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alkaloid (TSA) formation in aged
e-cigarette juices: mechanistic insights into
hydroxyl radical-initiated nicotine oxidation

Xinyang Guo, a Bradley H. Isenor, b Kimberly Wong, a James Davis,a

Arthur Chan c and Ran Zhao *a

Vaping e-cigarette juice (e-juice) is popular among young consumers. Although e-juice compositions are

well characterized, chemical transformations during indoor storage are often overlooked. Particularly, the

fundamentals of nicotine oxidation in aged e-juices remain poorly understood, despite rising consumer

concerns. This work utilizes p-toluenesulfonyl chloride (TsCl) derivatization, coupled with analysis by

liquid chromatography-mass spectrometry (LC-MS) and electron paramagnetic resonance (EPR)

spectroscopy, to study nicotine oxidation in a realistic storage environment. We report that tobacco-

specific alkaloids (TSAs), including nornicotine (NN) and anabasine (ANA), can accumulate in aged e-

juice. These compounds are immediate precursors of carcinogens. Within nine days of storage, NN

concentration can reach up to 250 mmol L−1 and can remain elevated during prolonged storage. This

concentration is 6 times higher than that of fresh e-juices and more than 270 times higher than that of

typical human saliva. A hydroxyl radical oxidation (OH-oxidation) experiment indicated that the indoor

OH-oxidation of nicotine yields TSAs. Lastly, we propose a radical-driven mechanism supported by the

detection of nitroxide radicals in the EPR spectra. These radicals demonstrated strong correlations with

nicotine (R2 = 0.94–0.98). This work reveals the transformation of nicotine in popular consumable

products and highlights the importance of encouraging proper e-juice storage practices.
Environmental signicance

The aging of e-cigarette juice (e-juice) during storage is a potential health concern for smokers and bystanders. When exposed to indoor air, e-juices can
accumulate at least nine tobacco-specic alkaloids (TSAs), which are immediate precursors of carcinogenic tobacco specic N-nitrosamines (TSNAs). Moreover,
the aging of e-juice can be signicant aer one week of air exposure, with the TSA concentrations reaching 6-times higher than their original values. Nicotine
oxidation driven by indoor hydroxyl radicals is a plausible TSA formation route, and it can follow an abiotic radical propagation mechanism. Overall, this study
highlights a previously overlooked in situ chemical transformation in e-juice products. Its implications emphasize that proper storage practices are necessary to
minimize potential high TSA exposure in consumers.
Introduction

Vaping has gained tremendous popularity among global
communities, particularly with a notable spread among
younger consumers in North American high schools.1–4 Unlike
conventional tobacco smoking, vaping e-cigarettes is occasion-
ally seen in low-ventilation indoor environments, such as
homes or cars.5 Therefore, health concerns associated with
vaping, including reduced indoor air quality, excessive glycol
exposure, and e-cigarette or vaping associated lung injury
Alberta, Edmonton, Alberta T6G 2G2,

onto, Toronto, Ontario M5S 3H6, Canada

pplied Chemistry, University of Toronto,
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(EVALI) are emerging topics that require prioritized research to
protect young and vulnerable populations.3,6,7

E-juice formulations primarily contain glycols, nicotine, and
avoring additives.8 In addition to the chemical complexity,
vaping e-juice induces various chemical reactions, including
oxidation, pyrolysis, and nitrosation.9–11 Although the chemical
composition of e-juice and its aerosols has been frequently
studied,12 the chemical transformations of e-juice before vaping
are oen overlooked. Consumers oen share their observation
of e-juice changing appearance on social media platforms and
express their concerns about unrecognized chemicals. However,
only a limited number of studies have been conducted to
investigate the cause of this phenomenon and the corre-
sponding health implications.13,14 Existing studies have already
demonstrated that the glycol solvent can be oxidized when
stored in indoor environments, producing various harmful
This journal is © The Royal Society of Chemistry 2026

http://crossmark.crossref.org/dialog/?doi=10.1039/d5em01030f&domain=pdf&date_stamp=2026-05-27
http://orcid.org/0000-0002-5213-6992
http://orcid.org/0000-0003-0511-830X
http://orcid.org/0009-0007-9639-6888
http://orcid.org/0000-0001-7392-4237
http://orcid.org/0000-0002-1096-7632
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01030f
https://pubs.rsc.org/en/journals/journal/EM
https://pubs.rsc.org/en/journals/journal/EM?issueid=EM028005


