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Flavourings, nicotine content, and elemental
composition as indicators of regulatory
compliance in nicotine pouches and heated
tobacco products
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Nicotine pouches (NPs) and heated tobacco products using heatsticks (HSs) are relatively new alternatives
to traditional smoking. Their rising popularity, especially among younger populations, and recent regulat-
ory efforts to reduce nicotine and tobacco use, emphasize the need for their analytical assessment. In this
study, the chemical composition of 26 NPs and 16 HSs available on the Slovenian market has been inves-
tigated. Non-targeted gas chromatography-mass spectrometry analysis showed that some HSs contained
compounds not permitted under regulations, including menthol, vanillin, and ethyl vanillin. NPs, which
are not yet regulated regarding flavouring additives, contained potentially harmful compounds (cinnamal-
dehyde, acetaldehyde, menthofurane, pulegone, p-limonene, etc.), many of which were not declared on
the product labels. Tobacco-based HSs contained significantly higher total element content (up to
2155.32 pg g~) compared to cellulose-based NPs (up to 61.21 pg g~3), with Al Ba, Fe, Mn, Sr, and Ti being
the most abundant. Nicotine content ranged from 7.6 + 0.2 mg g~* of NP filling to 20.0 + 0.1 mg g™ of
NP filling in NPs and from 12.6 + 0.1 mg g~* of HS filling to 16.6 + 0.1 mg g~* of HS filling in HSs. The

Received 6th February 2026, determined nicotine content in NPs deviated up to —52.9% from that declared by the manufacturers.
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These findings highlight the variability in the chemical composition of NPs and HSs, including their
flavourings, nicotine content, and elemental composition, emphasizing the need for regulatory oversight
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1 Introduction

The use of tobacco and nicotine products remains a global
public health concern. Despite numerous studies demonstrating
their harmful health effects," and the impact of anti-smoking
campaigns, which have contributed to a gradual decline in tra-
ditional tobacco use,“® the problem persists. In recent years,
novel products, including nicotine pouches (NPs) and heated
tobacco products (HTPs), have entered the market. Their use is
steadily increasing, particularly among younger age groups,®
who are often influenced by social media,”® and among current
smokers, who may perceive them as smoking cessation tools.’
The global market for these products is rapidly expanding, with
HTPs projected to reach USD 165.11 billion by 2030'° and NPs
could reach up to USD 25.40 billion."*

NPs are small pre-portioned pouches that vary in size and
colour, typically containing a cellulose-based filler, nicotine or
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nicotine salts, preservatives, salts, pH adjusters, and flavour-
ings.’? They are placed between the gum and lip, where nic-
otine and other compounds are extracted by saliva and then
absorbed into the body.”® Their discreet use and absence of
smoke contribute to their appeal. HTPs consist of a heating
device and a tobacco-containing insert, commonly referred to
as a heatstick (HS).'* During use, the HS is heated to approxi-
mately 350 °C, which is below the ignition point of tobacco,
thereby delivering nicotine through aerosol without combus-
tion." Although HTPs and NPs are generally considered less
harmful alternatives to traditional smoking,'® partly due to
lower exposure to certain toxicants,'”'® their health risks
remain and are not yet fully understood. Reported adverse
effects of HTP use include lung damage, chest pain, cardio-
vascular effects, inflammation, and shortness of breath.** %!
Prenatal HTP use has been linked to increased allergy preva-
lence in newborns.>* NPs may negatively affect oral health,>
increase heart rate,>* and, in some cases, cause acute nicotine
poisoning.>® Moreover, both HTPs and NPs are rapidly evol-
ving in terms of composition and design in response to regu-
latory changes and consumer preferences, further complicat-
ing risk assessment.
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In Slovenia, tobacco and nicotine products are regulated
under the Restriction on the Use of Tobacco Products and
Related Products Act (slo. Zakon o omejevanju uporabe tobacnih
in povezanih izdelkov), most recently updated in 2024.° This
legislation aligns with the EU Tobacco Products Directive
(2014/40/EU) and regulates cigarettes, electronic cigarettes,
HTPs, and other nicotine-containing products. It specifies
requirements for composition, packaging, labelling, sales
restrictions, advertising bans, and flavour prohibitions.
However, some products, notably NPs, remain only partially
regulated, raising public health concerns.>” While flavours and
marketing of electronic cigarettes and HTPs are strictly
limited, flavoured NPs are still legally available in Slovenia,
increasing their appeal to young users and highlighting gaps
in current legislation. According to data from the Slovenian
National Institute of Public Health (2023), 30% of Slovenian
high school students use electronic cigarettes, 12% use NPs,
and 8% use HTPs.”® These numbers are concerning, as early
use of such products may increase the likelihood of later use
of traditional cigarettes or cannabis, accelerate nicotine addic-
tion in children, and potentially interfere with brain develop-
ment. To address these issues, the Slovenian government has
adopted a strategy called slo. Strategija za zmanjSevanje posledic
rabe tobaka - Za Slovenijo brez tobaka 2022-2030, which seeks
to reduce tobacco consumption within the current decade.?**°
An even more ambitious goal is to eliminate tobacco and nic-
otine use entirely in Slovenia by 2040.>" Furthermore, in the
field of nicotine and tobacco products, numerous initiatives
and regulatory changes are occurring worldwide. These
include efforts by the World Health Organization to promote
measures to reduce the demand for tobacco,*® while, for
example, in China, NPs are now regulated the same as ciga-
rettes under China’s state tobacco monopoly.*?

For these reasons, comprehensive chemical analysis is
essential to evaluate the safety, quality, and potential health
effects of NPs and HSs available in Slovenia. Such investigations
are crucial, as the rapid introduction of these products outpaces
the development of regulatory frameworks, leaving significant
gaps in scientific knowledge and risk assessment. To our knowl-
edge, no comparable study has been conducted in Slovenia or
neighbouring countries, further emphasizing the importance of
this work. In this study, the chemical composition of NPs and
HSs was analysed by gas chromatography-mass spectrometry
(GC-MS), nicotine was quantified by GC-MS, elemental compo-
sition was determined by inductively coupled plasma-mass spec-
trometry (ICP-MS), and thermal behaviour was assessed using
thermogravimetric analysis (TGA).

