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ABSTRACT: E-cigarette emissions, which contain a variety of
hazardous compounds, contribute significantly to indoor air pollution
and raise concerns about secondhand exposure to vaping byproducts.
Compared to fresh vape emissions, our understanding of chemically
aged products in indoor environments remains incomplete. Terpenes
are commonly used as flavoring agents in e-liquids, which have the
ability to react with the dominant indoor oxidant ozone (O3) to produce
reactive oxygenated byproducts and result in new particle formation. In
this study, mixtures of propylene glycol (PG), vegetable glycerin (VG),
and terpenes as e-liquids were injected into a 2 m3 FEP chamber to
simulate the indoor aging process. 100 ppbv O3 was introduced into the
chamber and allowed to react with the fresh vape emissions for 1 h.
Complementary online and offline analytical techniques were used to
characterize the changes in the aerosol size distribution and chemical composition during the aging processes. We observed more
ultrafine particles and a greater abundance of highly oxygenated species, such as carbonyls, in aged e-cigarette aerosols. Compared
with their fresh counterparts, the aged emissions exhibited greater cytotoxic potential, which can be attributed to the formation of
these highly oxygenated compounds that are not present in the fresh emissions. This work highlights the dynamic chemistry and
toxicity of e-cigarette aerosols in the indoor environment as well as the indirect risks of secondhand exposure.

1. INTRODUCTION
The rise in cases of severe lung diseases and fatalities
associated with their consumption has labeled vaping products,
such as e-cigarettes (e-cigs), as a significant public health
issue.1−3 The National Health Interview Survey data in 2021
revealed that 4.5% of adults aged 18 and over were actively
using e-cigs.4 Given the increasing popularity of e-cigs and the
absence of stringent emission regulations, these products are
continuously developing and emerging as novel sources of
indoor air contaminants. The vaping process transforms e-
liquids into aerosols that users inhale, and the exhaled aerosols
can persist in the surrounding atmosphere. Therefore, passive
exposure to vaping aerosols may pose a significant threat to
nonusers, particularly vulnerable populations.5,6

The main components of e-liquids include PG, VG, nicotine,
and different flavorings.7−10 Recently, terpene or terpene-like
compounds have been commonly used in e-cig flavorings.
Terpenes and terpene-like compounds are naturally abundant
in hemp plants, which are widely found in Δ-tetrahydrocanna-
binol (THC) and bioactive cannabidiol (CBD) vaping
products.11,12 In addition to cannabis vaping products,
terpenes or terpenoids are also applied in e-juices and
supplements to provide a variety of sensory experiences for
users, such as α-pinene, limonene, geraniol, and linalool.11,13

Thermal degradation of these terpenes or terpenoids can
generate many byproducts from dehydrogenation, epoxidation,

and allylic oxidation,14 effectively contributing to secondary
organic aerosol (SOA) formation.15,16 In addition to thermal
degradation, these terpenes or terpenoids typically have C�C
double bonds or four-membered ring structures. These
properties make them unstable and reactive to atmospheric
oxidants such as O3

17 and OH radicals.18,19 Oxidation of
terpenes is known to have a high yield of SOAs and may
adversely impact indoor and outdoor air quality.
Ozonolysis is the most important pathway for the oxidation

of terpenes in the atmosphere. Although the reaction rate
between terpenes and OH radicals or NO3 radicals is faster
than ozonolysis,20,21 oxidation products formed from ozonol-
ysis are produced in higher oxygenation degrees compared to
OH or NO3-initiated compounds.22 Ozonolysis of limonene
contributes 47% to its tropospheric degradation in daytime
outdoor chemistry.20 In indoor environments, O3 is a major
oxidant;23 therefore, ozonolysis of terpenes may lead to greater
particle formation and change their chemical composition
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during the aging process of vaping. Furthermore, ozonolysis-
derived terpene products were identified as less volatile than
OH-initiated compounds, contributing more to the SOA
formation in the previous study.24

