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film composition and oxidation of co-existing
surface film chemicals†
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The composition of air-exposed surfaces can have a strong impact on air quality and chemical exposure in

the indoor environment. Third hand smoke (THS), which includes surface-deposited cigarette smoke

residue along with the collection of gases evolved from such residues, is becoming increasingly

recognized as an important source of long-term tobacco smoke exposure. While studies have described

gas/surface partitioning behaviour and some multiphase reaction systems involving THS, the possibility

of time-dependent changes in chemical composition due to chemical reactivity that is endogenous to

the deposited film has yet to be investigated. In this study, sidestream cigarette smoke was allowed to

deposit on glass surfaces that were either clean or pre-coated with chemicals that may be oxidized by

reactive oxygen species found in the smoke. Surface films included a low volatility antioxidant, tris(2-

carboxyethyl)phosphine (TCEP), and two compounds relevant to surface films found within buildings,

oleic acid (OA) and squalene (SQ). Upon deposition, oxidation products of nicotine, TCEP, OA, and SQ

were formed over time periods of hours to weeks. The inherent oxidative potential of cigarette smoke

deposited as a THS film can therefore initiate and sustain oxidation chemistry, transforming the chemical

composition of surface films over long periods of time after initial smoke deposition. An interpretation of

the THS oxidation results is provided in the context of other types of deposited particulate air pollutants

with known oxidative potential that may be introduced to indoor environments. Continued study of THS

and deposited surface films found indoors should consider the concept that chemical reservoirs found

on surfaces may be reactive, that the chemical composition of indoor surface films may be time-

dependent, and that the deposition of aerosol particles can act as a mechanism to initiate oxidation in

surface films.
Environmental signicance

Thirdhand smoke (THS) – the residue and associated gases le behind by prior smoking activities – represents an important route of passive tobacco smoke
exposure. Some reactions that can alter the composition and toxicity of THS have been explored, but the inherent oxidative potential of smoke suggests that
oxidation reactions may occur in THS without other inputs. This study shows that THS residues become oxidized over time without added reactive gases, and
that deposited cigarette smoke can oxidize co-existing lms of chemicals commonly found indoors. These results suggest that surface contamination by types of
particulate matter that exhibit oxidative potential could lead to transformations of surface lm composition, and perhaps toxicity, that are not currently being
considered.
Introduction

Air-exposed environmental lms can be formed through the
deposition of organic, inorganic, and biological material to
surfaces. Processes that participate in lm formation generally
include gas-surface partitioning,1–5 particulate matter deposi-
tion,3,5,6 residue transfer by direct contact, and the application
sity, Lewisburg, PA 17837, USA. E-mail:

ESI) available: Detailed methodological
ies, and qualitative LC-MS/MS analysis.
2c

330–341
of consumer products such as cleaning agents, decorative
coatings, pesticides, or protective nishes.7 The chemical
composition of indoor surface lms,4,8 urban grime,9 and other
environmental lms10 are topics of current research, as they are
being recognized as important participants in atmospheric and
multiphase chemistry11,12 and constitute important reservoirs
for chemical exposure indoors.6,13,14 For instance, indoor
surfaces have been known to be an important sink for reactive
gases15 and an important source for volatile and semi-volatile
organic compounds (S/VOCs).16,17 However, more recent
research has characterized the dynamic chemical nature of
indoor surfaces as reservoirs for bidirectional partitioning of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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compounds across a range of volatility, acidity, and octanol-air
partition coefficient values.17–20

While the composition of a surface lmmay be driven, to rst
order, by the array of aerosol particle and SVOC sources, it may
also be important to understand the role of reactivity within the
lm as an additional controlling factor, especially as lms reside
on surfaces over extended periods of time. The impact of multi-
phase chemistry on surfaces continues to be thoroughly studied,
and many studies focus on reactive gas removal and associated
chemical kinetics.7,11,12 A somewhat smaller but growing group of
studies has investigated the chemical changes of the condensed
phase (e.g., surface lms and aerosol particles) resulting from
multiphase reactions.21–24 Reactive trace gases including ozone
(O3)15,22,25,26 and the hydroxyl radical ($OH)21,24,27 have been most
thoroughly investigated due to their critical roles in the multi-
phase oxidation of aerosol particles and interfacial lms. A
growing understanding of the role of autoxidation24,28,29 and
reactive intermediate production22,30,31 in the condensed phase of
multiphase chemical systems has been taking shape. The pres-
ence and persistence of reactive intermediates may lead to long-
term changes in aerosol particle composition and also may lead
to adverse health effects.12

Aerosol particles have been shown to exhibit an oxidative
potential (OP) that has been associated with negative health
effects.12,32–34 In general, OP is detected and measured using
assays in which samples are exposed to antioxidants, the decay
of which is then quantied.35 Similar to the impact of oxidative
potential on biological systems,36 the deposition of aerosol
particles that exhibit OP onto surfaces may represent ameans to
introduce oxidants to an air-exposed surface lm. Recent and
emerging research has been indicating that reactive oxygen
intermediates likely form within surface lms31 and may exhibit
a persistent free radical character.37

Deposited cigarette smoke residue and tobacco-related gases
that are in pseudo-equilibrium with indoor surfaces have
collectively been termed “thirdhand smoke” (THS). A long-lived
reservoir of cigarette smoke contaminants, THS can act as
a source of SVOCs, polycyclic aromatic hydrocarbons, tobacco-
specic nitrosamines, and a variety of other compounds to
indoor environments.6,16,38,39 In this study, the term “THS lms”
will be used with reference to the surface-deposited fraction of
THS material. THS is a vector for substantial environmental
exposures to tobacco smoke via inhalation, dermal uptake, and
ingestion.6,14 The magnitude of THS exposure is similar to or
greater than second-hand smoke, with disproportionate effects
on children and people with lower income levels.40,41 Research
on THS is expanding,6 including studies of its chemistry,
physicochemical properties, exposure routes, health effects,
and approaches to mitigation. Specic examples of known
chemical transformations of THS residue include multiphase
reactions with nitrous acid (HONO) to form nicotine-specic
nitrosamines,39 and the reaction of THS residue components
with gaseous O3.25,26,42 Schick and co-workers38 have shown that
both partitioning and reactivity can occur on the 1 hour time-
scale, including the removal of several cigarette smoke
components from THS lms to the gas phase. Those authors
also demonstrated the in situ formation of tobacco-specic
© 2024 The Author(s). Published by the Royal Society of Chemistry
nitrosamines in THS lms,38 likely owing to a reaction with
HONO derived from surface uptake of ambient NO2.

