammatory
mediators in air-liquid interface three-dimensional co-culture
model of human bronchial tissue. Toxicol In Vitro. 2017;38:170-178.
doi:10.1016/j.tiv.2016.09.004. PMID: Epub 2016 Sep 3. PMID:
27596523.
40. Talikka M, Kostadinova R, Xiang Y, et al. The response of human
nasal and bronchial organotypic tissue cultures to repeated whole
cigarette smoke exposure. Int J Toxicol. 2014;33(6):506-517. doi:10.
1177/1091581814551647
41. Adamson J, Hughes S, Azzopardi D, McAughey J, Gaça MD. Realtime assessment of cigarette smoke particle deposition in vitro. Chem
Cent J. 2012;6(1):98. doi:10.1186/1752-153X-6-98
42. Adamson J, Thorne D, Dalrymple A, Dillon D, Meredith C. Assessment of cigarette smoke particle deposition within the Vitrocell®
exposure module using quartz crystal microbalances. Chem Cent J.
2013;7:50. doi:10.1186/1752-153X-7-50
43. Adamson J, Thorne D, McAughey J, Dillon D, Meredith C. Quantification of cigarette smoke particle deposition in vitro using a triplicate
quartz crystal microbalance exposure chamber. Biomed Res Int.
2013;2013:685074. doi:10.1155/2013/685074. Epub 2012 Dec
26. PMID: 23484139; PMCID: PMC3591143
44. Kaur K, Overacker D, Ghandehari H, Reilly C, Paine R 3rd, Kelly KE.
Determining real-time mass deposition with a quartz crystal microbalance in an electrostatic, parallel-flow, air-liquid interface exposure
system. J Aerosol Sci. 2021;151:105653. doi:10.1016/j.jaerosci.
2020.105653 PMID: Epub 2020 Sep 2. PMID: 33012843; PMCID:
PMC7529104.

19427611, 0, Downloaded from https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/dta.3344 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

MILLER-HOLT ET AL.