Extensive research has been conducted on the chemical
composition and potential health effects of active vaping
emissions.17 A few recent studies indicate that the aging of e-
cig aerosols can promote reactive oxygen species (ROS)
generation.25−28 However, our understanding of the compo-
sition of aged e-cig aerosols remains incomplete. For example,
how may the changes in the chemical characteristics of the
fresh versus aged e-cig aerosols cause differential toxicity for
active users versus bystanders? Given that O3 is the primary
oxidant in indoor environments, what are the major products
from the reaction between O3 and vaping emissions that are
responsible for the elevated toxicity? Further, what are the
main contributors to the aged aerosol formation: e-liquid
solvents or flavorings? Addressing these questions will help to
better understand the increasingly important secondary
pollution from e-cigs in indoor environments and help assess
the potential health effects of the passive vaping process.
In this study, we comparatively analyzed the chemical

composition of freshly generated and chemically aged vaping
emissions to assess the impacts of atmospheric processing on
particle formation, including the particle size distribution,
number, and mass concentrations, and their associated
toxicological responses. We conducted a series of chamber
experiments in the presence or absence of O3 using various e-
liquids. Several complementary online and offline measure-
ments were carried out to gain a better understanding of the
chemical composition and properties of e-cig aerosols. Overall,
the findings of this study reveal that secondhand exposure to
aged e-cig aerosols characterized with an increased oxygenation
degree is associated with higher oxidative potential, which in
turn poses certain health risks distinct from fresh vaping
emissions.

2. METHODOLOGY
2.1. Materials. All analytical standards used in this study

had purities greater than 95%. We purchased geraniol (99%)
from Acros Organics, α-pinene (>99%) from Sigma-Aldrich,
VG from Fisher Chemical, PG from TCI America, and
methanol (99.9%) and acetonitrile (ACN, 99.95%) from
Fisher Scientific. The commercial terpene-flavored e-liquids
(GG#4) were purchased from Gold Coast, which consisted of
α-pinene, α-terpinene, terpineol, limonene, β-pinene, 3-carene,
linalool, terpinolene, ocimene, geraniol, β-caryophyllene, α-
humulene, camphene, α-phellandrene, α-cedrene, cymene,
myrcene, nerolidol, and pulegone. The e-cig device consisted
of a battery (Silo, CCELL) that operated at 3.6 V and a 510-
thread 0.5 mL glass silver cartridge (threaded white ceramic
mouthpiece) and had a coil resistance of 1.4 Ω (CCELL).
2.2. Preparation of E-Liquids. In this study, a mixture of

30% PG and 70% VG was utilized as the diluent in our e-
liquids. Three different types of e-liquids were prepared to
conduct a comparative analysis, including (1) only PG/VG
(30:70 in volume); (2) 3% terpene mixtures, specifically α-
pinene or geraniol, dissolved in 30:70 PG/VG; and (3) a 3%
mixture of GG#4 prepared by the same method (Table S1).
Each cartridge was filled with 450 μL of e-liquid and used only
once to prevent potential coil material degradation affecting
vaping emissions.

2.3. Chamber Experiments. All experiments were
conducted in a 2 m3 fluorinated ethylene propylene (FEP)
film chamber at room temperature (Figure S1A). Before each
experiment, the chamber was flushed with zero air at a flow
rate of 30 L min−1 to ensure any potential contaminants were
removed, and the cartridge was preconditioned by taking five
puffs before e-cig aerosol generation. The chamber was filled
with zero air before each fresh condition experiment and with
100 ppbv of O3 in zero air before each aged condition
experiment. O3 was introduced into the chamber using an O3
generator (A2Z Ozone 3GLAB) and stabilized at ∼100 ppbv
for 30 min before the reaction. The concentration of O3 in the
chamber was monitored in real time using an O3 analyzer
(Advanced Pollution Instrumentation, model 400A). Fresh
vaping emissions, including gas- and particle-phase com-
pounds, were injected into the chamber during each experi-
ment. For the chamber experiments with filter collection, 30
puffs were injected into the chamber using an e-cig puffing
machine to ensure sufficient mass loading (Figure S1B) (CSM-
eSTEP, CH Technologies, Inc., Westwood, NJ, USA) with a
positive pressure of 20 psi. An additional experiment with 5
puffs was performed to analyze particle size distribution and
mass concentration using a scanning electrical mobility
spectrometer to prevent overloading of analytical instruments,
with further details provided in Section 2.4. The puff cycle
followed the CORESTA recommended puffing topography
with a puff period of 3 s, a puff interval of 30 s, and a puff
volume of 55 mL during each cycle.29

2.4. Aerosol Size and Volume Characterizations. A
scanning electrical mobility spectrometer (SEMS, Brechtel
Manufacturing Inc.) was used to monitor the particle size
distributions and volume concentrations of e-cig aerosols in
real time throughout the chamber experiments. The SEMS was
set to scan from 10 to 800 nm, with 140 size bins. Aerosol
mass concentrations were converted from the volume
concentrations assuming a unity density.
2.5. Chemical Composition of Gaseous Vaping