2 Experimental
2.1 Chemicals and reagents

A 50.0 mg mL™" solution of nicotine in methanol (purchased
from Lipomed GmbH, Weil am Rhein, Germany) and >98.0%
quinoline (Tokyo Chemical Industry, Tokyo, Japan) were used
for nicotine quantification. HPLC-grade tert-butyl methyl ether
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(MTBE) was supplied by Honeywell International (Muskegon,
USA), while NaOH (Reag. Ph. Eur) was obtained from Riedel-de
Haen (Seelze, Germany). NaCl (ACS grade) was acquired from
Merck (Darmstadt, Germany), while Na,SO, (>99.99% trace
metals basis) was purchased from Sigma Aldrich (St. Louis,
Missouri, USA). A 100 mg L™" multielement standard solution
VIII and 1000 pg mL ™" single-element standards of As and Sn
were supplied by Merck (Darmstadt, Germany), while 1000 pg
mL™" single-element standards of Ge, In, Mo, Re, Sc, and Ti
were supplied by Inorganic Ventures (Christiansburg, Virginia,
USA). For the acid digestion of samples, ultrapure 30-32%
H,0, (Carlo Erba reagents, Val-de-Reuil, France), superpure
29-31% HCI (Carlo Erba reagents, Val-de-Reuil, France), and
suprapure 65% HNO; (Carl Roth, Karlsruhe, Germany) were
used. All aqueous solutions were prepared using ultrapure
water (resistivity 18.2 MQ cm) obtained using an ELGA
PureLab water purification system (Veolia Water Technologies,
United Kingdom).

2.2 Samples

NPs and HSs were purchased from local stores and kiosks in
Maribor, Slovenia. In total, 26 NPs of various nicotine content
and flavors and 16 HSs were obtained. NPs were assigned
sample designations NP-X, HSs were assigned sample designa-
tions HS-X, while brands were assigned designations B-X,
where X represents the sample or brand number (Table 1).
Labelling information as specified by the manufacturer for
NPs is provided in Table S1 (SI), while different variations of
some NPs are shown in Fig. 1. NPs were stored in a freezer at
—20 °C. Before analysis, they were transferred to a refrigerator
at 4 °C for 24 h and finally equilibrated under ambient con-
ditions.** HSs were stored in a dry and dark place at ambient
conditions.

2.3 Moisture content and component mass

To determine the moisture content of NPs, they were weighed
on an analytical balance and then dried to a constant mass in
a TCF 50 Super laboratory dryer (Argo Lab, Carpi, Italy) at a
temperature (T) of 99 °C.*> The dried NPs were placed in a
desiccator to prevent moisture adsorption from the atmo-
sphere. Moisture content was calculated as the average mass
difference of three replicates (Table S2). The dried NPs were
then cut open, and the dried NP filling (NPF) was transferred
into 50 mL centrifuge tubes.

Table 1 Brands and their corresponding samples of NPs and HSs

Brand Sample designations
NPs B-1 NP-1-NP-4

B-2 NP-5-NP-14

B-3 NP-15-NP-18

B-4 NP-19-NP-22

B-5 NP-23-NP-26
HSs B-6 HS-1-HS-5

B-7 HS-6-HS-9

B-8 HS-10-HS-16

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Photographs of the different variations of NPs (from top to
bottom: NP-26, NP-20, and NP-18).

HSs were first weighed and then cut open using a ceramic
knife to isolate their individual components. The HS tobacco
filling (HSF) was removed using plastic tweezers. Induction-
heated HSs (Fig. 2a) contained a metal susceptor, which was
separated from the HSF using plastic tweezers, while blade-
heated HSs (Fig. 2b) did not contain a metal susceptor. All
remaining HS components were weighed on an analytical
balance (Table S3). The HSF was homogenized using a ceramic
mortar and pestle, and the homogenized HSF was transferred
into 50 mL centrifuge tubes for storage.

lSusceptor ’

Tobacco filling

Tobacco filling
Hollow

acetate
tube
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2.4 Gas chromatography-mass spectrometry

Gas chromatography (GC) analyses were performed using a
GCMS-QP2020 NX instrument (Shimadzu, Kyoto, Japan)
equipped with an AOC-6000 Plus autosampler (Shimadzu,
Kyoto, Japan). Chromatographic compound separation was
achieved on a 5% phenyl-arylene and 95% dimethyl-
polysiloxane (30 m, 0.25 mm, 0.25 um) Zebron ZB-5MSplus
capillary column (Phenomenex, Torrance, California, USA).
Helium (Messer, Maribor, Slovenia), used as the carrier gas,
was of 99.999% purity. A constant linear velocity of 36.1 cm s™*
and a column flow rate of 1.00 mL min~' were used.
Qualitative analyses were performed in a full scan mode over
the mass-to-charge (m/z) range of 35-500.

2.4.1 Gas chromatography-mass spectrometry for HSs.
Headspace solid-phase microextraction was employed as the
sample introduction technique for the non-targeted analysis of
HSs. Around 50 mg of homogenized HSF was weighed into
20 mL headspace glass vials. Four different sample preparation
(SP) methods were tested, i.e. (i) sample preparation 1 (SP1):
50 mg of homogenized HSF, (ii) sample preparation 2 (SP2):
50 mg of homogenized HSF and 1 mL ultrapure water, (iii)
sample preparation 3 (SP3): 50 mg of homogenized HSF, 1 mL
ultrapure water, and 0.5 g NaCl (salting-out effect), and (iv)
sample preparation 4 (SP4): 50 mg of homogenized HSF, 1 mL
ultrapure water, and 0.5 g Na,SO, (salting-out effect).>*>” All
mixtures were vortexed prior to the headspace solid-phase
microextraction process.

Hollow
acetate Thin hollow

Mouthpiece

Polylactic acid filter Mouthpiece

filter

Fig. 2 Photographs of HS components; (a) induction-heated HS and (b) blade-heated HS.

This journal is © The Royal Society of Chemistry 2026
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Two Smart SPME fibers were used for the adsorption of
volatile compounds a 95 pm Carbon Wide Range/PDMS and
an 80 pm DVB/Carbon Wide Range/PDMS (Shimadzu, Kyoto,
Japan). SPME fibers were conditioned at 270 °C for 10 min
before and 5 min after each GC-MS analysis.

The samples were heated in an agitator at 95 °C for 10 min.
The adsorption and desorption times were set to 5 min and
1 min, respectively, and the injector T was set to 260 °C.
Measurements were performed using a 1:50 split ratio. The
following oven T program was used: initial 7' of 40 °C, 20 °C
min~" increase to 130 °C, and 10 °C min™" increase to 310 °C,
resulting in a total runtime of 22.5 min. The MS interface T
and ion source T were both set to 280 °C.

2.4.2 Gas chromatography-mass spectrometry for NPs.
Whole NPs, without any pre-treatment, were placed in 20 mL
headspace glass vials. The vials were heated in an agitator at
95 °C for 15 min. A headspace volume of 1000 pL was injected
into the GC-MS instrument. The headspace syringe T and injec-
tor T were set to 100 °C and 260 °C, respectively. Measurements
were performed using a 1:35 split ratio. The following oven T
programme was applied: initial 7 of 40 °C, 6 °C min™" increase
to 100 °C, 5 min hold at 100 °C, 20 °C min™" increase to 280 °C,
resulting in a total runtime of 24.0 min. The MS interface T and
ion source T were both set to 280 °C.