45. Keyser BM, Leverette R, Hollings M, Seymour A, Reeve L, Fields W.
Investigation of multiple whole smoke dosimetry techniques using a
VITROCELL®VC10® smoke exposure system. Toxicol Rep. 2019.
ISSN 2214-7500;6:1281-1288. doi:10.1016/j.toxrep.2019.10.011
46. Majeed S, Frentzel S, Wagner S, et al. Charaterization of the Vitrocell® 24/48 in vitro aerosol exposure system using mainstream cigarette smoke. Chem Cent J. 2014;8(1):62. doi:10.1186/s13065-0140062-3
47. Thorne D, Kilford J, Payne R, et al. Characterisation of a Vitrocell®
VC10 in vitro smoke exposure system using dose tools and biological
analysis. Chem Cent J. 2013;7(1):146. doi:10.1186/1752-153X7-146
48. Xiong R, Wu L, Wu Y, et al. Transcriptome analysis reveals lungspecific miRNAs associated with impaired mucociliary clearance
induced by cigarette smoke in an in vitro human airway tissue model.
Arch Toxicol. 2021;95(5):1763-1778. doi:10.1007/s00204-02103016-0
49. Adamson J, Li X, Cui H, Thorne D, Xie F, Gaca MD. Nicotine quantification in vitro: a consistent dosimetry marker for e-cigarette aerosol and cigarette smoke generation. Appl In Vitro Toxicol. 2017;3(1):
14-27. doi:10.1089/aivt.2016.0025
50. Hukkanen J, Jacob P 3rd, Benowitz NL. Metabolism and disposition
kinetics of nicotine. Pharmacol Rev. 2005;57(1):79-115. doi:10.
1124/pr.57.1.3
51. Keyser BM, Leverette R, Fowler K, et al. Development of a quantitative method for assessment of dose in in vitro evaluations using a
VITROCELL® VC10® smoke exposure system. Toxicol In Vitro. 2019.
ISSN 0887-2333;56:19-29. doi:10.1016/j.tiv.2018.12.010
52. Lucci F, Castro ND, Rostami AA, et al. Characterization and modeling
of aerosol deposition in Vitrocell® exposure systems—exposure well
chamber deposition efficiency. J Aerosol Sci. 2018;123:141-160.
53. Ritter D, Knebel JW, Aufderheide M. Exposure of human lung cells
to inhalable substances: a novel test strategy involving clean air
exposure periods using whole diluted cigarette mainstream smoke.
Inhal Toxicol. 2003;15(1):67-84. doi:10.1080/08958370304449.
PMID: 12476361.
54. Fields W, Maione A, Keyser B, Bombick B. Characterization and
application of the VITROCELL VC1 smoke exposure system and 3D
EpiAirway models for toxicological and e-cigarette evaluations. Appl
In Vitro Toxicol. 2017;3. doi:10.1089/aivt.2016.0035
55. Okuwa K, Tanaka M, Fukano Y, Nara H, Nishijima Y, Nishino T. In
vitro micronucleus assay for cigarette smoke using a whole smoke
exposure system: a comparison of smoking regimens. Exp Toxicol
Pathol. 2010;62(4):433-440. doi:10.1016/j.etp.2009.06.002
56. Radtke F, Susz A, Monni R, Stoop A, Verbeeck J, Maeder S. FTIR
method for e-cigarette aerosol characterization, abstract 62. 70th
Tobacco Science Research Conference, Palm Beach Gardens, FL,
September 18–21, 2016.
57. Frege C, Asgari M, Steiner S, et al. Assessment of single-photon ionization mass spectrometry for online monitoring of in vitro aerosol
exposure experiments. Chem Res Toxicol. 2020;33(2):505-514. doi:
10.1021/acs.chemrestox.9b00381
58. Steiner S, Majeed S, Kratzer G, Vuillaume G, Hoeng J, Frentzel S.
Characterization of the Vitrocell® 24/48 aerosol exposure system
for its use in exposures to liquid aerosols. Toxicol In Vitro. 2017;42:
263-272. doi:10.1016/j.tiv.2017.04.021. PMID: Epub 2017 Apr 27.
PMID: 28457873.
59. Steiner S, Majeed S, Kratzer G, Hoeng J, Frentzel S. A new
fluorescence-based method for characterizing in vitro aerosol exposure systems. Toxicol In Vitro. 2017;38:150-158. doi:10.1016/j.tiv.
2016.09.018. PMID: Epub 2016 Sep 21. PMID: 27664316.
60. Adamson J, Azzopardi D, Errington G, Dickens C, McAughey J,
Gaca MD. Assessment of an in vitro whole cigarette smoke exposure
system: the Borgwaldt RM20S 8-syringe smoking machine. Chem
Cent J. 2011;5:50. doi:10.1186/1752-153X-5-50

MILLER-HOLT ET AL.