Emission Products. The molecular formula of gas-phase e-
cig aerosol constituents was determined in real time using an
online iodide-adduct time-of-flight chemical ion mass spec-
trometer coupled with a Filter Inlet for Gases and AEROsols
system (FIGAERO-ToF-CIMS, Aerodyne Research Inc.).
Reagent ions were generated by flowing a mixture of CH3I
and humidified N2 through a polonium-210 ionizer (NRD;
model P-2021).30 For the collection of gaseous compounds,
the air was directly sampled from the chamber at a flow rate of
∼2.0 L min−1. The iodide ion chemistry has been known to be
affected by the water vapor pressure inside the IMR owing to
the difference in thermodynamics between I− and IH2O− to
analyte compounds.31 Therefore, the addition of a continuous
flow of humidified N2 (1 L min−1) through a bubbler
mentioned above minimized changes in the water vapor
pressure inside the IMR. In addition, all signals detected were
normalized to the sum of reagent ions, such as I−, H2OI−, and
I3−, to avoid changes in sensitivity influenced by reagent ions in
the ion−molecule reaction (IMR) chamber across experi-
ments. The data were analyzed using Tofware v3.2.5.
2.6. Chemical Composition of Oxygenated Com-

pounds in E-Cigarette Aerosols. Polytetrafluoroethylene
(PTFE) membrane filters (Zefluor, Pall Laboratory, 25 mm,
1.0 μm pore size) were used to collect the aerosol samples at a
flow rate of 10 L min−1 for 15 min. The collected aerosol
samples were stored at −20 °C until analysis. Upon analysis,
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the filter samples were thermally desorbed on the FIGAERO
inlet and directly analyzed by ToF-CIMS, following previous
studies.32 The temperature program for FIGAERO thermal
desorption was set as follows: (1) temperature ramping from
room temperature (∼25 °C) to 200 °C in 15 min (11.6 °C
min−1), (2) a 10 min soaking period (200 °C) to allow signals
to return to background levels, and (3) a cooling period to
decrease the temperature from 200 to 25 °C in 10 min. The
data were analyzed using Tofware v3.2.5.
2.7. Characterization of Carbonyls in E-Cigarette

Aerosols. 2,4-Dinitrophenylhydrazine (2,4-DNPH) was used
to derivatize the vaping aerosols collected on filters to identify
carbonyls. The 2,4-DNPH derivatization method used was
modified from previously published studies.33,34 Vaping
emissions (total 50 puffs) from both fresh and aged conditions
were collected directly after injection onto 25 mm PTFE filters
(Zefluor, Pall Laboratory, 1 μm pore size) at a flow rate of 20 L
min−1 for 30 min. The filters were directly extracted with 1 mL
of 6.5 mM 2,4-DNPH solution (acidified with HCl in
acetonitrile) for 90 min at 50 °C. After that, samples were
aliquoted into autosampler vials and stored at 4 °C prior to
LC/ESI(−)-QToF-MS analysis, as described in the previous
study and Supporting Information (SI, Text S1).34

2.8. Cell Culture and Exposure. Human bronchial
epithelial cells (BEAS-2B) were purchased from the American
Type Culture Collection (ATCC). Cells were cultured in 75
cm2 tissue culture flasks (Fisher Scientific) with LHC-9
medium (Gibco). Cells were incubated at 37 °C with 5%
CO2. The growth media was replaced every 2−3 days, and the
cells were subpassaged once 70−80% confluent. Once
confluent, the cells were transferred onto 96-well plates
(Corning) with a seeding density of 1 × 104 cells per well.
The cells were allowed 24 h for attachment before vaping
aerosol exposures. After 24 h, the cells were exposed to various
concentrations of fresh and aged GG#4 aerosols. The aerosols
were collected onto 47 mm PTFE filters at a flow rate of 20
LPM to obtain a mass loading of 10−12 mg. The filters were
extracted by vortexing with cell media. Once exposed, the cells
were incubated for 24 h at 37 °C and 5% CO2. Each condition
had four replicates, and untreated cells were used as a negative
control, while cells treated with 0.1% Triton X-100 acted as a
positive control for downstream assays. After 24 h of
incubation, the cell media was collected, and the cells were
washed once with DPBS (Corning).