2.5 Nicotine extraction

For nicotine extraction, a modified version of the CORESTA
recommended method no. 62 was used. This approach has
previously been applied in several studies for nicotine extrac-
tion from both HSs and NPs, demonstrating satisfactory extrac-
tion efficiency for these samples.>>?***! Briefly, 150 mg of
homogenized HSF or 300 mg of NPF were weighed into 50 mL
centrifuge tubes. Then, 7 mL of 2 N NaOH was added, and the
mixture was allowed to stand for 15 min. Subsequently, 25 mL
of MTBE that contained quinoline (internal standard) was
added, and the samples were shaken on a rotary shaker at 200
revolutions per minute for two hours. The mixtures were then
allowed to separate into organic and aqueous phases, and the
upper MTBE phase was transferred into 1.5 mL glass vials.
Each NP and HS was extracted in duplicate.

2.6 Nicotine quantification

Nicotine was quantified in MTBE extracts using the liquid
injection sample introduction technique. The following oven T
program was used: initial T of 40 °C, 20 °C min~" ramp to
200 °C, and 40 °C min~" ramp to 280 °C, resulting in a total
runtime of 10 min. A solvent cut time of 3.00 min was used.
Measurements were performed in selected ion monitoring
(SIM) mode. For nicotine, m/z 84 was selected as a quantifier
ion, while m/z 133 and 162 were selected as qualifier ions. For
quinoline, a m/z of 129 was selected as a quantifier ion, and
m/z of 76 and 102 were selected as qualifier ions.**> A volume of
1 pL of each extract was injected using a 1:25 split ratio.
Injector T was set to 260 °C, while both interface T and ion
source T were set to 280 °C. Three replicate measurements
were performed for each extract.
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2.7 Microwave-assisted wet acid digestion

Samples were digested using an ETHOS EASY microwave system
(Milestone, Sorisole, Italy). Approximately 200.0 mg of dried
NPF was digested with 5.0 mL of 65 wt% HNOj;. The following T
was used: 20 min ramp to 230 °C, hold at 230 °C for 15 min.
Approximately 200.0 mg of homogenized HSF was digested with
7.0 mL of 65 wt.% HNO;, 2.0 mL of 35 wt% HCI, and 1.0 mL of
30 wt% H,0,. The following T was used: 20 min ramp to
210 °C, hold at 210 °C for 10 min, 5 min ramp to 230 °C, hold
at 230 °C for 15 min. Digested samples were diluted to 50 mL
with ultrapure water, filtered through polyamide syringe filters
(0.45 um pore size, 25 mm diameter) into 50 mL plastic centri-
fuge tubes, and then stored at 4 °C until analysis. A sample
blank was prepared following the same procedure, without
adding the respective sample material. For the spike recovery
test, 125 uL of a 100 mg L™ multielement standard and 125 pL
of a prepared 100 mg L™" solution of As, Mo, Ti, and Sn were
added to the samples. All samples were prepared in triplicate.

2.8 Inductively coupled plasma mass spectrometry

The elemental composition of the digested samples was deter-
mined using an ICPMS-2030 (Shimadzu, Kyoto, Japan),
equipped with an AS10 autosampler (Shimadzu, Kyoto, Japan).
ICP-MS operating conditions are summarized in Table S4. The
plasma argon gas (Messer, Maribor, Slovenia) was of 99.996%
purity, while the helium gas, used in the collision cell to mini-
mize polyatomic interferences, was of 99.999% purity.

A total of 18 elements were measured (Al, As, Ba, Cd, Co, Cr,
Cu, Fe, Ga, Mn, Mo, Ni, Pb, Sn, Sr, Ti, Tl, and Zn). Ge, Sc, In, and
Re were used as internal standards. To minimize cross-contami-
nation, a 2 wt% HNO; solution was injected between the next
sample injection. Digested samples were additionally diluted with
ultrapure water before analysis. To ensure matrix compatibility,
the solutions of standards were prepared with acid concentrations
matching those of the diluted digested samples.

2.9 Thermogravimetric analysis

Up to 50 mg of NPF or homogenized HSF were thermally
decomposed using a TGA/DSC 3+ (Mettler Toledo, Columbus,
Ohio, USA) TGA analyzer. Measurements were performed from
25 °C to 900 °C at a heating rate of 10 °C min~". A nitrogen
flow (99.999% purity) of 40 mL min~" was used to maintain an
inert atmosphere. The released gaseous compounds were sim-
ultaneously measured using NicoletTM iS50 FT-IR (Thermo
Fisher Scientific, Waltham, Massachusetts, USA) to obtain
three-dimensional (3D) FTIR spectra. Both the transfer line T
and the FTIR gas cell T were maintained at 250 °C to prevent
the condensation of released volatiles.** Infrared spectra (IR)
were measured in the 4000-500 cm™" range.

3 Results and discussion
3.1 Mass and moisture content of HSs and NPs

To assess product characteristics relevant to product compli-
ance, the mass and moisture content of NPs and HSs were

This journal is © The Royal Society of Chemistry 2026
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evaluated. These parameters affect the concentration of nic-
otine and other constituents per consumption unit and there-
fore provide context for the analytical findings reported below.
The results are reported as an average of replicates (X) + stan-
dard deviation (s).

The mass of NPs deviated from the declared values from
—9.5% (NP-18) to 2.6% (NP-13), as shown in Table S2. The
measured NP masses ranged from 400.7 + 14.7 mg (NP-6) to
1021.9 + 23.5 mg (NP-1). NPs classified as mini NPs (NP-5-
NP-7, NP-19, NP-20, NP-22) had the lowest masses, all below
500.0 mg. Slim NPs (NP-8-NP-14, NP-21, NP-23, NP-24) had
masses between 630.9 + 176.6 mg and 819.2 + 22.6 mg,
whereas only one sample was labelled as regular (NP-25) with a
mass of 991.5 + 23.9 mg. The remaining NPs did not provide
information regarding size or mass. The average pouch masses
without the NPF ranged from 18.1 + 1.2 mg (NP-3) to 74.2 +
1.4 mg (NP-13). The moisture content of whole NPs ranged
from 34.9 + 0.5% (NP-7) to 55.1 + 1.9% (NP-1), with an average
moisture content of 43.9 + 6.0% across all NPs. Six NPs had
moisture content above 50.0%, including four NPs from B-1
(NP-1-NP-4), as well as NP-11 and NP-16.

The HS mass ranged from 583.1 + 2.2 mg (HS-14) to 720.6 =+
1.3 mg (HS-9) as shown in Table S3. All HSs from B-§8 had
lower masses compared to HSs from B-6 and B-7. The HSF
masses ranged from 238.2 + 10.7 mg (HS-1) to 266.3 + 11.0 mg
(HS-11), while the filter mass (consisting of all the filters and
tubes inside the HS; Fig. 2) ranged from 96.9 + 0.9 mg (HS-5)
to 210.4 + 4.7 mg (HS-10). The paper mass (paper, which sur-
rounds the HS) ranged from 110.6 + 1.6 mg (HS-14) to 137.9 +
7.3 mg (HS-1), polyactic acid filter mass ranged from 224.3 +
3.0 mg (HS-9) to 230.3 + 7.5 mg (HS-4) and were present only
in blade-heated HSs, while only induction-heated HSs con-
tained susceptors, with masses ranging from 19.8 + 0.2 mg
(HS-14) to 20.9 + 0.2 mg (HS-13).