More recent studies have probed the dynamic nature of THS
in indoor environments, mainly focusing on phase partitioning
processes. Components of THS, through partitioning between
surfaces and the gas phase, can migrate from outdoor smoking
areas to the indoors by partitioning to ambient aerosol particles
that are transported by air handling systems20 or by the smokers
themselves.43 Viscosity and pH can drive chemically-selective
partitioning processes to inorganic and organic aerosol
particle surfaces.19 If the condensed phase is aqueous, it has
been observed that Henry's Law can describe both uptake and
off-gassing, for instance from simulated lung lining uid.44

Therefore, the chemical composition of THS lms controls the
supply of tobacco-related SVOCs to the gas phase over long
periods of time in THS contaminated environments.16,19,20,45

Chemical characterization of fresh cigarette smoke has been
widely conducted and thoroughly documented.46 While studies
have sought to perform broad chemical characterizations of
THS lms44 and gases,16,44 along with the consequences of
multiphase chemistry on THS lms,25,26,39,42 reactive processes
that are endogenous to condensed-phase THS have not
garnered focus. It has been known for decades that freshly
collected cigarette smoke exhibits a persistent free radical
character, which likely involves semiquinones associated with
(mono- and poly-) aromatic compounds in cigarette smoke.47,48

Radicals, reactive intermediates, and redox-active metals are
associated with the induction of oxidative stress both inter-
nally47,49 and externally to humans.50–52

While the OP of particulate matter is normally focused on
a relationship with human health effects (via inhalation or
deposition to skin), the present study explores the potential for
oxidants present in the condensed phase to transform abiotic
air-exposed surface lms upon dry deposition, wherein the
deposited particles act as an oxidant delivery vehicle. The
composition, viscosity, and porosity of the substrate material
has been implicated in the partitioning behaviour of
compounds found in THS.44 In this study, we intend to show
that exposure of surfaces to sidestream cigarette smoke can
induce oxidation in surface lms, altering their composition to
produce various oxidation products, including hydroperoxides.
A non-volatile antioxidant (tris(2-carboxyethyl)phosphine;
TCEP) was used to demonstrate oxidative action of THS lms.
Since many indoor surfaces are commonly coated with reser-
voirs of organic compounds,18,53 the effect of THS lm oxidation
on the composition of surfaces that were pre-coated with low
volatility olenic organic compounds was also investigated.
Detailed qualitative analysis of oxidized surface lm proxies was
conducted with an eye toward a better understanding of oxidant
identity, mechanism, and time-evolving chemical exposures on
THS-contaminated surfaces of increasing chemical complexity.

Experimental
Study design

Sidestream cigarette smoke was generated, entrained in a sweep
gas ow of ultrapure air, and then injected into a glass chamber.
Environ. Sci.: Atmos., 2024, 4, 330–341 | 331
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Chart 1 Compounds used to make organic surface films.
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The chamber contained sample substrates oriented horizon-
tally near the bottom of the chamber, resting on a glass
microscope slide. Aer injection, the smoke was allowed to
deposit on surfaces for 30 minutes before the rst sample
substrate was removed for analysis. To the naked eye, the
optical thickness of particles in the chamber was signicantly
reduced during the 30 minutes waiting time. Two types of
experiments were conducted in the present study: (1) pooled
extractions of multiple sample substrates for qualitative anal-
ysis, and (2) time-resolved experiments in which one sample
substrate was extracted at a time across the period of approxi-
mately one week. In each case, triplicate measurements of each
substrate extract were conducted; results are reported as the
mean of replicate measurements and uncertainties reported in
the study are equal to the standard deviation (s).

Chemicals and materials

Glass substrates were manually cut from soda-lime glass
microscope slides (plain pre-cleaned; VWR Micro Slides) into
1.0 × 2.5 cm rectangles. Research cigarettes were used in the
smoking apparatus (1R6F, University of Kentucky). Squalene
(SQ), tris(2-carboxyethyl)phosphine (TCEP), oleic acid (OA), and
bis(2-ethylhexyl)sebacate (BES) were obtained from Sigma
Aldrich. Acetaminophen (Sigma Aldrich) was used as a global
internal standard. Water was obtained directly from a deion-
ization system (Aries ARS-102, ResinTech, Inc.; Camden, NJ)
with a resistance of 18.2 MU. Formic acid (Agilent Technolo-
gies), methanol (MeOH; Fisher Optima), isopropanol (IPA; BDH
Analytical), and acetonitrile (ACN; Fisher Optima) were LC-MS
grade. Ammonium formate (Alfa Aesar) buffer was prepared in
deionized water to a concentration of 10 mM and was then
adjusted to pH = 8.5 using 6 M ammonium hydroxide solution.
The background gas used in all experiments was ultra-pure air
generated in the laboratory (Aadco 737-30).

Sample preparation

Smoke generation and deposition. Smoke generation was
carried out using a custom-built apparatus contained within
a fume hood. The smoking protocol was adopted from the ISO
smoking regime. A single research cigarette was used for each
experiment. The cigarette was manually lit with a butane lighter
and placed into an aluminium chamber for sidestream smoke
delivery. Sweep gas (ultra-pure air, 0.5 L min−1) was delivered to
the aluminium chamber in order to transport sidestream smoke to
the 2 litres glass experimental chamber and also to provide oxygen
for cigarette combustion. A diaphragm air pump andmanual valve
were used to generate cigarette puffs for a 2 seconds duration every
30 seconds for 2 minutes with a ow rate of 1.5 L min−1 (ow rate
measured with an acrylic variable area ow meter; Omega Engi-
neering). Mainstream smoke was passed through a lter and then
exhausted into a fume hood. Horizontally-oriented soda-lime glass
substrates (1 × 2.5 cm) placed near the bottom of the chamber,
either clean or with an applied organic lm coating, were used to
collect deposited smoke. Sidestream smoke entrained in ultra-
pure air was introduced to the glass experimental chamber,
which was then sealed for incubation.
332 | Environ. Sci.: Atmos., 2024, 4, 330–341
Organic lm preparation. Stock solutions of SQ in ACN, BES
in IPA, and OA in ACN (Chart 1) were prepared to a concentra-
tion of 9 mM and held at 4 °C until deposited on glass substrate.
A 25 mL aliquot of stock solution was deposited on each glass
substrate and the solvent was allowed to evaporate under
a constant ow of dry nitrogen gas.