2.9. Cell Viability and Cytotoxicity Assays. Cell viability
was determined by an XTT cell proliferation kit (Roche)
according to the manufacturer’s protocol. The absorbance was
measured at 470 nm with a SpectraMax iD5 microplate reader.
Cell viability was expressed relative to the negative and positive
control, where the untreated group was assigned 100% cell
viability, while the cells treated with 0.1% Triton X-100 were
assigned 0% cell viability. Cytotoxicity was assessed by the
amount of lactate dehydrogenase (LDH) release during
exposure as an indicator of increased cell membrane
permeability using an LDH cytotoxicity detection kit
(Roche) according to the manufacturer’s protocol. The
absorbance was measured at 490 nm with a reference
wavelength of 620 nm with a SpectraMax iD5 microplate
reader. LDH release was expressed relative to the negative and
positive control, where the untreated group was assigned 0%
LDH release, while the cells treated with 0.1% Triton X-100
were assigned 100% LDH release.

3. RESULT AND DISCUSSION
3.1. Dynamic Characteristics of E-Cig Aerosols. Figure

1 shows the dynamic evolution of aerosols produced by five
puffs of e-cigs. As depicted in Figure 1A, the total mass
concentration of aerosols increases immediately following the
vaping process, peaking at 500 μg m−3, and then gradually
declining to a steady-state concentration of approximately 250
μg m−3. The time series of the average mass concentrations of
e-cig particles (30 puffs with three replicates) is detailed in
Figure S2 and Table S2. Analysis of the size distribution of
fresh aerosol particles reveals their segregation into two distinct
categories: one predominantly consisting of particles within the
size range of 10−150 nm and another comprising larger
particles ranging from 150 to 800 nm. The temporal analysis of
the smaller particles indicates a maximum number concen-
tration of 5 × 104 particles cm−3, observed concomitantly with
the aerosol generation. Following the generation of e-cig
aerosols, a decline in the concentrations of small and large
particles was observed, suggesting an absence of further
particle formation. This phenomenon could be attributed to
the absence of extra oxidants under fresh conditions,
preventing the nascent aerosols from undergoing additional
oxidation processes and relegating them to partitioning or
condensation.35

Figure 1. Aerosol growth and particle size distribution during the vaping process under different conditions. E-cig aerosol of PG/VG + GG#4
growth under (A) fresh and (B) aged conditions, with the black dashed line indicating the mass concentrations and the heat map indicating the
number concentrations; (C) comparison of particle size distribution between fresh (green) and aged (red) e-cig aerosols (PG/VG + GG#4)
measured 30 min after injection.
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Figure 1B shows the temporal evolution of aged e-cig
aerosols, where the total mass concentration of large particles
increases immediately after vaping and then decreases. This
trend is similar to that of fresh e-cig aerosols, suggesting their
primary formation occurs during vaping, with no further
generation afterward. However, a notable difference is
observed in the behavior of the smaller particles between the
two aerosol types. After the injection, the small particles of
aged aerosols sharply increased, and the number concen-
trations remained constant at 5 × 104 particles cm−3 within the
next 2 h. Besides the difference in the temporal trend, we also
observed varying size distributions of ultrafine particles
(UFPs). For fresh aerosols, the mean diameter of UFPs was
45 nm, which increased to 60 nm for aged aerosols. This
phenomenon was also observed in aged PG/VG + α-pinene
geraniol and aged PG/VG + geraniol e-cig aerosols (Figures S3
and S4). The larger size and greater concentration of UFPs in
aged aerosols indicate further oxidation in the presence of O3,
which decreased around 30 ppbv during the aging processes
(Figure S5). Through ozonolysis, the chemical transformation
of e-cig aerosols is likely to happen.
We performed aging experiments with pure PG/VG aerosols

as control experiments to investigate the effects of terpene
flavor additives during the vaping process. Figure S6 shows the
temporal evolution of aged PG/VG aerosols, which exhibit a
total mass concentration comparable to that of aged
commercial e-cig aerosols. However, in the presence of O3,
the number concentrations of aged PG/VG aerosols decreased
significantly after injection, particularly for small particles. In
addition, the sizes of UFPs for pure PG/VG e-cig aerosols
were similar under fresh and aged conditions (Figure S6B and
S6c). This finding suggests that the oxidation of flavorings,
specifically terpenes in this case, promoted the formation of
UFPs. Previous studies have reported that the ozonolysis of
terpenes can contribute to the formation of new particles and
SOAs.36−38 Our study found that while the mass fraction of

terpenes in vaping emissions was much lower than that of PG/
VG, the ozonolysis of terpenes was the main cause of the
substantial rise in both the particle size and the number
concentrations of UFPs. These results highlight the crucial role
of terpenes in vaping emissions, their complex chemistry in the
indoor environment, and the potential health effects of
secondhand or third hand exposure.39