3.2 Non-targeted gas chromatography-mass spectrometry
analysis

Because product formulations can vary substantially and are
not always fully reflected by labeling, GC-MS measurements
were performed to determine the compounds present in the
investigated NPs and HSs. This approach enables the identifi-
cation of key flavourings and other relevant compounds across
products. Compounds were identified using the NIST 17 Mass
Spectral Library, applying a similarity index threshold of 90.
The identified compounds for HSs are listed in Fig. S1, and
their relative areas normalized to 100% for every HS are given
in Fig. S2. The identified compounds for NPs are listed in
Fig. S3-S6, and their relative areas normalized to 100% for
every NP are given in Fig. S7-510.

3.2.1 Non-targeted gas chromatography-mass spectrometry
analysis of HSs. To improve the non-targeted GC-MS analysis
of HSs, the effects of SPs and SPME fibres on extraction per-
formance were evaluated. Performance was compared based
on chromatographic response and the number of detected
compounds (chromatographic peaks) across the tested con-
ditions. The best performance for non-targeted analysis of HSs

This journal is © The Royal Society of Chemistry 2026
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was achieved using the 80 um DVB/Carbon Wide Range/PDMS
fiber in combination with SP1, which yielded the highest
number of chromatographic peaks and the highest peak areas
for most compounds.**

In total, 25 compounds were identified in different HSs
(Fig. S1). Ten compounds were identified in all 16 HSs, includ-
ing acetic acid, propylene glycol (PG), glycerol (GLY), menthol,
glycerol 1,2-diacetate, triacetin, nicotine, hexadecane, neophy-
tadiene, and 1,2,3-propanetriol 1-acetate. Other frequently
identified compounds included 2,3-dihydro-3,5-dihydroxy-6-
methyl-4H-pyran-4-one (n = 15, where n represents the number
of samples), propylene glycol 1-acetate (n = 14), benzyl alcohol
(n = 13), and dodecane (n = 13). Especially nicotine, neophyta-
diene, triacetin, glycerol, and, in some HSs, menthol (HS-2,
HS-7) and benzyl alcohol (HS-1, HS-10) had high chromato-
graphic peak areas, suggesting higher concentration in HSs.

Humectants such as PG and GLY are added to cured
tobacco during manufacturing to facilitate efficient heating
and aerosol formation.***° Triacetin, with a retention time (tz)
of 7.46 min, a common HS additive, is intentionally added to
improve aerosol delivery, while acetic acid (tg = 1.67 min) may
originate from the acetate tubes. Acetate esters such as glycerol
1,2-diacetate (tx = 6.46 min), propylene glycol 1-acetate (tz =
3.33), and 1,2,3-propanetriol-1-acetate (tzx = 5.12 min) may
form during tobacco curing or due to thermal degradation and
the esterification process during GC sample agitation. Several
compounds exhibiting aromatic or sweet properties are gener-
ated during the curing of tobacco. The intense peak for neo-
phytadiene (tz = 12.94 min) signifies its higher content and is
a known degradation product of chlorophyll and f-carotene.*’
The 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one (tx =
5.64 min) is a Maillard reaction product, which contributes to
the characteristic sweet aroma of tobacco,*® while geranyl
acetone (fg = 8.72 min) is formed due to carotenoid degra-
dation.*® Nicotyrine (tz = 9.16 min), identified in HS-3, is a nic-
otine dehydrogenation product.’® Benzyl alcohol (tgx =
4.66 min), identified in 13 HSs, is commonly used as a solvent
and possesses a fruity aroma, however, it may be harmful by
inhalation at higher concentrations.>® Additionally, both cis-
(tr = 6.23 min) and trans-4-tert-butylcyclohexanol (tr =
6.37 min) stereoisomers were identified in three and nine HSs,
respectively.

According to Slovenian legislation, the sale of HSs with a
characteristic aroma (other than that of tobacco) resulting
from the addition or combination of flavouring additives is
prohibited. Vanillin (¢x = 8.23 min) and ethyl vanillin (z =
8.85 min) were identified in HS-12, while menthol (tz =
5.98 min) was identified in all HSs. Overall, HSs predomi-
nantly contained compounds associated with tobacco and per-
mitted additives, but were not compliant with regulations
regarding flavouring additives.

3.2.2 Non-targeted gas chromatography-mass spectrometry
analysis of NPs. Flavourings in NPs vary widely between pro-
ducts, making their chemical characterization essential for
understanding what consumers are exposed to. A total of 163
compounds were identified in NPs (Fig. S3-S6). When compar-
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ing brands, B-1, B-2, B-3, B-4, and B-5 had, on average, 42, 18,
21, 49, and 21 identified compounds, respectively, reflecting
notable differences among manufacturers in achieving the
desired flavour profiles of NPs. The highest number of com-
pounds was identified in NP-20 with 62 compounds, followed
by NP-19 with 57 compounds and NP-4 with 56 compounds.
The lowest number of compounds was identified in NP-26,
where 10 compounds were identified. The most frequently
identified compounds were nicotine (n = 26), ethanol (n = 25),
menthol (n = 25), p-carvone (n = 24), 1-butanol (n = 21),
p-menthan-3-one (n = 21), p-limonene (n = 19), PG (n = 18),
menthyl acetate (n = 16), and f-caryophyllene (n = 14). In
addition to occurring more frequently, these compounds also
exhibited the highest chromatographic peak areas (Fig. S7-
$10), indicating their potential for higher concentration in
NPs.

Based on Regulation (EC) No. 1272/2008, regarding the
classification, labelling, and packaging of substances and mix-
tures, compounds present at concentrations above certain
thresholds (in terms of content) must be reported on the
packaging, otherwise, they may not require labelling.>*> These
thresholds depend on the hazard class of compounds and are
typically set at >1% or >0.1%,>* with even lower limits applied
to certain highly toxic compounds. The NPs analyzed in this
study had 7 to 14 different compounds listed as main constitu-
ents. Additionally, the packaging of several NPs included warn-
ings regarding the presence of certain compounds, such as
mint oil (NP-6, NP-7, NP-8), hexen-2-al (NP-11), nicotine pola-
crilex (NP-12, NP-13, NP-14), 4-hydroxy-2,5-dimethyl-furan-2
(3H)-on (NP-19, NP-22), (R)-p-mentha-1,8-diene also known as
p-limonene (NP-20), and cinnnammaldehyde (NP-20). Among
these, hexen-2-al, nicotine polacrilex, and 4-hydroxy-2,5-
dimethyl-furan-2(3H)-on were not identified in any of the ana-
lyzed NPs by non-targeted GC-MS analysis.