Extraction of samples. Sample extraction and chemical
analysis was performed promptly upon removal of each
substrate from the glass chamber. Substrates were removed
from the glass chamber and placed directly into 20 mL
scintillation vials. A 100 mL aliquot of the internal standard
working solution (0.42 mg mL−1 acetaminophen) was added
to the vial along with 900 mL of extraction solvent. For relative
quantitation of tobacco alkaloids and TCEP, the extraction
solvent was 10 mM ammonium formate buffered to pH = 8.5.
For OA and SQ, the extraction solvent was a 50 : 50
acetonitrile/water mixture. The vial was placed on its side and
extracted on an analog rocker table (VWR) for 10 min, then
the substrate was turned over and extracted for another
10 min. Extract solution was transferred to an amber glass
2.0 mL autosampler vial (Agilent Technologies) for LC-MS
analysis. Extraction efficiencies were not assessed. It is
assumed that the extraction efficiency for each chemical
system was consistent throughout each experiment. Absolute
quantitation was not used in this study, and since all samples
were normalized to the rst sample in each experiment,
we feel the assumption about extraction recovery is
reasonable.

For qualitative analysis of reaction products in OA + BES and
SQ experiments, ve substrates were extracted sequentially in
the same aliquot of extraction solvent to maximize lm extrac-
tion into a minimal volume without the need to concentrate the
samples further. Five substrates could be extracted into 2.0 mL
of the appropriate extraction volume (vide supra) by placing two
substrates in an extraction vial at once for 10 min on each side.
Those two substrates were then removed and replaced with the
remaining three substrates in the vial for 10 min on each side.
All of the extraction solvent was then transferred to an auto-
sampler vial for LC-MS analysis.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Chemical analysis

Relative quantitation and qualitative analysis were performed
using LC coupled to high resolution mass spectrometry (LC-
HRMS) and/or tandem mass spectrometry (LC-MS/MS) tech-
niques. All analytical separations were performed with reverse-
phase high performance liquid chromatography using a core–
shell C18 column (Kinetex C18 EVO; 100 × 3.00 mm, 5 mm
diameter particles; Phenomenex, Inc.) Different method
parameters were used based on the desired analytes (see Table
S1†). A gradient method using two mobile phases was used. For
the determination of tobacco alkaloids and TCEP, mobile phase
A contained 10%methanol in 10mM ammonium formate at pH
= 8.5, and mobile phase B contained 100% methanol. For the
determination of OA and its oxidation products, an isocratic
separation using 5% of aqueous 0.1% formic acid and 95%
acetonitrile was used. SQ and its oxidation products were
separated with a gradient method using aqueous 0.1% formic
acid as mobile phase A and acetonitrile as mobile phase B.

HRMS measurements were conducted with either an Exactive
Orbitrap (Thermo Scientic) or a quadrupole/time-of-ight (Q-
ToF; Agilent 6560) mass spectrometer. The Orbitrap MS was
capable of high-resolution/accurate mass acquisition of mass-to-
charge (m/z) ratios (m/Dm= 60 000 atm/z 400). The Q-ToFMS was
capable of a lower mass resolving power (m/Dm = 25 000 at m/z
400), but enabled tandem mass spectrometry (MS/MS) with
product ion analysis that still allows for molecular formula
prediction, which was used for qualitative analysis in this study.
Electrospray ionization (ESI) was used in all analyses except for
SQ, in which atmospheric pressure chemical ionization (APCI)
was implemented to enable ionization of analytes with lower
polarity. OA and its oxidation products were analyzed in negative
ion mode, but all other analyses were performed in positive ion
mode. The Orbitrap HRMS instrument was tted with a heated
electrospray ionization (Ion Max HESI) ion source and liquid
handling was performed with an Accela 1260 quaternary pump.
Samples were manually injected into a 10 mL sample loop and
separations were performed at room temperature (20–22 °C). The
Q-ToF MS instrument used was capable of dri tube ion mobility
measurements, but for this study it was used in “Q-ToF only”
mode. The instrument was tted with an Agilent Dual Jet Stream
ion source for ESI and a standard Agilent APCI source for SQ
experiments. Analytical separations on the LC-Q-ToF system were
performed with an Agilent 1290 Innity II liquid chromatograph
with a quaternary pump, automatedmultisampler with a variable
volume loop set to 5 mL, and temperature-controlled column
compartment held at 20 °C. See Table S2† for ion source settings
for all analyses. LC-MS/MS was performed with quadrupole
isolation width set at 1.3 mass-to-charge units followed by colli-
sion induced dissociation in ultrapure N2 (Grade 5.0UH; Praxair).
Further details on MS/MS settings can be found in Table S3.†

Standards for nicotelline, N-formylnornicotine, (S)-cotinine,
and (1S0, 2S0)-nicotine 10-N-oxide were obtained from Toronto
Research Chemicals/LGC Standards. A standard for (S)-nicotine
was obtained from Cerilliant. Standards for cis-9,10-epox-
yoctadecanoic acid (the epoxide of oleic acid) and 2,3-epox-
idosqualene were obtained from Cayman Chemical.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Data analysis

Qualitative analysis of Q-ToF MS and MS/MS data was per-
formed with MassHunter Qualitative Analysis 10.0 (Agilent
Technologies). Compound discovery was performed with
molecular feature extraction (MFE) in MassHunter, followed by
molecular formula annotation based on comparison of
measured exact mass with predicted exact mass, along with
tting the intensities of two or more isotopologues. Preparation
of graphical representations of data was performed with Igor
Pro 9. Relative quantitation based on Q-ToF and Orbitrap
measurements was performed by directly importing raw data
les into Skyline version 22,54,55 wherein extracted chromato-
graphic peaks were integrated and normalized to the internal
standard. Time series experiments were quantied on a relative
basis using triplicate LC-MS injections of each sample that was
extracted at different incubation times in the glass chamber.
For each sample extracted at time point (t), the peak area (A) for
each compound (j) was rst normalized to the peak area of the
internal standard (IS) for each repeated measurement (i). The
normalized areas were then averaged over the total number of
repeat injections (n) to obtain an averaged, IS-normalized signal
(Sj,t).