61. Aufderheide M, Heller W-D, Krischenowski O, Mohle N,
Hochrainer D. Improvement of the CULTEX® exposure technology
by radial distribution of the test aerosol. Exp Toxicol Pathol. 2017;
69(6):359-365. doi:10.1016/j.etp.2017.02.004
62. Aufderheide M, Gressmann H. A modified Ames assay reveals the
mutagenicity of native cigarette mainstream smoke and its gas
vapour phase. Exp Toxicol Pathol. 2007;58(6):383-392. doi:10.1016/
j.etp.2007.02.002
63. Ishikawa S, Nagata Y, Suzuki T. Analysis of cigarette smoke deposition within an in vitro exposure system for simulating exposure in
the human respiratory tract. Beiträge zur Tabakforschung
International/Contributions to Tobacco Research. 2016;27(1):20-29.
doi:10.1515/cttr-2016-0004
64. Phillips G, Czekala L, Behrsing HP, et al. Acute electronic vapour
product whole aerosol exposure of 3D human bronchial tissue
results in minimal cellular and transcriptomic responses when compared to cigarette smoke. Toxicol Res Appl. 2021;5:1-9. doi:10.1177/
2397847320988496
65. Jaunky T, Adamson J, Santopietro S, et al. Assessment of tobacco
heating product THP1.0. Part 5: in vitro dosimetric and cytotoxic
assessment. Regul Toxicol Pharmacol. 2018;93:52-61. doi:10.1016/j.
yrtph.2017.09.016
66. Nara H, Fukano Y, Nishino T, Aufderheide M. Detection of the cytotoxicity of water-insoluble fraction of cigarette smoke by direct
exposure to cultured cells at an air–liquid interface. Exp Toxicol
Pathol 2013;65(5):683-688. doi:10.1016/j.etp.2012.08.004. Epub
2012 Sep 19. PMID: 22999638.
67. Steiner S, Diana P, Dossin E, et al. Delivery efficiencies of constituents of combustion-derived aerosols across the air-liquid interface
during in vitro exposures. Toxicol In Vitro. 2018;52:384-398. doi:10.
1016/j.tiv.2018.06.024
68. Health Canada. Health Canada Tobacco Reporting Regulations
(TRR), SOR/2000-273(2000). 2000. https://laws-lois.justice.gc.ca/
eng/regulations/SOR-2000-273/
69. Davis B, To V, Talbot P. Comparison of cytotoxicity of IQOS aerosols to smoke from Marlboro Red and 3R4F reference cigarettes.
Toxicol In Vitro. 2019;61:104652. doi:10.1016/j.tiv.2019.104652
70. Schaller JP, Keller D, Poget L, et al. Evaluation of the Tobacco
Heating System 2.2. Part 2: chemical composition, genotoxicity,
cytotoxicity, and physical properties of the aerosol. Regul Toxicol
Pharmacol. 2016;81(Suppl 2):S27-S47. doi:10.1016/j.yrtph.2016.
10.001
71. ISO 3308. ISO 3308 Routine analytical cigarette-smoking machine—
definitions and standard conditions. Geneva, Switzerland: International Organization for Standardization—later revised by ISO 3308:
2012. 2000.
72. ISO 20778. ISO 20778:2018 Cigarettes—routine analytical cigarette
smoking machine—definitions and standard conditions with an
intense smoking regime. Geneva, Switzerland: International Organization for Standardization. 2018.
73. ISO 20768. ISO 20768:2018 Vapour products—routine analytical
vaping machine—definitions and standard conditions. Geneva,
Switzerland: International Organization for Standardization. 2018.
74. Crosby L, Yucesoy B, Leggett C, et al. Smoke chemistry, in vitro cytotoxicity, and genotoxicity demonstrates enhanced toxicity of cigarillos compared with cigarettes. Toxicol Sci. 2021;180(1):122-135. doi:
10.1093/toxsci/kfaa155
75. Rammah M, Dandachi F, Salman R, Shihadeh A, El-Sabban M. In vitro
cytotoxicity and mutagenicity of mainstream waterpipe smoke and
its functional consequences on alveolar type II derived cells. Toxicol
Lett. 2012;211(3):220-231. doi:10.1016/j.toxlet.2012.04.003
76. Shihadeh A, Schubert J, Klaiany J, El Sabban M, Luch A, Saliba NA.
Toxicant content, physical properties and biological activity of
waterpipe tobacco smoke and its tobacco-free alternatives. Tob Control. 2015;24:i22-i30. doi:10.1136/tobaccocontrol-2014-051907

19427611, 0, Downloaded from https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/dta.3344 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