p-Limonene (¢ = 9.07 min), which imparts a citrusy flavour,
was identified in 19 different NPs, including NP-20, where its
presence was also reported on the packaging. This compound
exhibits low oral toxicity and may cause skin irritation.>®
Cinnamaldehyde (tz = 16.90 min), responsible for the charac-
teristic cinnamon aroma, has been associated with adverse
health effects® and was identified in one sample (NP-20), con-
sistent with its labelling. Other aldehydes of concern included
acetaldehyde (n = 6; tg = 1.47 min), classified as possibly carci-
nogenic to humans (group 2B) by the International Agency for
Research on Cancer (IARC),”> and benzaldehyde (n = 8; ty =
7.40 min), which imparts an almond flavour, but can cause
respiratory tract irritation at elevated concentrations.>®

Mint oils (e.g., spearmint, peppermint) contain a variety of
terpenes, terpenoids, terpene alcohols, and other volatile com-
pounds, many of which were identified in NPs.?”*® The identi-
fied compounds associated with mint oils included menthol
(n = 25), p-carvone (n = 24), p-limonene (n = 19), eucalyptol (n =
12), B-pinene (n = 11), linalool (n = 10), 3-octanol (n = 10),
y-terpinene (n = 10), piperitone (n = 9), a-pinene (n = 8), pule-
gone (n = 8), p-myrcene (n = 8), p-bourbonene (n = 8), o-cymene
(n = 8), sabinene hydrate (n = 7), a-terpineol (n = 6), terpinen-4-
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ol (n = 6), sabinene (n = 6), a-terpinene (n = 6), menthofurane
(n = 5), isopulegol (n = 4), y-terpineol (n = 3), cis-p-ocimene (n =
2), p-copaene (n = 2), and p-terpineol (n = 2). These compounds
primarily contribute to the herbal and woody aroma profiles,
characteristic of mint-flavored NPs. Among the compounds
associated with mint oil, several were identified as compounds
of concern. IARC classifies p-myrcene ({z = 8.04 min) as poss-
ibly carcinogenic to humans (category 2B),>° while both
p-carvone (tg = 16.29 min) and linalool (¢z = 10.88 min), which
imparts a lavender aroma, may cause allergic skin reactions.*®
Furthermore, several compounds are restricted from inten-
tional addition to products according to Regulation (EC) no.
1334/2008,°° namely menthofurane (n = 5; ¢z = 13.12 min) and
pulegone (n = 8; tg = 16.13 min), which is possibly carcino-
genic to humans.

The peculiar aromas of NPs are influenced mainly by a
variety of compounds, particularly esters and alcohols. Esters,
which typically give a sweet and fruity aroma included methyl
acetate (n = 16), ethyl butanoate (n = 8), ethyl 2-methyl butano-
ate (n = 8), hexyl acetate (n = 8), cis-3-hexenyl acetate (n = 7),
butyl acetate (n = 6), ethyl hexanoate (n = 6), isopentyl isopen-
tanoate (n = 4), benzyl acetate (n = 3), bornyl acetate (n = 3), iso-
butyl acetate (n = 2), ethyl 3-methyl butanoate (n = 2), 3-methyl-
1-butyl acetate (n = 2), 2-methyl-1-butyl acetate (n = 2),
3-octanyl acetate (n = 2), hexyl hexanoate (n = 2), methyl cinna-
mate (n = 2) and several others. Alcohols included a variety of
aromatic and non-aromatic alcohols such as ethanol (n = 25)
1-butanol (n = 21), cis-3-hexen-1-ol (n = 11), 3-octanol (n = 10),
benzyl alcohol (n = 6), 1-hexanol (n = 4), 3-methyl-1-butanol (n
= 3), 2-methyl-1-propanol (n = 2), and 2-methyl-1-butanol (n =
2). Ethanol is commonly used as a solvent to extract nicotine
from tobacco leaves, and its presence may therefore be attribu-
ted to this process.®" An interesting compound to highlight is
N-ethyl-p-menthane-3-carboxamide, commonly known as WS-3
(tr = 20.48 min).°>®® This synthetic cooling agent, generally
recognized as safe for consumption, was identified in three
NPs (NP-1, NP-2, and NP-25).

Overall, flavored NPs might elicit local toxicological
responses, as suggested by some studies,®® with the potential
risk of adverse health effects increasing with the number and
concentration of flavoring compounds. Conversely, other studies
report that artificial saliva extracts of NPs cannot be classified as
irritants and are less likely to cause harm than some other nic-
otine products.®> Nevertheless, NP labels should include a more
comprehensive list of compounds, given the high number of fla-
vorings present in such products, many of which are not cur-
rently disclosed. Current regulations also primarily focus on
limit values for individual compounds, without addressing
cumulative exposure to flavorings present in NPs, especially
during prolonged contact with the oral mucosa.

3.3 Nicotine content

Nicotine content is a primary parameter for evaluating these
products because it directly determines consumer exposure
and enables comparison with reported nicotine values.
Therefore, nicotine was quantified in the investigated NPs and

This journal is © The Royal Society of Chemistry 2026
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HSs using the GC-MS method described in section 2.6. The
method for nicotine quantification was validated in accord-
ance with ICH guidelines.®® The ¢ for quinoline and nicotine
were 6.38 min and 7.14 min, respectively. Due to the heterosce-
dasticity of the variances of replicate responses measured at
different calibration concentrations, as indicated by both the
Bartlett and Hartley tests, a weighted linear regression model
was employed to generate the calibration curve.®” A weighting
factor of 1/y;> (where y; represents the ratio of nicotine inten-
sity to quinoline intensity) was applied, as it had the lowest
sum of the absolute values of the relative errors of 21.9%
(Table S5). The determined linear concentration range was
from 10.0 mg L™" to 310.0 mg L™" with a correlation coefficient
of 0.9979. The accuracy and precision of the method were eval-
uated using recovery (Re) and relative standard deviation (RSD)
in %, respectively. For the spike recovery test, Re was 98.4%
with RSD of 2.3%. Accuracy and precision were further
assessed at three concentration levels within the determined
linear concentration range, low (50.0 mg L™"; Re = 94.9%, RSD
=0.1%), medium (150.0 mg L™"; Re = 99.9%, RSD = 0.9%), and
high (280.0 mg L™"; Re = 94.4%, RSD = 2.2%). The limit of
detection (LOD) and limit of quantification (LOQ) were deter-
mined based on the signal-to-noise ratio (S/N). The LOD for
nicotine was 40 pg L™ at S/N of 4.01, while the LOQ for nic-
otine was 130 pg L™" at S/N of 12.90.

The nicotine content values are reported as & + s. For HSs
(Table S6), they are reported as both mg g~' of HSF and mg
per HS, and for NPs (Table S7), they are reported as both mg
g~ of NPF and mg per NP. These results are also presented in
Fig. 3a for HSs and in Fig. 3b for NPs.