Paper Environmental Science: Processes & Impacts

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/2

7/
20

26
 1

:0
0:

16
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
contaminants.15,16 Similarly, nicotine may undergo a compa-
rable process during storage due to its relatively high concen-
tration. For instance, e-juices in the Canadian market can
contain nicotine levels of up to 20 mg mL−1.17 While the
oxidation of nicotine in e-juices has not received adequate
attention, Korsarac et al. reported a decline in nicotine
concentration during the storage of e-juice, suggesting a prob-
able chemical transformation of nicotine before vaping.18 Hoa
et al. provided theoretical insights that nicotine may react with
atmospheric oxidants, such as hydroxyl (OH) radicals.19

Although the oxidation of nicotine has been preliminarily
studied in atmospheric environments,20 it remains unclear in
condensed matrices, such as consumable e-juices.

Tobacco-specic alkaloids (TSAs) are common e-juice
impurities and potential nicotine oxidation products.12,21 Their
presence maymodify the toxicological parameters of the e-juice.
For example, the toxicities of nornicotine (NN, LD50 = 18.8 mg
kg−1) and anabasine (ANA, LD50= 16mg kg−1) are slightly lower
than that of nicotine (LD50 = 10 mg kg−1) in mice.22,23 Despite
having lower direct toxicity values, TSAs are immediate
precursors of highly toxic and carcinogenic tobacco-specic
nitrosamines (TSNAs) in nitrite-containing e-juices and
human saliva.11,24,25 Although TSAs are minor natural nicotine
metabolites,25,26 consuming aged e-juices may introduce addi-
tional TSAs on top of the metabolic background, subsequently
enhancing the endogenous accumulation of TSNAs. Therefore,
assessing the presence and accumulation of TSAs in e-juices
helps in understanding carcinogen exposure from vaping and
provides chemical insights into vaping-related health issues.

Liquid chromatography coupled with mass spectrometry (LC-
MS) is a common approach to analyze trace concentrations of
TSAs.27,28 Simple LC-MS analysis mandates calibration with stan-
dards and presents challenges in identifying unknown TSAs.
Derivatization offers additional selectivity by utilizing the common
features of compounds. This study incorporates derivatization
with p-toluenesulfonyl chloride (TsCl), which is a popular pro-
tecting agent for amines in synthetic chemistry.29–31 In Fig. 1, we
illustrate the TsCl reaction scheme with common TSAs.

This study details a chemical analysis of commercial e-juices
over a short-term storage period, during which the samples are
Fig. 1 Reaction of TsCl with common TSAs, primary and secondary am

This journal is © The Royal Society of Chemistry 2026
stored under common improper storage conditions. To explore
the formation mechanism of TSAs, we conducted an OH-
oxidation experiment and an analysis using continuous-wave
electron paramagnetic resonance (EPR) spectroscopy to inves-
tigate radical intermediates. The results from this study reveal
the transformation of nicotine in consumer-relevant storage
scenarios, emphasize the importance of encouraging proper
storage protocols for e-juices, and highlight the need to
understand the impact of indoor environmental oxidants on
consumable products.
Experimental
Chemicals and materials