Sj;t ¼ 1

n

Xn

i¼0

�
Aj;t;i

ISt;i

�
(1)

In temporal experiments, to obtain a relative amount of change
in the abundance of each compound, the average, IS-
normalized signal (Sj,t) was divided by the same metric at the
rst time point (Sj,t=0), which has been assigned t = 0 h (but
truly was exposed to the inside of the chamber for 30 min while
smoke was depositing). Therefore, the relevant quantity shown
in temporal analysis gures amounts to a ‘fold change’ metric.
Results and discussion
Chemical transformations of THS lms on clean glass

THS lms were generated via dry deposition of sidestream
cigarette smoke. An initial suspect screening analysis was con-
ducted using HRMS measurements of THS lm extracts from
clean glass surfaces. Exact mass matches to molecular formulae
(with support from two or more stable isotopologues) with mass
accuracy better than 5 ppm were obtained for a list of 12
tobacco-related compounds listed in Table S4.† Most of the
matched exact masses had extracted ion chromatograms
exhibiting a single chromatographic peak. Such was the case for
m/z 161.1079, although several isomeric compounds with the
molecular formula C10H12N2 (computed m/z = 161.1073 [M +
H]+) are known to be found in tobacco smoke. Two sets of
isobaric, but chromatographically separable compounds were
observed: one pair of chromatographic peaks with m/z 177.1026
and another pair with m/z 179.1181. Tandem MS analysis
enabled assignment of cotinine and N-formylnornicotine to
each of the chromatographic peaks that appear in the extracted
ion chromatogram for m/z 177.1026 (Fig. S3†). The MS/MS
spectra for the two chromatographic peaks with m/z 179.1181
exhibited high similarity (Fig. S4†) and corresponded with the
Environ. Sci.: Atmos., 2024, 4, 330–341 | 333
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detailed ESI-MS/MS studies of nicotine oxides by Smyth et al.,56

suggesting that a pair of nicotine 10-N-oxide diastereomers were
formed and detected.

Several of the compounds in Table S4† were removed from
the THS lm over time relative to the t = 0 sample. Four of the
matched suspect compounds had consistent relative signal
levels throughout one week of aging under whole sidestream
cigarette smoke. As noted above, MS/MS experiments support
putative annotations of the four compounds in Fig. 1B as coti-
nine (mz177a), N-formylnornicotine (mz177b), nicotelline
(mz234), and nornicotine (mz149). Removal of nornicotine was
observed in some replicates and to some degree between 149.5
and 167.5 hours in the experiment depicted in Fig. 1, and
perhaps could be grouped with compounds shown in panel C.

Some compounds were removed during the study period
while others were steady in abundance relative to a sample
collected approximately 30 minutes aer smoke generation
(Fig. 1). Nicotine was the most readily observed compound in
the sample and decreased by at least 80% aer 150 hours across
Fig. 1 Time series of compounds listed in Table S4† grouped by
observed behaviour in THS film extracts. Species are labelled with
a chemical name if they have been verified beyond exact mass and
stable isotope matching. Compounds that increased in abundance are
shown in (A), those that were consistent during the experiment are
shown in (B), and those that decreased in abundance are shown in (C).
The substrate was clean glass. A dashed back line is shown at where
Sj,t/Sj,t=0 = 1 on each vertical axis. All panels share a horizontal time
axis. Error bars represent the standard deviation of triplicate LC-HRMS
injections. Replicate experiments are shown in Fig. S5.†

334 | Environ. Sci.: Atmos., 2024, 4, 330–341
all experimental replicates. It is possible that evaporative losses
could contribute to the decreasing trend in nicotine and other
SVOCs. However, the appearance of nicotine 10-N-oxides
provided evidence that nicotine removal was at least partially
due to oxidation. The earlier-eluting diastereomer had a smaller
peak area than the later peak and the relative rate of change in
the earlier peak was greater than for the later-eluting nicotine
oxide peak (Fig. 1A). Removal of nicotine from the lm via
partitioning to the gas phase was not out of the question;
however, the samples were incubated under whole smoke so the
extent of removal via lm-to-gas partitioning would not be as
important as for a lm bathed in ventilated (nicotine-poor) air.
The total mass of nicotine in the chamber (surface-sorbed +
gaseous) should be largely consistent across the entirety of the
experiment.

In a more detailed temporal trend analysis, focus will be
placed on the behaviour of nicotine, N-formylnornicotine,
cotinine, nicotelline, and the sum of both nicotine 10-N-oxide
diastereomers (Chart 2). MS/MS data for each compound in
Chart 2 has been veried against an authentic standard (Fig. S3
and S4†). Nicotelline has been identied as a reliable tracer for
tobacco smoke and THS,57,58 and in this study it provided
a measure of consistency between samples in each experiment.
In the present study, cotinine and N-formylnornicotine exhibi-
ted different behaviour depending on the conditions of the
surface onto which smoke was deposited. On clean glass, coti-
nine and N-formylnornicotine were largely unchanged in rela-
tive abundance through 170 hours of incubation (Fig. 1B),
despite the fact that both have been demonstrated as products
of nicotine oxidation.42,59
THS deposition on a low-volatility organic antioxidant lm

Demonstration of lm oxidation upon smoke deposition. In
order to clearly demonstrate the potential for dry deposited
smoke to act as an oxidant on surfaces, a lm of a low-volatility
antioxidant, tris(2-carboxyethyl)phosphine (TCEP, m/z 251.0679
[M + H]+), was applied to glass substrates prior to smoke
exposure and deposition. Formation of TCEP oxide was moni-
tored atm/z 267.0628 [M + H]+. Fig. 2 shows the temporal prole
of nicotine, the sum of both nicotine oxide isomers, TCEP, and
TCEP oxide on a glass surface. TCEP was removed from the
surface lm and a corresponding signal for TCEP oxide was
observed. Control experiments showed that TCEP was not
oxidized or removed from surface lms under zero air during
comparable timeframes (Fig. S8†), so the removal of TCEP can
Chart 2 Main tobacco alkaloid target compounds.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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be attributed to sidestream cigarette smoke exposure within the
chamber.