3.3.1 Nicotine content in HSs. The nicotine content in ana-
lyzed HSs was 14.8 = 1.1 mg g ' (average + s) of HSF, corres-
ponding to 3.7 + 0.3 mg per HS, which is comparable to pre-
viously reported values for nicotine content in HSs (16.0 +
1.0 mg g~ ' of HSF*® and 15.7 mg g™ " of HSF®®). Among individ-
ual products, nicotine content ranged from 12.6 + 0.1 mg g
of HSF (HS-5) to 16.6 + 0.1 mg g ' of HSF (HS-16), which
corresponds to 3.1 + 0.1 mg per HS (HS-5) and 4.2 + 0.1 mg per
HS (HS-16). When comparing brands, the average nicotine
content increased in the order of B-6 (13.8 + 1.0 mg g~ ' HSF),
B-7 (15.1 + 1.2 mg g~ ' HSF), and B-8 (15.3 + 0.8 mg g~ ' HSF).

The EU does not explicitly regulate nicotine content in HSs
or in tobacco itself, to the best of our knowledge. The Tobacco
Products Directive (2014/40/EU) regulates only the nicotine
yield per cigarette, measured under standardized smoking
conditions.*” In 2025, the U.S. Food and Drug Administration
(FDA) proposed limiting the nicotine content to 0.7 mg g~ of
tobacco in cigarettes, cigars, and cigarette tobacco, while HTPs
would be exempt from this regulation.”® Standardizing nic-
otine content in tobacco and tobacco products remains chal-
lenging because nicotine content is influenced by numerous
factors, including tobacco type, cultivation conditions, and
processing methods, which leads to significant variability
among samples worldwide.”"

3.3.2 Nicotine content in NPs. The nicotine content in ana-
lyzed NPs was 13.8 + 3.2 mg g~ ' (average + s) of NPF, however,

This journal is © The Royal Society of Chemistry 2026
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similar values cannot be directly compared for individual NPs
due to variability in pouch mass. Nicotine content among NPs
ranged from 7.6 + 0.2 mg g~ ' of NPF (NP-5) to 20.0 + 0.1 mg
g~ ! of NPF (NP-13), consistent with recent reports.”” Per unit
of consumption, nicotine content ranged from 2.6 + 0.1 mg
per NP (NP-6) to 15.1 + 0.1 mg per NP (NP-25). Among brands,
the average nicotine content was 14.4 = 2.4 mg g ' of NPF
(B-1), 13.8 + 4.1 mg g~ of NPF (B-2), 13.4 + 3.7 mg g " of NPF
(B-3), 11.9 + 2.1 mg g " of NPF (B-4), and 15.8 + 1.4 mg g " of
NPF (B-5).

The measured nicotine content was generally lower than
declared on the labels, with an average deviation of —28.8%.
The lowest deviation from the declared value was —7.3%
(NP-24), while the most significant deviation was —52.9%
(NP-16).

As NPs are relatively new products, regulations governing
their composition remain limited. Currently, no officially
established nicotine content limit values for NPs exist in
Slovenia, nor has a harmonized limit been established by the
EU. Permissible values, therefore, vary between countries. For
instance, the Czech Republic limits the nicotine content to
12 mg per NP,”® and the entire packet of 20 NPs must not
contain more than 240 mg of nicotine, whereas Mallock
et al.”* proposed a limit of 16.7 mg per NP, as products with
higher nicotine contents are considered acutely toxic when
used orally. Furthermore, the FDA has established a list of
authorized NPs that may be lawfully sold in the USA.
Currently, only two brands are permitted with nicotine content
of 3-9 mg per NP.”> Consequently, products available in
Europe can contain higher nicotine levels than those per-
mitted in the USA. Among the analyzed NPs, none exceeded
the limit value for acute toxicity of 16.7 mg per NP.

3.4 Determination of elemental composition in NPs and HSs

Inorganic contaminants, including heavy metals and other
elements, are relevant constituents of NPs and HSs due to
their potential toxicity and variability among products.
Therefore, the concentrations of selected elements in HSs and
NPs were determined by ICP-MS. Heavy metals are naturally
present in ingredients used for HSs and NPs. The tobacco
plant accumulates heavy metals from the soil, therefore areas
with contaminated soil may result in higher concentrations of
heavy metals in tobacco. Additionally, the use of fertilizers and
pesticides may introduce further  contamination.”®
Microcrystalline cellulose, commonly used in NPs, is produced
by the depolymerization of cellulose derived from biomass.””
As biomass already naturally contains heavy metals, additional
contamination can occur during processing. Furthermore,
heavy metal contamination may originate from various stages
of the manufacturing process or from the ingredients used.”®
ICP-MS validation parameters for 18 elements in HSs and
NPs are reported in Tables S8 and S9, respectively. For HSs,
elemental composition is reported as pg g~ " of HSF and as pg
per HS (Table S10). For NPs, the elemental composition is
reported as pg g~ ' of dried NPF and as pg per NP (Table S11).
All results are reported as & + s. Hereafter, elemental compo-
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Fig. 3 Nicotine content in different (a) HSs and (b) NPs.

sition will be reported as pug g~ (for HSs as pg g~ of HSF and
for NPs as pg g~ of dried NPF), rather than per sample unit,
due to variations in sample size, moisture content, and sample
composition. For the spike recovery test, Re ranged from
86.2% to 102.9%, while the RSD of three replicates for the
spike recovery test was below 6.9%, indicating both the accu-
racy and precision of the method, respectively.

Only a limited number of studies have reported elemental
composition in NPs. Some studies focused on ICP-MS determi-
nation of elements such as As, Be, Cd, Co, Cr, Pb, Hg, Ni, and
Se.””®" A similar lack of published data exists for HSs and
HTPs.*>7%

The total element content (determined as the sum of
masses of 18 elements per g of HSF or NPF and per unit of HS
or NP) in all HSs and NPs is reported in Fig. 4. On average,
HSs exhibited a higher total element content compared to
NPs. For HSs, the highest total element content was deter-
mined in HS-3 at 2155.32 pg g !, followed by HS-10 at
2018.26 pg g~ ' In contrast, only three NPs had a total element
content above 50.00 pug g~ ', these being NP-24 with 51.48 pg
g”!) NP-25 with 58.19 pg g~', and NP-26 with 61.21 pug g~

Analyst

Several NPs had the content for certain elements above LOQ
but below the first calibration point of the linear concentration
range (LOQ < C < CP1). When expressed per sample unit, the
highest total element content among NPs was determined in
NP-25 at 31.53 pg per NP and in NP-26 at 31.20 pg per NP,
while among HSs it was determined in HS-3 at 524.39 pg per
HS, followed by HS-11 at 519.35 pg per HS and HS-12 at
510.17 pg per HS.