Ultrapure water was generated using a Thermo-Fisher Scientic
Barnstead™ E-Pure™ ultrapure water purication system.
Nicotine (99%), nornicotine (NN, 98%), anabasine standard
(ANA, 1 mg mL−1 in methanol), p-toluenesulfonyl chloride
(TsCl, 99%), boric acid (99.5%), hydrogen peroxide (H2O2, 30%
in water), HPLC grade acetonitrile, formic acid (98–100%),
caffeine (99%), L-ascorbic acid (vitamin C, 99%), glycerol (VG,
99%), KH2PO4 (99%) and K2HPO4 (99%) were purchased from
Sigma-Aldrich. Propylene glycol (PG, 99%) and sodium
hydroxide pellets were purchased from Fisher Chemical. 5,5-
Dimethyl-1-pyrroline N-oxide (DMPO) was purchased from
Cayman Chemical Co. Flavorless commercial e-juice products
(0 mg mL−1, 3 mg mL−1, and 20 mg mL−1 nicotine) were
purchased from local vape shops in Edmonton, Canada. The
3 mg per mL e-juice is made from free-base nicotine; the 20 mg
per mL e-juice is made from nicotine salt.
Aging of e-juice

A summary of the experimental workow is illustrated in Fig. S1
(Section S1). This experiment monitors the aging of e-juice.
Flavorless e-juices with two nicotine concentrations (3 mg
mL−1 and 20 mg mL−1) were divided into triplicate 10 mL
aliquots in 20 mL glass vials. A separate 0 mg per mL triplicate
was prepared as the nicotine control. An air exposure control
was prepared by sealing 3 mg per mL e-juice in the same
container. Two long-term references were prepared by air-
ines.

Environ. Sci.: Processes Impacts, 2026, 28, 1338–1347 | 1339

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5em01030f


Environmental Science: Processes & Impacts Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

4 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 6
/2

7/
20

26
 1

:0
0:

16
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
exposing 0 mg mL−1 and 3 mg per mL e-juices for one year. All
vials were wrapped with aluminum foil in a temperature-
controlled lab room (21 ± 1 °C). Air-exposed samples were
loosely capped to mimic improper e-juice storage practices. We
assumed negligible solvent evaporation due to the low vapor
pressure values of glycols (1.68 × 10−4 mmHg for VG and 0.13
mmHg for PG, respectively, at room temperature).32 We
acknowledge that it is not practical to mimic all possible storage
conditions, but our storage protocol represents the upper-
bound scenario of oxidant exposure in e-juices.

OH-oxidation of nicotine

This experiment validates whether the OH-oxidation of nicotine
produces the TSAs observed in aged e-juices. It is adapted and
modied from our previous work.33 Reactions were conducted
in duplicate in a photochemical reactor (Rayonet, RPR-200)
equipped with two UVB lamps (wavelength 280–320 nm,
approximate UV output of 500 mW cm−2 at the working
distance). A mixture containing 0.01% (V/V%) aqueous nicotine
and 15 mmol per L H2O2 was stirred under UV irradiation. The
nicotine concentration is more than 10 times lower than that of
typical e-juices (up to 20 mg mL−1 or 2%). It was decided to
prevent overloading the LC while preserving a composition
similar to that of actual e-juices. H2O2 is the source of OH
radicals. It is 24 times more concentrated than nicotine to
ensure that further evolution of TSAs can be observed.

For the negative control, separate photolysis reactions were
conducted without adding H2O2. Thus, only aqueous nicotine
was exposed to UV irradiation. Aliquots of both experimental
and control mixtures were sampled at time intervals and
injected into autosampler vials. These vials were pre-lled with
a 25 mmol per L L-ascorbic acid solution to prevent uncon-
trolled reactions caused by excessive H2O2 and OH radicals.