12

77. Zaarour RF, Prasad P, Venkatesh GH, et al. Waterpipe smoke condensate influences epithelial to mesenchymal transition and interferes with the cytotoxic immune response in non-small cell lung
cancer cell lines. Oncol Rep. 2021;45(3):879-890. doi:10.3892/or.
2021.7938
78. ISO 22486. ISO 22486:2019 Water pipe tobacco smoking
machine—definitions and standard conditions. 2019.
79. Jaccard G, Tafin Djoko D, Korneliou A, Belushkin M. Analysis of
waterpipe aerosol constituents in accordance with the ISO standard
22486. Toxicol Rep. 2020;7:1344-1349. doi:10.1016/j.toxrep.2020.
10.007
80. Scian MJ, Oldham MJ, Kane DB, Edmiston JS, McKinney WJ. Characterization of a whole smoke in vitro exposure system (Burghart
Mimic Smoker-01). Inhal Toxicol. 2009;21(3):234-243. doi:10.1080/
08958370802482515
81. Wieczorek R, Phillips G, Czekala L, et al. A comparative in vitro toxicity assessment of electronic vaping product e-liquids and aerosols
with tobacco cigarette smoke. Toxicol Vitro 2020;66:104866. doi:10.
1016/j.tiv.2020.104866
82. Rudd K, Stevenson M, Wieczorek R, et al. Chemical composition and
in vitro toxicity profile of a pod-based e-cigarette aerosol compared
to cigarette smoke. Appl In Vitro Toxicol. 2020;6(1):11-41. doi:10.
1089/aivt.2019.0015
83. Neilson L, Mankus C, Thorne D, Jackson G, DeBay J, Meredith C.
Development of an in vitro cytotoxicity model for aerosol exposure
using 3D reconstructed human airway tissue; application for assessment of e-cigarette aerosol. Toxicol In Vitro. 2015;29(7):1952-1962.
doi:10.1016/j.tiv.2015.05.018
84. Ghosh B, Reyes-Caballero H, Akgün-Ölmez SG, et al. Effect of subchronic exposure to cigarette smoke, electronic cigarette and waterpipe on human lung epithelial barrier function. BMC Pulm Med.
2020;20(1):216. doi:10.1186/s12890-020-01255-y
85. ISO:3308. ISO 3308:2012 Routine analytical cigarette-smoking
machine—definitions and standard conditions. 2012.
86. Dube MF, Green C. Methods of collection of smoke for analytical
purposes. Recent Adv Tob Sci. 1982;8:42-102.
87. Baker RR, Pereira da Silva JR, Smith G. The effect of tobacco ingredients on smoke chemistry. Part I: flavourings and additives. Food
Chem Toxicol. 2004;42(Suppl): S3–37. doi:10.1016/S0278-6915(03)
00189-3. PMID: 15072836.
88. Kaushik G, Kaushik T, Khanduja S, Pathak CM, Khanduja KL. Cigarette smoke condensate promotes cell proliferation through disturbance in cellular redox homeostasis of transformed lung epithelial
type-II cells. Cancer Lett 2008;270(1):120-131. doi:10.1016/j.canlet.
2008.04.039. Epub 2008 Jun 11. PMID: 18550274.
89. Luppi F, Aarbiou J, van Wetering S, et al. Effects of cigarette smoke
condensate on proliferation and wound closure of bronchial epithelial cells in vitro: role of glutathione. Respir Res. 2005;6(140). doi:10.
1186/1465-9921-6-140
90. Potts RJ, Bombick BR, Meckley DR, Ayres PH, Pence DH. A summary of toxicological and chemical data relevant to the evaluation of
cast sheet tobacco. Exp Toxicol Pathol. 2009;62(2):117-126. doi:10.
1016/j.etp.2009.02.121
91. Roemer E, Tewes FJ, Meisgen TJ, Veltel DJ, Carmines EL. Evaluation
of the potential effects of ingredients added to cigarettes. Part 3:
in vitro genotoxicity and cytotoxicity. Food Chem Toxicol. 2002;40(1):
105-111. doi:10.1016/s0278-6915(01)00086-2. PMID: 11731040.
92. Su Y, Han W, Giraldo C, de Li Y, Block ER. Effect of cigarette smoke
extract on nitric oxide synthase in pulmonary artery endothelial cells.
Am J Respir Cell Mol Biol. 1998;19(5):819-825. doi:10.1165/ajrcmb.
19.5.3091. PMID: 9806747.
93. Tewes FJ, Meisgen TJ, Veltel DJ, Roemer E, Patskan G. Toxicological
evaluation of an electrically heated cigarette. Part 3: genotoxicity
and cytotoxicity of mainstream smoke. J Appl Toxicol. 2003;23(5):
341-348. doi:10.1002/jat.925. PMID: PMID: 12975773.