As, Cd, Co, Pb, Sn, and TI were below LOD in all NPs, while
Mo was either below LOQ or below LOD. Al was quantified in
five NPs (all four NPs from B-5 and NP-15) and was below LOQ
in five other NPs. Al content ranged from 21.80 + 0.90 pg g~
(NP-23) to 32.08 + 0.02 ug g~ " (NP-26), while all remaining NPs
had Al content LOQ < C < CP1. Ba was quantified in 14 NPs,
ranging from 0.46 + 0.02 pg g~' (NP-13) to 9.20 + 0.28 pg g~
(NP-21), while 12 had Ba content below LOQ. Cr was quantified
in 22 NPs, ranging from 0.04 + 0.01 pg g~ (NP-26) to 0.70 +
0.07 pg g~ (NP-5), with three NPs below LOD and one NP LOQ
< C < CP1. Cu was below LOD in 22 NPs, while it was quanti-
fied in all four samples from B-5, ranging from 1.32 + 0.02 pg
g¢™! (NP-26) to 2.87 + 0.08 pg g~ ' (NP-24). Fe was quantified in

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6an00153j

Open Access Article. Published on 09 April 2026. Downloaded on 4/30/2026 2:10:46 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

a) 70.00
60.00

50.00 B

30.00

Elemental content [pg/g]
8
o
3
I
I

20.00
- =
B
10.00
i -
0.00 o -
o N MY W ON® OO HNNYTWON Q0O OO Y WO
4 dod@aeada e FOFOF R PR B ouls o of o gl ol v ool
ZzZzzzzzzzzgddddddddddddddadd
Zzz2z2zzz2z2zzzzzzzz2z

Sample designation

mAl mAs wBa mCd mCo wCr Cu mFe wGa mMn mMo mNi mPb

c) 2500.00

Sn mSr mTi mTl mZn

2000.00

1500.00

| o
L1 Ul
|
| i
1 1l
|
| U
.
I
| —
| I
|
|

1000.00

Elemental content [ug/g]

500.00

DoV CDd YO PN DD D NN D N P
IR IR - SR JR - R - AR - A - S 1 Y & & & & & &
W R I IITFEF EEEEEFE
Sample designation

WAl mAs wBa mCd mCo wCr Cu mFe wGa ®Mn mMo MNi mPb wSn mSr mTi mTl mZn

View Article Online

Paper

=
@
&
o
8

30.00

Elemental content [ug/NP]

B NN
=4 o 4 o
2 9 9 g
8 & & &

o
=3
S

o
o
=3
NP-1 | —
NP-24 I
NP-25 I S
NP-26 I I

NP-2 | —

NP-3 'm
NP-4 n

P-15 —
]
NP-23 I

NP-16 B
NP-17 1
NP-18 1

NP-20 -
-

NP-21

NP-10 /-

NP-5 1
NP-11
P-12 -
P-13 I
P-14 |
NP-19 #H
NP-22

zZzZ zZ z
Sample designation

WAl mAs mBa mCd mCo wCr  Cu mFe
d) 600.00

500.00 I

400.00

Ga mMn mMo mNi mPb mSn mSr mTi mTl mZn

300.00

200.00

Elemental content [pg/HS

100.00

0.00

»

©
N
&

) >
N P
&

L R I N S I T T I
FIFFIFIIIIFIEgEEIE
Sample designation

WAl mAs mBa mCd mCo wCr Cu mFe wGa WMn ®WMo mNi mPb wSn mSr mTi mTl mZn

Fig. 4 Total content of measured 18 elements in (a) NPs reported as g g~* of dry NPF, (b) NPs reported as ug per NP, (c) HSs reported as ug g™ of

HSF, and (d) HSs reported as ug per HS.

11 NPs, ranging from 10.74 + 3.55 pg g~' (NP-8) to 23.89 =
1.42 pug g~ (NP-25), while all other values were LOQ < C < CP1.
Ga and Mn were quantified in all NPs, ranging from 0.11 +
0.01 pg g~ (NP-17) to 4.67 = 0.17 pg g~' (NP-21), and from
0.06 + 0.03 pg g~ ' (NP-7) to 1.20 + 0.07 ug g~ (NP-23), respect-
ively. Ni was quantified in all but three NPs (NP-22 was below
LOQ, while NP-24 and NP-26 were below LOD). Ni content
ranged from 0.12 + 0.11 pg g~ ' (NP-25) to 2.90 + 0.12 pg g~ "
(NP-5), with only NP-5 exceeding 1.00 pg g~ '. Sr was quantified
in all NPs, ranging from 0.11 = 0.01 pg g~ (NP-14) to 4.74 +
0.01 pg g~ ' (NP-20), closely followed by NP-22 with 4.70 +
0.03 pg g* (both from B-4). Ti was quantified in 24 NPs from
0.21 + 0.02 pug g~ (NP-14) to 9.45 + 0.01 pg g~ ' (NP-11), which
significantly exceeded the second-highest Ti content of 2.43 +
0.17 pg ¢~ ' (NP-2). Zn was below LOD in four NPs, below LOQ
in one NP, and LOQ < C < CP1 in 21 NPs.

The element content of HSs indicated a similar compo-
sition across samples. Sn and Tl were below LOD in all HSs,
while Pb was below LOD in two HSs (HS-2 and HS-16) and
below LOQ in 14 other HSs. Mo was below LOD in six HSs,
below LOQ in five HSs, and quantified in five HSs, ranging
from 0.16 + 0.03 pug g~' (HS-13) to 0.23 + 0.03 pg g~ (HS-15).
Cd was below LOQ in one HS (HS-16), while it ranged from
0.24 + 0.01 pg g~ ' (HS-7) to 0.57 = 0.01 pg g~ * (HS-3). All other
elements were quantified in every HS. Al content ranged from
696.14 + 7.44 pg ¢~ ' (HS-4) to 988.05 + 42.22 pg g~ (HS-5). As
content ranged from 0.26 + 0.01 pug g~ " (HS-7) to 0.39 + 0.02 pg
g~' (HS-10 and HS-12), Ba content ranged from 52.15 + 0.32 pg
g”' (HS-4) to 79.24 + 4.45 pg g~' (HS-3), Co content ranged
from 0.70 = 0.01 pug g~ (HS-8) to 0.99 + 0.06 pg g~ ' (HS-3), Cr

This journal is © The Royal Society of Chemistry 2026

content ranged from 0.88 = 0.03 pg g (HS-7) to 3.25 + 0.72 pg
¢~' (HS-12), Cu content ranged from 7.69 + 0.01 pug g~ (HS-7)
to 9.59 + 0.40 pg g ' (HS-3), Fe content ranged from 415.41 +
1.29 pug ¢~ ' (HS4) to 671.41 + 2.41 pg g~ (HS-3), Ga content
ranged from 27.25 + 0.27 pug g~ ' (HS-4) to 40.95 + 2.44 pg g~
(HS-3), Mn content ranged from 118.89 + 0.67 ug g " (HS-4) to
176.62 + 10.19 pg g~ (HS-3). Ni content ranged from 1.13 =
0.01 pg g~ (HS-7) to 3.94 + 0.59 pug g~ ' (HS-12), closely fol-
lowed by HS-10 and HS-11, with 3.92 + 0.13 pg ¢~ ' and 3.87 +
0.11 pg g, respectively. Sr content ranged from 76.89 +
0.94 pg g~' (NP-4) to 96.80 + 1.48 pg g~ (HS-8), Ti content
ranged from 40.45 + 0.07 pug g~' (NP-4) to 68.96 + 4.48 pg g~
(NP-3), and Zn content ranged from 20.05 + 0.42 pg g~ '
(HS-12) to 27.81 + 3.20 pug g~ * (HS-3).