3.2. Changes in Chemical Composition in the Gas
Phase. The gas-phase emissions of the e-cigs were analyzed in
real time using iodide-CIMS after being injected into the
chamber. The gaseous emissions mainly consisted of volatile
compounds with a relatively high vapor pressure. After 1 h,
around 300 peaks were identified as oxidized products
resulting from the aging process of the commercial e-liquid
(GG#4) (Figure 2A,B). Compared with their aged counter-
parts, the number and intensity of identified peaks in fresh
emissions were significantly lower. This is due to the absence
of extra oxidants under fresh conditions compared to the aging
experiments, which in turn restricts further oxidation.
However, iodide-CIMS can only detect substances with a
relatively high degree of oxygenation.31 Strong signals of
C3H8O2 and C3H8O3, as well as C6H14O5 and C6H14O6, are
present in both fresh and aged e-cig emissions, which primarily
originate from unreacted PG/VG, the dimer products of PG/
VG, and the cluster of PG/VG, respectively.40 This can be
attributed to the high PG/VG ratio in the e-liquids, which is
approximately 30 times greater than that of other flavorings.
Some oxygenated products, including C4H8O4, C3H8O4, and
C3H8O5, can also be observed in both conditions. However,
due to the high viscosity of the e-liquids, it is unclear whether
these compounds are actual PG/VG oxidation products or
lower oxygenated species that have formed clusters with
H2OI− or O2 during the chemical ionization process.41 When
the relative fractions of these compounds are compared, it is
evident that they contribute to a greater percentage in aged
aerosols, which is five times higher than in fresh aerosols. This

Figure 2. Difference in chemical composition of fresh and aged e-cig emissions: (A) signal of gas-phase e-cig emissions normalized to the intensity
of VG (C3H8O3I−), (B) original CIMS intensity of gas-phase e-cig emissions, (C) signal of particle-phase e-cig emissions normalized to the
intensity of VG signal (C3H8O3I−), and (D) original CIMS intensity of particle-phase e-cig emissions. Terpene-like oxidation products are labeled
in green, while common compounds directly from PG/VG are shown in black.

Chemical Research in Toxicology pubs.acs.org/crt Article

https://doi.org/10.1021/acs.chemrestox.4c00402
Chem. Res. Toxicol. 2025, 38, 260−269

263

https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.4c00402/suppl_file/tx4c00402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.4c00402/suppl_file/tx4c00402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.4c00402/suppl_file/tx4c00402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.4c00402/suppl_file/tx4c00402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.4c00402/suppl_file/tx4c00402_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.4c00402/suppl_file/tx4c00402_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00402?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00402?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00402?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.4c00402?fig=fig2&ref=pdf
pubs.acs.org/crt?ref=pdf
https://doi.org/10.1021/acs.chemrestox.4c00402?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


suggests that both the thermal reaction during vaping and the
further oxidation process influence their formation.
Furthermore, the aged conditions reveal additional peaks

that are likely the result of the ozonolysis products of the
flavorings. These products primarily consist of 8−12 carbons
with oxygen numbers ranging from 2 to 6 and a double bond
equivalent (DBE) (DBE = (number of carbon × 2 − number
of hydrogen + 2)/2) value between 0 and 2. Certain peaks
have identical formulas to the oxidation products of terpenes
reported in recent studies, such as C7H12O3, C10H16O3, and
C10H16O4.