Nicotine oxide formation was observed coincident with
TCEP oxide formation, indicating that TCEP did not fully
quench the oxidative capacity of the deposited smoke. It is also
possible that deposition was locally inhomogeneous on the
TCEP surface lm, precluding TCEP from mixing with and
quenching oxidants in every deposited particle, or perhaps even
across the entire mass of an individual deposited particle. For
instance, when considering the deposition of an individual
smoke particle onto a TCEP lm, it may be that oxidants near
the surface of the particle – at the TCEP/particle interface –

proceeded to oxidize the antioxidant probe, but material buried
more deeply within individual particles still reacted with
abundant reduced organic compounds that are characteristic of
the smoke sample itself, of which nicotine is an especially
abundant example.

Contribution of SVOC partitioning to TCEP lms. First, it
should be noted that the experimental apparatus was not
designed with SVOC partitioning studies principally in mind
and is not optimized for such experiments. However, interpre-
tation of some of the time series data benets greatly from, or
even requires, consideration of partitioning behaviour, so
a limited discussion of the issue is provided here. Interestingly,
the signal for nicotine increased during TCEP experiments
(Fig. 2), along with increases in the abundance of cotinine and
N-formylnornicotine (Fig. 3). The increase of nicotine coincided
with the formation of nicotine oxides, which rose in abundance
more quickly than on clean glass. It is possible that the nicotine
was taken up from the gas phase into the TCEP lm, also
leading to increased production of nicotine oxidation products
(nicotine 10-N-oxides, cotinine, N-formylnornicotine). Since
cotinine and N-formylnornicotine were present in freshly
Fig. 2 Temporal changes in nicotine, nicotine 10-N-oxides (sum of
diastereomers), TCEP, and TCEP oxide. Values above unity indicate an
increase in abundance on the glass substrates, while values less than
unity indicate net removal. Error bars represent one standard deviation
based on triplicate LC-HRMS injections. Experimental replicates are
shown in Fig. S9.†

© 2024 The Author(s). Published by the Royal Society of Chemistry
emitted sidestream smoke (present in all t = 0 samples), their
increasing trends could contain a contribution from SVOC
partitioning, similar to the proposed process involving nicotine.
To probe this possibility, a comparison with other SVOCs
detected in THS lm extracts was conducted. The smoke-
contaminated chamber walls can act as a source of SVOCs
during the experiment (the same as a smoke-contaminated
indoor environment), so sufficiently volatile compounds can
dynamically repartition to and accumulate within the TCEP lm
from the chamber walls. The TCEP lm could be envisaged as
a 10–20 nm thick lm of viscous organic material; slow mass
transport within the lm may contribute to a prolonged uptake
of nicotine, beyond what is delivered via smoke particle depo-
sition. Nicotelline, which did not change in abundance over
time in either the clean glass (Fig. 1B) or TCEP cases (Fig. 3E),
has an octanol-air partition coefficient (log Koa = 13.5) that is
approximately 260 000 times larger than that of nicotine (log Koa

= 8.08; Koa values were predicted using KOAWIN, EpiSuite, US
EPA). Its equilibrium gas–phase mixing ratio would be much
smaller than that of nicotine, cotinine, and N-for-
mylnornicotine (if each compound was in equal abundance), so
the potential for re-partitioning from deposited smoke found
elsewhere in the chamber to the TCEP lm was expected to be
minimal. The signicantly lower volatility of nicotelline allows
for the attribution of a vast majority of its signal to direct
Fig. 3 Comparison of temporal profiles of tobacco-related
compounds extracted from clean glass substrates versus glass
substrates (in a separate experiment) that were coated with TCEP
before exposure to tobacco smoke. Panels depict data for tobacco-
related compounds (A) cotinine, (B) N-formylnornicotine, (C) scopo-
letin, (D) 2,30-bipyridine, (E) nicotelline. Error bars represent one
standard deviation based on triplicate LC-HRMS injections of each
sample.
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aerosol particle dry deposition, while abundances of nicotine,
cotinine, and N-formylnornicotine (and other alkaloids with
similar volatilities) may be more substantially inuenced by
SVOC partitioning. To further investigate the strength of SVOC
partitioning to the TCEP lm, the behaviour of cotinine (log Koa

= 9.93) and N-formylnornicotine (log Koa = 9.98) was compared
with two other SVOCs that have similar Koa. Scopoletin (log Koa

= 9.62) and 2,30-bipyridine (log Koa = 8.99) both decreased
slightly in abundance in lm extracts of TCEP-coated glass
substrates, while cotinine and N-formylnornicotine showed
relative increases in abundance in the same extracts (especially
cotinine; Fig. 3). The relationships between the measured
compounds therefore suggest that nicotine oxidation was an
important contributor to the increasing trends in cotinine and
N-formylnornicotine on TCEP lms. It was interesting that
nicotine oxidation continued to produce nicotine 10-N-oxide,
cotinine, and N-formylnornicotine in the presence of TCEP due
to the reducing environment of the lm. Localization of
oxidation chemistry within deposited particulate matter that is
not in direct contact with the solid TCEP coating is a tempting
explanation. However, such an explanation would seem to
necessitate a similar type of observation in extracts from clean
glass, wherein the relative abundances of cotinine and N-for-
mylnornicotine were not observed to increase.
Fig. 4 Time series of chemical transformations in an OA/BES film
upon cigarette smoke deposition, including (A) nicotine oxides and
TCEP oxide, (B) nicotine and oleic acid, and (C) other tobacco related
alkaloids. Panel (A) is shown with a logarithmic axis to display a wide
degree of change in relative abundance in oxidation products.
Oxidation product traces represent the sum of nicotine 10-N-oxide
diastereomers (S(nicotine oxides)) and the sum of all peak areas from
OA + O and OA + 2O (S(OA + O, OA + 2O)). OA + O and OA + 2O are
shown in detail in Fig. 5. Error bars represent the standard deviation of
three repeat injections.
Effects of cigarette smoke on organic surface lm
composition

In order to investigate the chemical outcomes of THS mixing
with other organic lm-forming materials on indoor surfaces,
a series of trial lms were deposited on glass and exposed to
sidestream cigarette smoke, just as in the clean glass and TCEP
cases. Three compounds, in addition to TCEP (Chart 2), were
tested as lms: a weakly-reactive oil (bis(2-ethylhexyl)sebacate;
BES), a monounsaturated fatty acid (oleic acid; OA), and a pol-
yisoprenoid (squalene; SQ). Since OA did not deposit evenly on
the surface by itself, it was co-deposited with BES. The two
compounds were deposited successively: BES followed by OA.