Derivatization and LC-MS analysis

The derivatization method was introduced and validated in our
previous study.34 The working derivatization solution was
a 52 mmol per L TsCl solution in acetonitrile. A 0.25 mol per L
sodium borate buffer (pH = 9.0) was made from boric acid and
sodium chloride. This pH buffer was added only in post-
collection sample analysis; it is not involved during the storage
of e-juice nor the OH-oxidation of nicotine. An aliquot of caffeine
solution (10 mmol L−1 in 50% acetonitrile) was added as the
internal standard to account for potentially varying retention
times in e-juices from different manufacturers. The derivatiza-
tion was performed in 2 mL LC glass autosampler vials. Deriva-
tization mixtures were 1-to-25 dilutions of e-juice, containing
20.8 mmol per L TsCl and 200 mmol per L caffeine internal
standard. Themixtures were then incubated in a 50 °Cwater bath
for one hour prior to LC-MS injection.

Concentrations of TSAs were determined using standard
addition. Briey, a gradient of alkaloid standard concentrations
was spiked into derivatization matrices and derivatized together
with e-juice samples. This is because commercial standards of
TsCl-derivatized TSAs are not readily available. Although the lack
of commercial standards makes it challenging to determine key
1340 | Environ. Sci.: Processes Impacts, 2026, 28, 1338–1347
analytical parameters, such as recovery rates and reaction yields,
standard addition produces robust quantitative data by normal-
izing matrix effects. All TSA concentrations reported in this work
were determined using a ve-point standard addition method.

The LC-MS analysis was conducted using positive electro-
spray ionization mode (LC-ESI(+)-MS) on a Thermo-Fisher
LTQ-XL mass spectrometer and a Thermo-Fisher Exactive
Orbitrap mass spectrometer (resolution = 60 000). Samples
were separated on a Phenomenex Luna Omega polar C-18
column (150 mm × 2.1 mm × 3 mm) installed on an Agilent
1100 HPLC system. All necessary blank samples, including
buffer blanks, TsCl blanks, and e-juice blanks, were analyzed
prior to sample injection. Detailed instrumental parameters are
tabulated in Tables S1 and S2 in Section S2.
EPR analysis

This experiment veries the radical involvement in nicotine
oxidation. The EPR analysis was performed using a Bruker ECS-
EMXplus EPR spectrometer at the University of Toronto, equip-
ped with an ER 4119 HS resonator. The EPR operates in contin-
uous wave and X-band frequencymodes. All solutions were made
with ultrapure water. DMPO was used as a spin trap for radical
speciation. The DMPO stock solution is a 200 mmol per L solu-
tion prepared in a phosphate buffer solution (PBS, 100mmol L−1,
pH = 7.4). It was prepared fresh monthly by adding 100 mmol
per L KH2PO4 to 100 mmol per L K2HPO4, and then treated with
Chelex® 100 (Sigma Aldrich, sodium form) to remove any heavy
metals that may bias the radical generation. The PBS is
a commonly used near-neutral condition to ensure a reprodu-
cible signal of DMPO-adducts.35 However, the actual pH values of
EPR mixtures were measured between 9.1 and 9.5 because
nicotine is a weak base. Therefore, the buffering effect of PBS was
not active. The mildly basic condition may accelerate the
decomposition of DMPO-adducts according to Marriott et al., but
it has a limited effect on the spectral pattern.36

EPR samples were prepared at their desired concentrations
in volumes of 500 mL in 1.5 mL micro-centrifuge tubes by add-
ing chemicals in the following order: PBS, nicotine, DMPO (nal
concentration 100 mmol L−1), and H2O2 (nal concentration
1.25 mol L−1). Depending on the experiment, the samples
contained varying concentrations of nicotine (0–1.25 mol L−1).
For quality control, all nicotine-containing samples were
measured in triplicate, and blank samples were prepared
accordingly (presence or absence of nicotine, H2O2, DMPO, and
UV light). A glycol-based sample was also prepared by replacing
all the water with a glycol solvent (50% PG + 50% VG) in the
mixture. Samples were irradiated with UV-B light for 5 minutes
and stored in an insulated cooler with ice packs prior to EPR
measurement. Additional sample preparation details are
described in Section S3.
Results and discussion
Overview of aged e-juices