13

94. Johnson MD, Schilz J, Djordjevic MV, Rice JR, Shields PG. Evaluation
of in vitro assays for assessing the toxicity of cigarette smoke and
smokeless tobacco. Cancer Epidemiol Biomark Prev. 2009;18(12):
3263-3304. doi:10.1158/1055-9965.EPI-09-0965
95. Borgerding MF, Milhous LA, Hicks RD, et al. Cigarette smoke composition. Part 2. Method for determining major components in
smoke of cigarettes that heat instead of burn tobacco. J Assoc Off
Anal Chem. 1990;73:610–615. PMID: 2211484.
96. Hochstetler S, Race N, Collins D, et al. A comparison of quartz filter
collection versus electrostatic precipitation collection in e-cigarette
aerosol samples. CORESTA, 2019. https://www.coresta.org/sites/
default/files/abstracts/2019_TSRC72_Gillman.pdf
97. BS ISO 10315:2021. Cigarettes—determination of nicotine in total
particulate matter—gas chromatographic method.
98. BS ISO 16632:2021. Tobacco and tobacco products—determination
of water content—gas chromatographic method.
99. BS ISO 6488:2001. Tobacco and tobacco products—determination
of water content—Karl Fischer method.
100. Health Canada. Health Canada Tobacco Reporting Regulations
(TRR), Official Method T-502. Neutral red uptake assay for mainstream tobacco smoke. Department of Health; 2017.
101. Godec TL, Crooks I, Scott K, Meredith C. In vitro mutagenicity of
gas-vapour phase extracts from flavoured and unflavoured heated
tobacco products. Toxicol Rep. 2019;6:1155-1163. doi:10.1016/j.
toxrep.2019.10.007
102. Roemer E, Zenzen V, Conroy LL, et al. Automation of the in vitro
micronucleus and chromosome aberration assay for the assessment
of the genotoxicity of the particulate and gas–vapor phase of cigarette smoke. Toxicol Mech Methods. 2015;25(4):320-333. doi:10.
3109/15376516.2015.1037413. PMID: Epub 2015 May 19. PMID:
25986082.
103. ISO:4387. ISO 4387:2019—cigarettes—determination of total and
nicotine-free dry particulate matter using a routine analytical smoking machine. 2019.
104. Bozhilova S, Baxter A, Bishop E, et al. Optimization of aqueous aerosol extract (AqE) generation from e-cigarettes and tobacco heating
products for in vitro cytotoxicity testing. Toxicol Lett. 2020;335:5163. doi:10.1016/j.toxlet.2020.10.005
105. Makwana O, Smith GA, Flockton HE, Watters GP, Lowe F,
Breheny D. Impact of cigarette versus electronic cigarette aerosol
conditioned media on aortic endothelial cells in a microfluidic cardiovascular model. Sci Rep. 2021;11(1):4747. doi:10.1038/s41598021-83511-7. PMID: 33637800; PMCID: PMC7910588.
106. Makwana O, Flockton H, Smith GA, Watters GP, Nisar R, Fields W.
Mechanisms of whole smoke conditioned media induced cytotoxicity to human aortic endothelial cells. Toxicol In Vitro. 2019;58:239244. doi:10.1016/j.tiv.2019.03.011
107. Lacroix G, Koch W, Ritter D, et al. Air–liquid interface in vitro models
for respiratory toxicology research: consensus workshop and recommendations. Appl In Vitro Toxicol. 2018;4(2):91-106. doi:10.1089/
aivt.2017.0034
108. Li X. In vitro toxicity testing of cigarette smoke based on the airliquid interface exposure: a review. Toxicol In Vitro. 2016;36:105113. doi:10.1016/j.tiv.2016.07.019
109. Behrsing H, Hill E, Raabe H, et al. In vitro exposure systems and
dosimetry assessment tools for inhaled tobacco products: workshop
proceedings, conclusions and paths forward for in vitro model use.
Altern
Lab
Anim.
2017;45(3):117-158.
doi:10.1177/
026119291704500305
110. Adamson J, Jaunky T, Thorne D, Gaça M. Characterisation of the
Borgwaldt LM4E system for in vitro exposures to undiluted aerosols
from next generation tobacco and nicotine products (NGPs). Food
Chem Toxicol. 2018;113:337-344. doi:10.1016/j.fct.2018.02.005
111. Thorne D, Hollings M, Seymour A, et al. Extreme testing of undiluted e-cigarette aerosol in vitro using an Ames air-agar-interface

19427611, 0, Downloaded from https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/dta.3344 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

MILLER-HOLT ET AL.

112.

113.

114.

115.

116.

117.

118.

119.

MILLER-HOLT ET AL.