42−44 The presence of O3 triggers the initiation of
ozonolysis of these terpenes, which starts with the formation of
primary ozonide and proceeds via Criegee intermediates,
further reactions, and the release of an OH radical.45 This
intermediate then forms RO2 radicals, which undergo either
multistep oxidation or autoxidation. Ultimately, this process
results in closed-shell products through various termination
pathways, including self-termination.46 In the absence of NOx,
the RO2/HO2 reaction is the main termination step, which
promotes the generation of non-nitrogen-containing species
like organic hydroperoxides, carbonyls, and alcohols.47 Due to
the technical constraints of the iodide-CIMS, it is only capable
of determining molecular formulas based on accurate mass
fittings. Therefore, additional validation using alternative
analytical methods is necessary to confirm the structural and
functional group information on gas-phase e-cig emissions.
3.3. Changes in Chemical Composition in the Particle

Phase. Figure 2C,D shows the differences in particle-phase
chemical composition between fresh and aged e-cig aerosols.
Overall, the compositions of e-cig particles are mainly VG,
accounting for a larger fraction (Figure 2D) due to its lower
vapor pressure compared to PG.32 When the fresh and aged
particles are compared, the unreacted PG and VG show greater
fractions in fresh particles, indicating that the e-liquid solvent
may participate in further reactions. While PG/VG cannot
directly react with O3, the presence of intermediate radicals or
byproducts may promote their oxidation.48,49 For example,
when Criegee intermediates interact with chemicals that have
alcohol and carboxyl functional groups, it can lead to the
formation of multifunctional and highly oxygenated spe-
cies.50−52 We focused on the peaks identified within the m/z
200 to 400 range, which are primarily ionized by forming an I−
adduct (Figure 2C). The main species detected in the particle
phase include C3H4O4, C3H6O3, and C3H6O4, which are
oxidation products of PG/VG.53,54

In comparison to those in the gas phase, products observed
in the particle phase exhibit a greater degree of oxygenation,
particularly under aged conditions. Several major species
detected in this study have been previously reported through
various techniques, such as ESI-MS/MS, which include
compounds with molecular formulas like C7H10−12O4−5,
C8H12−14O4−5, C9H14−16O4−6, and C10H16−18O4−7.

55 The
presence of homologous + CH2 or + O compounds is more
prominent in aged e-cig aerosols, as shown in Figure S7,
suggesting that the generation of these aerosols is influenced
by multistep oxidation or autoxidation processes.56,57 The
aerosols composed with unsaturated products (DBE > 0)
primarily consists of carbonyls, organic acids, and hydro-
peroxides.25

Terpenes, such as α-pinene, limonene, and geraniol, are the
primary components of GG#4 flavoring, as described in the
methodology. To investigate the effects of terpenes on the
formation of e-cig aerosols under both fresh and aged

conditions, we compared the compositions of e-cig aerosols
from four e-liquid formulations, including PG/VG + 3%
GG#4, PG/VG + 3% α-pinene, PG/VG + 3% geraniol, and
PG/VG only. Figure 3 displays the normalized mass spectra of

aged e-cig aerosols generated from these four e-liquids. Some
common peaks shown across all four e-liquid conditions, such
as C3H6O4, C3H4O4, C5H10O5, and C6H14O5, are likely PG/
VG oxidation products, whereas terpene oxidation products,
such as C8H16O3, C8H12O4, C9H14O4, and C10H16O4−5, show
relatively higher intensity in GG#4 and α-pinene-containing e-
liquids.58−60 The five common peaks were also present in
geraniol-containing e-liquids, though at significantly lower
intensities. However, the oxidation products of geraniol, such
as C10H20O6 and C8H16O6, were not detected in GG#4 e-
liquid vaping emissions. Despite geraniol undergoing more
rapid ozonolysis compared to α-pinene, the higher concen-
tration of α-pinene in the GG#4 e-liquid formulation relative
to geraniol resulted in a greater contribution of oxidation
products from α-pinene rather than geraniol. In addition to the
common products from the oxidation of terpenes, unique
peaks, such as C10H14O6 and C11H12O6, were observed
exclusively in GG#4. These highly oxygenated species with
high DBE values (formulas colored with blue in Figure 3; DBE
= 4 for C10H14O6 and DBE = 6 for C11H12O6) are likely
generated from interactions between different terpenes or
between terpenes and PG/VG. Previous studies on e-cig
aerosols have also identified products with high DBE values
related to PAHs.61−63 Some studies indicated that the
dehydration and cyclization of PG/VG would lead to the
formation of aromatics,64 but the detailed mechanisms remain
unclear, which warrants further investigation in future studies.
3.4. Formation of Carbonyls during the Aging

Processes. As mentioned in the previous section, the main
products from the ozonolysis of terpenes are organic peroxides,
carbonyls, and organic acids. Previous studies have extensively
discussed the formation of carbonyls during the vaping
processes, including both the gas and particle phases;34,53,65,66

however, less focus has been given to the carbonyl formation
during the aging processes. In this study, we performed
DNPH-assisted LC-MS to compare the carbonyl compounds
present in fresh and aged e-cig aerosols produced from the