Fig. 2 shows the base-peak chromatogram (BPC) of three
commercial e-juice samples: one-year-old 0 mg mL−1, one-year-
This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Extracted ion chromatogram (EIC) of nine elemental compo-
sitions extrapolated from the aged e-juice. The EICs of V and IX are
scaled by factors of 0.05× and 0.3× for visual purposes.
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old 3 mg mL−1, and fresh 3 mg mL−1. The aged 3 mg mL−1

sample has strong chromatographic peaks between 8 and
10 min, with a few smaller but signicant peaks shown between
10 and 12 min. The dominating mass-to-charge ratios (m/z)
contained in the mass spectra of these peaks have been labeled
in the sub-window of Fig. 2. Compared to the aged sample, the
same retention time window in the fresh 3 mg mL−1 sample
contains fewer and weaker signals. For the aged 0 mg mL−1

sample, the chromatogram does not exhibit signicant peaks,
even though it is aged. The discrepancy between the three
samples suggests that (1) long-term storage could enhance the
concentration of minor TSAs in the e-juice; and (2) the presence
of nicotine is responsible for the formation of these compounds
in both fresh and aged e-juice.

To explore the identity of TSAs in aged e-juice, we selected
and focused on nine elemental compositions in the aged 3 mg
per mL e-juice. These nine compositions are veried TsCl-
derivatives according to the validation method described in
Section S4 (Fig. S2). In addition, their peak intensities in the
aged e-juice are more than 5 times stronger than those in the
fresh e-juice. Nine TSAs were identied in the aged 3 mg per mL
e-juice. Extracted ion chromatograms (EICs) of TSAs are shown
in Fig. 3, which also demonstrates their predicted elemental
composition according to high-resolution LC-MS analysis. We
assigned peaks of interest in each EIC using Roman letters
because each elemental composition contains multiple struc-
tural isomers. By referring to commercial standards, NN (I, 8.6
min) and ANA (IV, 10.8 min) were conrmed.
Formation of nornicotine during e-juice storage

We used the concentration of NN as the marker to track the
aging of e-juices during storage. Data points shown in Fig. 4
were determined from standard addition and reect the back
calculated concentration in actual e-juice samples. In the
control group (nicotine-free e-juice), the NN concentration was
below the detection limit (3.9 mmol L−1) throughout the storage
period. In sealed e-juice samples, it remained at a stable level of
Fig. 2 Base peak chromatogram (BPC) of 1-year-old e-juice, 1-year-
old nicotine-free e-juice, fresh e-juice, and e-juice without TsCl
derivatization. The inserted window represents the enlarged low-
region of the vertical axis.

This journal is © The Royal Society of Chemistry 2026
approximately 36 mmol L−1, suggesting that TSA formation can
be controlled by sealing the e-juice in air-tight environments.
For the air-exposed 3 mg per mL e-juices, NN started accumu-
lating from 10± 4 mmol L−1, peaked at 141 ± 2 mmol L−1 on day
5, and reached a plateau of 119± 1 mmol L−1 aer the peak. This
concentration was reduced to 95 ± 5 mmol L−1 until day 22,
suggesting the potential formation of secondary decomposition
products. For the air-exposed 20 mg per mL e-juices, the NN
concentration is consistently higher than that in 3mgmL−1: the
initial concentration was 41 ± 1 mmol L−1, the peak concen-
tration was 250 ± 12 mmol L−1, and the plateau concentration
was 198 ± 6 mmol L−1, which remained relatively unchanged
(200 ± 3 mmol L−1) until day 22. Our observed NN concentra-
tions are consistent with the literature-reported range. NN in
Fig. 4 Aging of nicotine-containing e-juice during the storage.
The shaded area represents the standard deviation obtained from
triplicate measurements. The method limit of detection (LOD) of NN is
3.90 mmol L−1.