technique. Mutat Res Genet Toxicol Environ Mutagen. 2018;828:4654. doi:10.1016/j.mrgentox.2018.01.008
Adamson J, Thorne D, Errington G, et al. An inter-machine comparison of tobacco smoke particle deposition in vitro from six independent smoke exposure systems. Toxicol In Vitro. 2014;28(7):13201328. doi:10.1016/j.tiv.2014.06.012
Behrsing H, Aragon M, Adamson J, et al. Characterization of a Vitrocell VC1 using nicotine dosimetry: an essential component toward
standardized in vitro aerosol exposure of tobacco and next generation nicotine delivery products. Appl In Vitro Toxicol. 2018;4(2):159166. doi:10.1089/aivt.2018.0001
Oldham MJ, Castro N, Zhang J, et al. Comparison of experimentally
measured and computational fluid dynamic predicted deposition
and deposition uniformity of monodisperse solid particles in the
Vitrocell® AMES 48 air-liquid-interface in-vitro exposure system.
Toxicol In Vitro. 2020;67:10487. doi:10.1016/j.tiv.2020.104870
Oldham MJ, Castro N, Zhang J, et al. Deposition efficiency and uniformity of monodisperse solid particle deposition in the Vitrocell®
24/48 air–liquid-interface in vitro exposure system. Aerosol Sci Technol. 2020;54:52-65. doi:10.1080/02786826.2019.1676877
Iskandar AR, Xiang Y, Frentzel S, et al. Impact assessment of cigarette smoke exposure on organotypic bronchial epithelial tissue cultures: a comparison of mono-culture and coculture model
containing fibroblasts. Toxicol Sci. 2015;147(1):207-221. doi:10.
1093/toxsci/kfv122
Zhang S, Li X, Xie F, Liu K, Liu H, Xie J. Evaluation of whole cigarette
smoke induced oxidative stress in A549 and BEAS–2B cells. Environ
Toxicol Pharmacol. 2017;54:40-47. doi:10.1016/j.etap.2017.06.023
Shinkichi I, Kanemaru Y, Nara H, Erami K, Nagata Y. Assessing the
mutagenic activities of smoke from different cigarettes in direct
exposure experiments using the modified Ames Salmonella assay.
Mutat Res Genet Toxicol Environ Mutagen. 2016;803–804:13-21. doi:
10.1016/j.mrgentox.2016.04.008
Fowler K, Fields W, Hargreaves V, Reeve L, Bombick B. Development, qualification, validation and application of the Ames test using
a VITROCELL® VC10® smoke exposure system. Toxicol Rep. 2018;5:
542-551. doi:10.1016/j.toxrep.2018.04.003

120. Aufderheide M, Gressmann H. A modified Ames assay reveals the
mutagenicity of native cigarette mainstream smoke and its gas vapor
phase. Exp Toxicol Pathol. 2007; 58(6):383-392. doi:10.1016/j.etp.
2007.02.002
121. Adamson J, Thorne D, Zainuddin B, Baxter A, McAughey J, Gaça M.
Application of dosimetry tools for the assessment of e-cigarette
aerosol and cigarette smoke generated on two different in vitro
exposure systems. Chem Cent J. 2016;10:74. doi:10.1186/s13065016-0221-9
122. Thorne D, Wieczorek R, Fukushima T, et al. A survey of aerosol
exposure systems relative to the analysis of cytotoxicity: a Cooperation Centre for Scientific Research Relative to Tobacco (CORESTA)
perspective.
Toxicol
Res
Appl.
2021.
doi:10.1177/
23978473211022267
123. Thorne D, Bishop E, Haswell L, Gaça M. A case study for the comparison of in vitro data across multiple aerosol exposure studies with
extrapolation to human dose. Appl In Vitro Toxicol. 2018;4(2):167179. doi:10.1089/aivt.2017.0042
124. Sauerbrey G. Verwendung von Schwingquarzen zur Wägung dünner
Schichten und zur Mikrowägung. Z Physik. 1959;155:206-222. doi:
10.1007/BF01337937
125. Kaur K, Mohammadpour R, Jaramillo IC, et al. Application of a quartz
crystal microbalance to measure the mass concentration of combustion particle suspensions. J Aerosol Sci. 2019;137:105445. doi:10.
1016/j.jaerosci.2019.105445. PMID: Epub 2019 Aug 31. PMID:
32863423; PMCID: PMC7448758.

How to cite this article: Miller-Holt J, Behrsing H, Crooks I,
et al. Key challenges for in vitro testing of tobacco products
for regulatory applications: Recommendations for dosimetry.
Drug Test Anal. 2022;1‐14. doi:10.1002/dta.3344

19427611, 0, Downloaded from https://analyticalsciencejournals.onlinelibrary.wiley.com/doi/10.1002/dta.3344 by Test, Wiley Online Library on [25/10/2022]. See the Terms and Conditions (https://onlinelibrary.wiley.com/terms-and-conditions) on Wiley Online Library for rules of use; OA articles are governed by the applicable Creative Commons License

14