Figure 3. Chemical composition of particle-phase aged e-cig
emissions generated from four e-liquids: (A) PG/VG + 3% GG#4,
(B) PG/VG + 3% α-pinene, (C) PG/VG + 3% geraniol, and (D) PG/
VG. Spectra are signals normalized to the intensity of VG
(C3H8O3I−). Terpene-like oxidation products are labeled in green,
unique products detected only in PG/VG + 3% GG#4 in blue, while
common compounds directly from PG/VG are shown in black.
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PG/VG + 3% GG#4 e-liquid. Given that no extra nitrogen-
containing species, such as NOx or N-containing organic
compounds, were added to the chamber, the DNPH-carbonyls
or DNPH-dicarbonyls in this study should contain only four or
eight nitrogen atoms. With this in mind, we performed a
nontarget analysis on the LC-MS high-resolution mass spectral
data and fitted eight formulas with a mass tolerance of 2 ppm,
as detailed in Table S3 and Figure 4. In addition to these 8
confirmed formulas, 20 probable carbonyl products were
observed exclusively in the aged e-cig aerosols, as shown in
Table S4. Figure 4A presents the total ion chromatograms
(TICs) and extracted ion chromatograms (EICs) of eight
carbonyl−DNPH compounds, while Figure 4B displays the
extracted mass spectra under the specified retention time. The
comparison of TICs for DNPH-assisted e-cig aerosols reveals a
significant difference, with more peaks and greater intensity
attributed to aged e-cig aerosols. The specific peak observed in
the fresh e-cig aerosols (RT = 4.95 min) corresponds to the
unreacted DNPH reagent.
Upon analysis of the common formulas in both fresh and

aged e-cig aerosols, such as C2H4O2, C3H6O3, and C3H6O2, we
observed that only C2H4O2 has the same retention times under
both conditions, suggesting that it is the same compound. In
contrast, the varying retention times of C3H6O3 indicate the
formation of distinct isomers under fresh and aged conditions,
even though they share the same molecular formula. Although
these three carbonyl compounds have been observed in
previous studies and primarily attributed to the thermal
degradation products of PG and VG,67−70 the presence of
different isomers in fresh and aged e-cig aerosols remains
unexplored. The differences observed between the fresh and
aged e-cig aerosols suggest that the presence of O3 could lead
to varying oxidation mechanisms for PG/VG in contrast to
thermal degradation processes. It is important to note that
certain carbonyls, including formaldehyde, were not observed
in this study due to their higher vapor pressure, which makes
them difficult to detect in the particle phase.

Five carbonyl compounds (C8H14O5, C8H16O3, C7H14O4,
C8H14O4, and C5H10O4) were observed solely in aged e-cig
aerosols, all of which are probably products of terpene
oxidation with 7−10 carbon atoms. Previous studies have
reported the formation of carbonyls as a result of the thermal
oxidative degradation of terpenes.14 However, these carbonyls
from thermal reactions tend to have a lower degree of
oxygenation and greater volatility, hindering their partitioning
into the particle phase. This likely explains the absence of
terpene-related carbonyls in the fresh aerosols. From another
perspective, these terpene-derived carbonyls in our aged e-cig
aerosols underwent multistep oxidation only in the presence of
O3. Table S4 shows that there are 20 different potential
carbonyls in the aged e-cig aerosols, some of which are highly
oxygenated, indicating that the interaction of both terpenes as
flavorings and O3 leads to particle formation. Enhanced
oxygenation in aerosols may potentially elevate the cytotoxicity
of e-cig aerosols due to the increased presence of ROS25 and
electrophilic carbonyl compounds, which can cause oxidative
stress and damage to cellular components such as lipids,
proteins, and DNA.55

3.5. Cytotoxicity of Fresh and Aged E-Cig Aerosols.
Following exposure to fresh and aged GG#4 vaping emissions,
BEAS-2B cells exhibited differential responses in terms of cell
viability and LDH release. As shown in Figure 5, the aged
emissions induced a drastic reduction in the cell viability in a
concentration-dependent manner. Furthermore, the aged
emissions were able to cause LDH release, indicating the
aerosol’s ability to induce cell membrane permeability or cell
lysis. When exposed to the fresh emissions, BEAS-2B cells did
not exhibit any significant reductions in cell viability nor
increases in LDH release. Although the aged emissions were
able to enhance LDH release, the increase was modest and not
as pronounced as the reduction of cell viability, which was
determined by an XTT assay. The tested concentration of 2.5
mg mL−1 led to a percent cell viability that was near zero.
Considering the principle of the XTT assay, this indicates that