Bis(2-ethylhexyl)sebacate (BES). Based on prior multiphase
oxidation studies,60 BES was expected to have low reactivity and
was included in the study primarily as a vehicle for oleic acid
lm formation.61 BES did not form a monolayer (or ‘at’
multilayer) lm on glass – rather it formed an array of beads or
small drops as observed by other investigators.61 Still, BES is
a useful test case as a low-viscosity, low-reactivity organic
surface lm reservoir for deposited THS.

Upon exposure to smoke and subsequent incubation, nico-
tine oxide formation was observed in BES lm extracts, just as in
experiments with other surface lms (and on clean glass), but
observable changes in nicotine, cotinine, and N-for-
mylnornicotine abundance were most similar to clean glass
(Fig. S10†). The lack of observable uptake of nicotine to BES on
the multi-day timescale may be related to rapid equilibration
with the low-viscosity lm material. If gas-lm SVOC equilib-
rium was largely complete by the time the rst sample was
collected and extracted, approximately 30 minutes aer smoke
was rst introduced to the glass chamber, the trend in nicotine
336 | Environ. Sci.: Atmos., 2024, 4, 330–341
would be normalized aer equilibration occurred. The results
of BES experiments, considered in concert with TCEP experi-
ment results, suggest the importance of kinetic limitations to
SVOC partitioning (slow diffusion and gradient formation)8,19,62

in viscous organic lms, along with the participation of the lm
in the formation of reactive species or intermediates.

Oleic acid. THS deposition on mixed OA/BES lms showed
a prompt removal of OA, with concomitant formation of
oxidized products consistent with the addition of one or two
oxygen atoms to OA. Removal of nicotine and production of
nicotine 10-N-oxides was observed, along with the formation of
cotinine and N-formylnornicotine (Fig. 4). A longer experiment
time (600 h) was used for THS interactions with OA/BES lm to
accumulate a greater mass of oxidation products for HRMS
studies. Most of the change in the sum of OA oxidation products
occurred within approximately 100 h of incubation time
(Fig. 4A), despite more consistent formation of certain (less
abundant) oxidation products over the whole 600 h experiment
timeline (Fig. 5D and E). A delay in the removal of nicotine was
observed, which may be associated with a combination of
reactive decay and re-supply to the organic lm via gas-to-lm
partitioning. A pronounced increase in cotinine was associ-
ated with the removal of nicotine over the course of the exper-
iment; a similar rate of increase was observed in TCEP + THS
experiments. N-formylnornicotine was formed to a lesser extent
relative to the t = 0 h sample, which was also consistent with
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 LC-HRMS product analysis of OA/BES reaction with deposited
THS. Chromatograms from the 600 h sample for (A) oleic acid, and its
oxidation products (B) OA + O and (C) OA + 2O, represented by the
extracted ion chromatograms for mass-to-charge ratios shown. Panel
(D) shows the mean of internal standard-normalized areas of chro-
matographic peaks labelled in panels (B) and (C). Error bars in (D)
represent the standard deviation of three repeat LC-MS injections.
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TCEP experiments. The pronounced formation of nicotine
oxidation products in the (OA/BES)+THS test case (Fig. 4A and
C) compared with the BES + THS case suggested that the
formation of reactive intermediates from OA oxidation may
have been involved in the formation of cotinine and N-
formylnornicotine.

Qualitative analysis of LC-HRMS data for THS + OA extracts
was processed with non-targeted molecular feature extraction
using MassHunter. Several chromatographically separable
oxidation products of OA were observed in LC-HRMS
measurements with negative-mode ESI. Three chromato-
graphic peaks (labelled 1, 2, and 3 in Fig. 5B) were observed in
the extracted ion chromatogram (EIC) for m/z 297.2438
© 2024 The Author(s). Published by the Royal Society of Chemistry
[C18H34O3–H]− and two peaks (labelled 4 and 5 in Fig. 5C) were
observed in the EIC for m/z 295.2280 [C18H34O4–H2O–H]−.
Measured stable isotope abundance ratios were compared with
computed isotope abundances using the idotp metric (a vector-
based similarity metric having a scale similar to a dot product)
in Skyline.54,55 Molecular formulae reported had idotp values
greater than 0.9, which support the molecular formula assign-
ments for both [C18H34O4–H2O–H]− and [C18H34O3–H]− across
all chromatographic peaks shown in panels B and C in Fig. 5.
While some chromatographic peaks associated with OA + O and
OA + 2O overlap to some degree, retention times identied at
peak centroids differ at least slightly (Table S5†). None of the
chromatographic peaks of interest for m/z 295.2280 or m/z
297.2438 co-eluted with the OA starting material (m/z 281.2488
[C18H34O2–H]−; Fig. 5A) nor did they perfectly co-elute with one
another. Therefore, in-source oxidation, fragmentation, and
other possible ion chemistry artefacts involving the starting
material were likely not a factor associated with the observation
of OA + O or OA + 2O features by LC-HRMS.