Environ. Sci.: Processes Impacts, 2026, 28, 1338–1347 | 1341
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the 20mgmL−1 sample is between 41 and 250 mmol L−1, a range
equivalent to 6.1–37.0 mg mL−1, or 0.031–0.19% of the stated
nicotine concentration. This range overlaps with the 5–21 mg
mL−1 range reported by Palazzolo et al.37 and is similar to the
0.2% ratio reported by Flora et al.38

The mouth is the gateway for e-cigarette aerosols entering
the human body, and saliva is the rst matrix that the inhaled
aerosols encounter. Numerous studies have reported that
TSNAs are produced by the endogenous nitrosation of TSA by
nitrite in human saliva.24,25,39 Therefore, an increased TSA
concentration in saliva could promote the formation rate of
TSNAs, which may subsequently contribute to tobacco-related
cancer development.40 NN concentrations in aged e-juice are
more than two orders of magnitude higher than saliva
concentrations (3.3–136.9 ng mL−1) measured by Bustamante
et al.25 For example, the peak concentration of the 20 mg mL−1

e-juice (37 mg mL−1) is 270 times higher than the maximum
136.9 ng mL−1 in human saliva. Although it is challenging to
determine the typical delivery efficiencies of TSAs from e-juice
to the human body, this efficiency was found to be signicant
for nicotine (93.8 ± 14.5%).41 Therefore, despite metabolism
being conventionally considered the main source of TSAs, the
high TSA concentration in e-juice and its aerosol could poten-
tially deliver TSAs into the saliva, increasing their concentration
beyond the existing metabolic background and enhancing the
endogenous TSNA formation rates.25 In addition, Jin et al. re-
ported the accumulation of TSNAs in nitrite-containing e-juices,
suggesting in situ formation of carcinogens from TSAs in aged e-
juices.11 According to the average weekly e-juice consumption
(44 mL) data reported by Tillery et al.,42 a typical e-cigarette
consumer would receive a weekly NN exposure of up to
Fig. 5 Changes in oxidation products during the photooxidation experim
numbers in Fig. 2. The sub-figures contain temporal profiles of peak area
peak area ratio represents the normalization of the peak area at any give

1342 | Environ. Sci.: Processes Impacts, 2026, 28, 1338–1347
1.3 mg from the e-juice that is only one-week-old, assuming
100% transport efficiency from e-juice to the consumer.
OH-oxidation of nicotine

TSAs are conventionally reported as by-products of tobacco
harvesting due to microbial activities.43–46 However, the accu-
mulation of NN during short-term storage supports the notion
that TSA formation may not require a microorganism-rich
environment. According to theoretical calculations conducted
by Hoa et al., nicotine is prone to oxidation when exposed to
atmospheric oxidants.19 Ozone and OH radicals are the two
most common indoor oxidants.47 Based on the detection of
TSAs, the oxidation route we observed primarily occurred on the
saturated pyrrolidine section of the nicotine molecule.48 Given
that ozone-driven oxidation prefers unsaturated sites like
alkenes, its reaction on the saturated pyrrolidine would be less
preferred. Therefore, the oxidation by OH radicals would be
a more signicant pathway to transform nicotine into TSAs.
This section describes an OH-oxidation experiment that simu-
lates the transformation of nicotine when exposed to atmo-
spheric oxidants.

This OH-oxidation experiment was conducted in duplicate
by reacting nicotine with H2O2 in a photochemical reactor,
where H2O2 served as the source of OH radicals. Although
typical indoor storage conditions do not involve UV light, it is an
established and practical method for generating OH radicals in
the aqueous environment.33 Fig. 5 summarizes changes in
background-normalized peak height/area ratios of nicotine and
TSAs during OH-oxidation. Temporal proles of nicotine and
TSAs in the direct photolysis reaction did not undergo
ent. The Roman letter in each sub-figure corresponds to compound
ratios (T/T0) obtained for each compound with and without H2O2. The
n time against the background peak area.