Figure 4. Detected carbonyls from the particle-phase e-cig emissions under aged and fresh conditions. (A) TICs of the e-cigarette aerosol sample
extracts and EICs for nine deprotonated molecular ions [M−H]− of selected carbonyl−DNPH hydrazones and (B) the averaged mass spectra for
peaks eluted at their specified retention times.
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the aged emissions can reduce mitochondrial respiration and
bring about apoptosis.71 In contrast, no detectable cytotoxic
effects were observed following exposure to control PG/VG
only e-cig aerosols under fresh and aged conditions (Figure 5).
Neither reductions in cell viability nor increases in LDH
release were detected, suggesting that the cytotoxicity observed
in the PG/VG + GG#4 aerosols was likely attributed to
terpene oxidation products during aging rather than to the
PG/VG vehicle itself.
Even at the highest concentration of 10 mg mL−1, the fresh

GG#4 vaping emissions did not exhibit any significant
cytotoxicity. Particle-phase constituents found in the fresh
vaping emissions are mainly composed of PG, VG, and
unreacted terpenes, which are generally considered to be fairly
benign substances regarding inhalation toxicity.72 Thermal
degradation products generated during the vaping process,
such as formaldehyde and acetaldehyde, are too volatile to be
localized in the particle phase of vaping emissions; therefore,
the cells in this study were not able to be exposed to significant
amounts of those VOCs, which are considered as more potent
toxins.73 Thus, these results provide evidence that highly
oxygenated compounds, which are produced from the indoor
aging process of vaping emissions, have their own unique
cytotoxic mechanisms that allow them to be much more
harmful than their precursors. Although there is a lack of
structural information in our work, there is a possibility that
some of the carbonyls formed from the aging process of e-cig
aerosols are aldehydes and α,β-unsaturated carbonyls that
exhibit electrophilic properties.34,74 These classes of carbonyls
are known to induce intracellular damage to biological targets
that are responsible for proper cellular function and homeo-
stasis.75 Accumulation of this carbonyl-induced damage may
eventually lead to cell death if left unrepaired, which
corresponds well with the results shown in Figure 5.
Due to the potential for aged vaping emissions to be

significantly more toxic than their fresh counterparts, vaping
indoors, especially in urban environments polluted with
ground-level O3, poses a risk of secondhand exposure. While
secondhand exposure may expose a bystander to a lower
aerosol mass concentration compared to that of the primary e-
cig user, the aged vaping emissions exhibit a lower threshold
concentration for in vitro toxicity. Additionally, the in vitro

toxicity of SOAs formed from terpene oxidation is well
characterized by their ability to induce oxidative stress.55 As a
result, chronic exposure to aged vaping emissions could
increase the risk of developing respiratory conditions caused by
excessive pulmonary oxidative stress.76

4. IMPLICATIONS
This study investigated the particle properties, chemical
composition, and in vitro cytotoxicity of aged e-cig aerosols.
Our findings highlight that more UFPs were generated in the
presence of O3 compared to the zero-air condition. Vaping
emissions containing terpene flavor additives were shown to
interact with O3 and generate these UFPs, which consist of
oxygenated and functionalized products such as organic
hydroperoxides,25 carbonyls, and organic acids. These chemical
transformations increase the concentration and size of aerosol
particles and enhance their atmospheric lifetime and oxidative
potential. These byproducts are also shown to result in greater
oxidative stress25 and respiratory issues.77 Such changes
exacerbate indoor air pollution and elevate health risks
associated with passive vaping. These emissions persist when
exhaled in indoor environments, posing secondary exposure
risks to nonusers.
Our findings also indicate a need for implementing measures

that limit passive exposure, such as designated vaping areas and
enhanced ventilation requirements in public and private
spaces. Furthermore, research should investigate the mecha-
nisms underlying the formation of harmful byproducts in aged
aerosols as well as their potential interactions with other
indoor pollutants. To more accurately define the composition
and behavior of e-cig aerosols under various environmental
conditions, the further development and improvement of
analytical techniques are essential.
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