The formation of C18H34O3 compounds based on the addi-
tion of a single oxygen atom to oleic acid (OA + O) may include
oleic acid epoxide, ketostearic acid, or hydroxyoleic acid.
Indeed, three chromatographic peaks appear in the EIC for m/z
297.2438 (Fig. 5B). Peak 1 was the largest OA + O signal
throughout the experiment and also increased the most overall,
while Peaks 2 and 3 increased for approximately 100 h and then
were stable or showed a decrease in area (Fig. 5D). Measure-
ment of an OA epoxide standard produced a single chromato-
graphic peak at 1.64 min, overlapping well with Peak 2
(Fig. S11†). Collision-induced dissociation of the
chromatographically-resolved oxidized OA precursor ions was
not successful, so further structural characterization was not
possible for OA oxidation products. Still we speculate that OA +
O Peaks 1 and 3 may correspond with molecules such as
ketostearic acid and/or hydroxyoleic acid.

When OA/BES lms were incubated under ultra-pure air (see
ESI†), the formation of OA + 2O signals were similar in
magnitude and temporal trend to signals observed in the THS
treatment so Peaks 4 and 5 will not be discussed in greater
detail. It is worthwhile to note that OA + 2O species would be
expected to form on air-exposed surfaces in indoor
environments.

Squalene. Analysis of chemical changes upon exposure of SQ
lms to sidestream cigarette smoke will be restricted to product
analysis of SQ oxidation. A temporal analysis of tobacco alka-
loids was not possible due to poor extraction efficiency from the
squalene lm. A clear signal for unreacted SQ was observed in
sample extracts (Fig. 6), along with features corresponding to
two SQ oxidation products wherein one or two oxygens were
incorporated into squalene, respectively (SQ + O and SQ + 2O).
Both compounds also exhibited signal intensity as a co-elution
with SQ, indicating that oxidation of SQ in the APCI source was
occurring. However, a shi of all oxidation products to earlier
retention times in the chromatogram (compared to SQ)
provides evidence that the features identied as SQ + O and SQ +
2O were indeed more polar than SQ, and were oxidized prior to
Environ. Sci.: Atmos., 2024, 4, 330–341 | 337
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Fig. 6 LC-HRMS product analysis of SQ reaction with THS residue.
Extracted ion chromatograms from the sample incubated for 216 h
corresponding to (A) SQ, (B) SQ + O, and (C) SQ + 2O are shown. The
peak labelled “X” in (C) overlaps exactly with peak 1 and was not
considered further. Intensities are the sum of the three most abundant
isotopologues. Panel (D) shows the temporal profile of SQ + O and SQ
+ 2O peak area (after internal standard normalization). Chromato-
graphic peaks labelled with numerals in (B) and (C) match with legend
entries in (D).
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analysis, so instrumental artifacts can be ruled out for oxidized
SQ signals except those that co-elute exactly with SQ (Fig. 6).

Molecular formula and adduct assignments for LC-HRMS
features in Fig. 6 were supported by comparing calculated and
measured peak area ratios of the three most abundant iso-
topologues using the idotp function in Skyline;54,55 signals ob-
tained each chromatographic peak found in an EIC had idotp
>0.9. Oxidation of SQ leading to the addition of a single O atom
suggests the formation of SQ monoepoxide, similar to OA. The
MS and MS/MS spectra were consistent with prior reports of SQ
epoxide detection,63,64 and the SQ + O signal from a THS + SQ
sample collected at 216 h of incubation was a close match to the
338 | Environ. Sci.: Atmos., 2024, 4, 330–341
SQ epoxide standard (Fig. S17†). The presence of a single
chromatographic peak in the EIC form/z 427.3935 (labelled 1 in
Fig. 6B) was somewhat surprising given the variety of possible
SQ + O isomers, although based on prior studies,63,65 it is likely
that reverse phase liquid chromatographymay not be capable of
resolving isomers of SQ + O.

The detection of SQ + 2O compounds occurred consistently
as a proton adduct with a neutral loss of H2O [M + H–H2O]

+ (m/z
425.3779), the EIC of which shows at least three chromato-
graphic peaks (labelled 2, 3, and 4 in Fig. 6C). Other related ions
were detected in MS1 spectra collected for peaks 2 and 3
(Fig. S16 and Table S7†), including a small signal at m/z
443.3890 [C30H50O2 + H]+ which corresponded with intact,
protonated SQ + 2O. Neutral loss of H2O from SQ + 2O65,66 along
with the likelihood of free radical-initiated autoxidation may
suggest the existence of a SQ hydroperoxide (SQ-OOH) in the
sample extracts, although other oxygenated functional groups
are possible. MS/MS spectra for m/z 425 were used to gain
further insight into the structural similarities and differences
between molecules eluting in peaks 2, 3, and 4 (Fig. S18†).
Further loss of H2O to form a fragment at m/z 407.3812 was
observed in all three MS/MS spectra. Peaks 2 and 4 show an MS/
MS fragment at m/z 339.3034, a close exact mass match (3.6
ppm) to the [C25H38 + H]+ ion, which corresponds to the
collision-induced loss of one isoprene unit and an oxygen atom.
The MS1 spectra for Peaks 2 and 4 were also similar, with m/z
425.3779 and m/z 407.3678 as the most prominent features,
which bear striking similarity to MS1 spectra for SQ–OOH
substituted at odd-numbered positions as reported by Shimizu
et al.67 Peak 3 has a somewhat different MS/MS spectrum and
a markedly different MS1 spectrum compared to Peaks 2 and 4.
In-source fragmentation was a prominent feature of the Peak 3
MS1 spectrum (Fig. S16†), suggesting a relatively labile SQ + 2O
species. Among the prominent signals in the MS1 spectrum of
Peak 3 were in-source fragments m/z 425.3779 from the neutral
loss of H2O from SQ + 2O, and also m/z 411.3629 from the
neutral loss of CH3OH from SQ + 2O (a more detailed dissection
of the data is provided in Section S7 of the ESI†). The MS/MS
spectrum for Peak 3 contained a signal at m/z 269.2263, which
corresponded to only four contiguous isoprene monomer units
of SQ (loss of two 5-carbon subunits). Taken together, the two
different neutral losses from SQ + 2O along with the MS/MS
observation of the loss of two 5-carbon subunits from SQ + 2O
suggest the oxidation of SQ at two different olenic sites,
perhaps at either terminus of the SQ chain (the 2/3 and 22/23
positions). Assignment of the compound that eluted at Peak 3
to SQ–OOH is therefore not so compelling and may instead
arise from an SQ + 2O product in which two separate hydroxyl or
carbonyl groups are present.68
Insights on the nature of endogenous oxidation in THS lms

Tobacco smoke aerosol is known to contain iron, so Fenton
chemistry is oen implicated in reactions leading to smoke-
related oxidative stress.34 While the active reactive oxygen
species (ROS) were likely OH and HO2 radicals, longer-lived
aromatic and polycyclic aromatic semiquinones in cigarette
© 2024 The Author(s). Published by the Royal Society of Chemistry
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smoke ‘tar’ are thought to sustain the oxidative potential of
tobacco smoke34,47,49 and are notable as environmentally
persistent free radicals (EPFRs). Based on the literature, along
with oxidation product analysis of SQ and OA lm oxidation by
THS, the conuence of semiquinones and metals likely led to
HOx-driven oxidative action within THS lms.