This journal is © The Royal Society of Chemistry 2026
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signicant changes, indicating that oxidants are required to
decompose nicotine. When H2O2 was involved, nicotine
exhibited a rst-order decay with an estimated rate constant of
1.5 × 10−2/s. Peaks of ve TSAs (I, II, IV, VI, and VII in Fig. 3)
intensied upon UV irradiation. Temporal proles of NN and II
exhibit a peak shape, suggesting their subsequent decomposi-
tion in an oxidative environment. This degradation of NN is
more signicant compared to that observed in Fig. 4, likely
because the oxidant concentration during the OH-oxidation
experiment is higher. In contrast, the temporal proles of
ANA, VI, and VII exhibited a plateau shape. This plateau is likely
because nicotine was mostly consumed within 5 minutes. The
results from this experiment support the notion that OH-
oxidation can transform nicotine into NN, ANA, and various
TSAs found during the short-term storage of e-juices.

Dynamic temporal proles of nicotine and TSAs under UV
irradiation indicate that nicotine can be readily oxidized by OH
radicals. To explore the possible oxidation route, we proposed
a mechanism shown in Fig. 6 based on the established OH-
oxidation mechanism.49,50 For a tertiary amine like nicotine
(1), protons attached to alkyl groups adjacent to the nitrogen
can be abstracted by the OH radical due to the nitrogen's
electron-donating effect.51,52 The alkyl radical (2) is one of the
probable H-abstraction products according to Hoa et al.19 Aer
the addition of oxygen, radical (2) becomes the peroxyl radical
Fig. 6 Proposed formation mechanism of NN and the transformation o

This journal is © The Royal Society of Chemistry 2026
(3) and can undergo a cross reaction with another peroxyl
radical or hydroperoxyl radical in the system,53 subsequently
becoming an alkoxy radical (4). The alkoxy radical is unstable
and can further propagate to an imidyl radical (5) or an iminium
radical (6). For the imidyl radical (5), it can either propagate to
a nitroxide radical (9) or initiate intermolecular H-abstraction
from another molecule according to Day et al.,54 forming nor-
nicotine. This is because the imidyl radical is an electrophilic H-
atom acceptor. For the iminium radical (6), it can be formed
according to schemes proposed by Bartling et al.,55 and can
further undergo hydrolysis to form a carbinolamine molecule,
which will subsequently decompose to nornicotine.56 This imi-
nium radical route is comparable to the metabolic mechanism
of nicotine,56 but the OH-oxidation could activate this trans-
formation in a metabolite-free environment.

EPR analysis of tobacco-specic radicals

The detection of radical intermediates is an indicator of the
proposed OH-oxidation mechanism; however, unstable radicals
require the use of sensitive and time-resolved techniques.57

Unfortunately, our instrument (ESI-MS) is not suitable for
conducting such tasks. Alternatively, we utilized EPR to conduct
free radical analysis. This reaction was conducted at pH 9.1 to
9.5 according to the different nicotine concentrations. This pH
range is comparable to that of typical e-juices, as reported by
f nicotine-related radicals.

Environ. Sci.: Processes Impacts, 2026, 28, 1338–1347 | 1343
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Fig. 7 (A) EPR spectra of DMPO-trapped radicals generated by UV-
irradiated nicotine [1]–[6] samples at varying concentrations, with
H2O2 held at a constant concentration (1.25 mol L−1). Blank [7] depicts
the sample with DMPO in the absence of nicotine and H2O2 following
UV irradiation. Dashed lines highlight peaks of interest. (B) Correlation
of peak intensity versus nicotine concentration in A. Black data points
represent average peak intensities of the 1 : 1 : 1 triplet. Error bars
represent one standard deviation of the average of triplet peak heights.
Blue data points represent intensities of the peak with a magnetic field
value of 3300 G.
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Lisko et al. (up to 9.1).58 Fig. 7a presents the averaged EPR
spectra of seven samples ([1]–[7]), each subjected to UV-B irra-
diation (280–320 nm). Samples [2]–[7] were aqueous samples
containing a gradient of nicotine concentrations to discover
radicals correlated with nicotine. Sample [1] was prepared in
a glycol solvent to mimic the actual e-juice matrix. To improve
the level of condence, we analyzed all necessary control
samples (with or without nicotine, UV, and H2O2), as shown in
Fig. S3–S8 (Section S5.2).

In samples containing H2O2 ([1]–[6]), four strong peaks were
observed with a 1 : 2 : 2 : 1 intensity ratio, which is characteristic
of DMPO-OH. The glycol sample [1] displayed no additional
peaks compared to the aqueous sample [2], suggesting that the
glycol solvent has a limited effect on the formation of radicals.
In samples containing nicotine ([1]–[5]), a set of 1 : 1 : 1 triplet
peaks (approximate magnetic eld values of 3310, 3326, and
3342 G) was observed in addition to the existing DMPO-OH
peaks. A set of small peaks was also observed at 3300 and
3354 G that may be partially masked by the other peaks in the
EPR spectrum.

The 1 : 1 : 1 peak shape is considered unusual for DMPO
adducts, suggesting that the nitrogen atom neighboring the
oxygen-centered radical in DMPO may contribute to its hyper-
ne splitting. It is also possible that the triplet is part of a larger
set of peaks, but other peaks are masked by strong DMPO-OH
1344 | Environ. Sci.: Processes Impacts, 2026, 28, 1338–1347
peaks. To further conrm the possible identity of the triplet
peak, we compared it with a set of simulated EPR spectra
(Fig. S9–S12) in Section S5.3, generated by SpinFit in Bruker's
Xenon soware. Briey, the triplet peak is consistent with
nitroxide radicals, and our observation is consistent with
a simulated spectrum that contains both nitroxide radicals and
an unknown DMPO adduct (DMPO-Y). As a result, the nitroxide
radical (9) in Fig. 6 is likely contributing to the EPR signal and
supporting the existence of the intermediate iminyl radical (5).
In other words, the EPR result supports that the pyrrolidine
nitrogen of nicotine is actively involved in the oxidation
mechanism of nicotine.

To further investigate the relationship between the sus-
pected nitroxide radical and nicotine, we plotted its EPR peak
intensity against the changing nicotine concentration, as shown
in Fig. 7b. Both the triplet peaks and the two small peaks
demonstrated strong correlations with the gradient of nicotine:
R2 values are 0.98 and 0.94, respectively. Therefore, we
conrmed that the presence of DMPO, nicotine, and UV irra-
diation is a necessary factor in generating these radicals. While
EPR suggests preliminary evidence of nitroxide radicals, their
structural characterization will require additional comprehen-
sive studies in the future.

Conclusion

This work reveals the chemical transformation of nicotine in
aged e-cigarette juices (e-juices) under typical indoor storage
conditions. Oxidation is found to be a signicant transformation
pathway for nicotine in consumer settings. It can be driven by
radical processes involving hydroxyl (OH) radicals and nitrogen-
centered radicals, facilitating the accumulation of various
tobacco-specic alkaloids (TSAs). Although our OH-oxidation
experiment represents an extreme outcome of nicotine oxida-
tion, it highlights the upper-bound consequence when the e-juice
is not perfectly sealed in an air-tight environment. Aged e-juices
in this study can contain nornicotine (NN) concentrations more
than 270 times higher than those in typical human saliva. Vaping
aged e-juice can potentially increase the concentration of NN and
many other TSAs in saliva, subsequently enhancing the endoge-
nous formation rate of carcinogenic tobacco-specic N-nitrosa-
mines (TSNAs). The implications of this work indicate that the
stated shelf life of commercial e-juices may not accurately
represent their chemical stability, as notable compositional
changes can occur upon exposure to room air. Future vaping
studies could consider e-juice aging during storage and handling
to better reect realistic use conditions.
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