Evidence for autoxidation was present in the THS + SQ
samples. The present study corroborates prior SQ oxidation
studies performed with complementary types of experi-
ments.52,69 Analysis of HRMS and MS/MS data suggested that
the SQ + 2O Peak 3 was indicative of a compound with multiple
sites of oxidation on the same molecule. Installation of oxidized
functional groups at multiple sites on SQ, as suggested by Peak
3, could be supported by hydroperoxide decomposition in the
SQ lm environment, and/or that peroxides or peracids may be
active condensed phase oxidants within THS lms in addition
to reactive free radical species.

The impact of persistent autoxidation in THS-contaminated
surface lms does not appear to be restricted to trans-
formations of the surface lm material. The observation of
pronounced cotinine formation in the TCEP and OA/BES cases
(no observed in clean glass or BES cases) suggests that reactive
intermediates formed in association with the surface lm
oxidation process could be oxidizing nicotine to cotinine,
whereas in clean glass and BES cases, nicotine oxidation
appeared to mainly lead to nicotine 10-N-oxide formation. A
larger relative increase in nicotine 10-N-oxides was observed in
the OA/BES lm compared to clean glass. The increased coti-
nine (and to a lesser extent,N-formylnornicotine) production on
TCEP and OA/BES coated glass compared to clean glass may
result from a difference in the identity of the oxidant(s)
involved, but may also arise from additional nicotine available
based on uptake from the gas phase and re-partitioning from
other surfaces in the chamber.

Environmental significance

Indoor surfaces harbor chemical lms that develop based on the
uptake of gaseous and particulate material;1,4,5 they act as
a reservoir for semivolatile organic compounds, along with
inorganic acids and bases.17,18 Recent studies have also high-
lighted that surface lms and household dust contain EPFRs and
ROS,31,37 but the time-evolution of surface lm composition due
to the presence of condensed phase oxidants has not been
thoroughly studied. The ndings of the present study highlight
the dynamic nature of surface lm chemical composition upon
the deposition of cigarette smoke, which is known to possess an
inherent oxidative potential.47,70 EPFRs can activate the formation
of highly reactive oxidants (e.g., hydroxyl radicals), and some
EPFRs have lifetimes of months or longer in ambient atmo-
spheric aerosol particle samples.71 Aerosol particles that contain
EPFRs and become deposited on surfaces could inuence the
composition of environmental surface lms gradually over long
timescales, as indicated by Filippi et al.37 and also shown in the
present study. The co-presence of (metallic) redox couples (e.g.,
Fe2+/Fe3+) with EPFRs could lead to the formation of highly
reactive (short-lived) oxidants in the condensed phase with
© 2024 The Author(s). Published by the Royal Society of Chemistry
subsequent regeneration of EPFR species.72 Cyclic mechanisms
for ROS production would support the prolonged presence of
EPFRs, all the while consistently producing more highly reactive
species that can transform surface lm composition.

The ability of deposits formed by other types of aerosol
particles that typically exhibit OP,73 such as biomass burning
(BB),33,36 traffic related air pollutants (TRAP),32 mineral dust,74 or
secondary organic aerosol (SOA),75 to introduce the degree of
oxidation chemistry that was conferred by THS in the present
study is not yet known, but is likely. It is important to bear in
mind that OP assays may respond differently from one another
based on the exact nature of the (bio)chemical processes
involved in the assay readout,73 so one must retain a critical eye
when attempting to predict surface oxidation chemistry using
OP assay results. Tobacco smoke could be considered a subset
of BB smoke and some assays indicate similar OP.73 Wong
et al.33 showed that atmospheric aging of BB aerosol particles
can increase their oxidative potential, so aged or ambient BB
aerosol may have more pronounced effects than lab-generated
fresh BB. Similarities between THS and TRAP composition
include polycyclic aromatic compounds and metals,76 suggest-
ing that TRAP reactivity upon surface deposition could be
similar to what has been demonstrated in the present study of
THS deposits. In fact, SQ oxidation has been demonstrated in
solutions containing metals and PAHs that were meant to serve
as a proxy for exposure to urban pollutants.69 The surface
substrate compositionmay also play a role in driving condensed
phase oxidation of surface lms, especially if the substrate can
provide ingredients for catalytic oxidation, such as Fe2+/Fe3+ or
Cu+/Cu2+. Recent indoor measurements of EPFRs on surfaces
strongly suggest that reactivity in lms have strong potential,37

and the delivery of key reactive components might be critical in
driving the overall rate of surface lm oxidation.

Conclusions

The effects of cigarette smoking on the indoor environment are
continuing to be claried. Environmental tobacco smoke and
second-hand smoke effects are relatively well established, while
the importance of THS is still being investigated. The present study
provides information on the chemically dynamic nature of THS
lms over week-long timescales resulting from oxidative trans-
formations of chemicals found in THS and those that may co-exist
on indoor surfaces with cigarette smoke residue. The formation of
oxidized tobacco alkaloids along with oxidation products of
alkenes found on surfaces demonstrates the ability of THS to
transform the composition of contaminated indoor surfaces over
time. The exact chemical outcomes of THS-driven reactive trans-
formations within real indoor surface lms will result from time-
dependent behaviour in concert with (and in competition with)
bidirectional gas/surface partitioning processes already known to
be important for THS and indoor environments more generally.
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