The content of several elements in this study is consistent
with values reported in previous studies conducted on tobacco
from traditional cigarettes.®>®® HS-3 exhibited the highest
content of Ba, Cd, Co, Cu, Fe, Ga, Mn, Ti, and Zn among all HSs.

3.5 Thermogravimetric analysis of NPFs and HSFs

The TGA, derivative (DTG), and Gram-Schmidt (GS) curves,
which represent the total IR intensity of gaseous compounds
released during TGA, together with the 3-D FTIR spectra for
each sample, are presented in Fig. S11-S26 for HSFs and in
Fig. S27-S52 for NPFs.

The total mass loss of HSFs averaged 85.3%, ranging from
82.4% (HS-14) to 94.5% (HS-1). Based on the combined TGA
and DTG curves for HSFs (Fig. 5a and b), multiple thermal
decomposition steps were observed. The initial mass loss
below 110 °C (6.9-10.8%) corresponds to the evaporation of
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Fig. 5 TGA analysis of 16 HSs and 26 NPs, (a) TGA mass loss curves for HSFs, (b) DTG curves for HSFs, (c) TGA mass loss curves for NPFs, and (d)

DTG curves for NPFs.

moisture. The second stage, extending to approximately
240 °C, with a DTG peak near 210 °C (Fig. 5b), was attributed
to the evaporation of volatile compounds, such as nicotine, and
to the thermal degradation of PG and GLY, which were identi-
fied by GC-MS analysis.*® This stage represented 25.1-28.4% of
the total mass. The highest mass loss (31.3%-39.3%) was attrib-
uted to the decomposition and pyrolysis of tobacco constituents,
including hemicellulose, cellulose, lignin, and pectin.®” Two dis-
tinct DTG peaks were observed in this stage, one below 270 °C,
most likely associated with hemicellulose and pectin degra-
dation, followed by a DTG peak at approximately 320 °C, corres-
ponding to cellulose pyrolysis.***® The GS curve showed
maximum absorbance at a similar 7, confirming the formation
of IR-active volatile compounds. A subsequent slower mass
change contributed to approximately 3.8-5.7% of total mass,
with the maximum decomposition rate near 470 °C, attributed
to lignin degradation.*>®® The final stage (DTG peak around
660 °C) likely corresponds to char dehydrogenation.”® Most
HSFs exhibited mass losses of 5.0%-9.6% at this stage, except
for HS-6, which had a mass loss of 12.5%.

The total mass loss of NPFs averaged 91.8%, ranging from
88.0% (NP-2) to 96.6% (NP-4). The TGA and DTG curves for
NPFs (Fig. 5c and d) revealed a thermal behavior broadly
similar to that of HSFs, although with greater variability
among samples. The initial mass loss, attributed to the evapor-
ation of moisture and low-boiling-point flavourings, was
higher than in HSFs, ranging from 25.1% (NP-6) to 57.9%
(NP-16). This was further supported by a mostly well-defined
GS peak, especially in NPFs with high moisture content,
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whereas HSFs exhibited less pronounced GS peaks in this
section. The second DTG peak was less intense compared to
HSFs and corresponded to an additional mass loss, ranging
from 2.5% (NP-10) to 14.1% (NP-15). This peak was clearly
visible in some NPFs, while less distinct in others. The next
thermal event was associated with the thermal degradation of
microcrystalline cellulose, a primary constituent of NPs.®° Its
pyrolysis produced pronounced DTG and GS peaks, with a
TGA mass loss between 270 °C and 380 °C (Fig. 5d), account-
ing for 20.9% (NP-3) to 53.5% (NP-5) of the total mass. An
additional DTG peak, accompanied by a high-intensity GS
curve peak near 460 °C, was observed in seven of the 26 NPFs.
These included three samples from B-2 (NP-12, NP-13, and
NP-14), where nicotine polacrilex was reported on the product
label, and all four samples from B-1 (NP-1-NP-4), despite no
such declaration. Nicotine polacrilex consists of nicotine
bound to an ion-exchange resin (typically based on methacrylic
acid and divinylbenzene), and it has been shown that divinyl-
benzene resins decompose at a similar T.°" Therefore, this
peak may indicate the presence of nicotine polacrilex in NPFs.
The mass loss in this section was in the range from 4.6%
(NP-13) to 7.4% (NP-2). The final thermal stage likely corre-
sponded to char dehydrogenation and the decomposition of
inorganic salts (K,COjz;, Na,CO; and NaHCO;), which are
declared as additives on the product labels.’” These salts, used
to maintain an alkaline pH, release CO, upon heating. The
mass loss ranged from 2.1% (NP-23) to 13.7% (NP-4).
Qualitative information on the thermal degradation pro-
ducts of HSFs and NPFs and their functional groups was

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 2-D contour FTIR map for (a) HSFs and (b) NPFs.

obtained from the 3-D FTIR spectra, as well as corresponding
2-dimensional (2-D) contour FTIR maps (Fig. 6). For HSFs,
most IR-active compounds appeared after approximately
20 min, while NPFs released fewer IR-active compounds
during the first 15 min, with the majority evolving around
32 min of the TGA analysis. The main functional groups
identified in the evolved gases were associated with O-H
vibrations at 3500-3700 cm ™", indicating the presence of water
in samples. The low absorbance at the initial stage of TGA cor-
responded to the evaporation of physically adsorbed moisture,
while the increase in absorbance after around 20 min most
likely corresponded to the release of water formed during the
pyrolysis of organic tobacco constituents. In the range of
2850-3050 cm™', —CH, and —CHj; vibrations were present,
indicative of the potential formation of low-molecular-weight
alkanes and alkenes. Peaks at 2250-2400 cm™" can be attribu-
ted to the asymmetric C=O stretching, corresponding to the
presence of CO,. These peaks were observed in HSFs between
20 and 45 min, and in NPFs between 30 and 32 min.
Furthermore, at 2100-2200 cm™", C-O vibrations, associated
with CO formation, were observed. In HSFs, CO evolution
appeared after 65 min, with relatively high absorbance intensi-
ties in some samples. NPFs exhibited similar but less intense

This journal is © The Royal Society of Chemistry 2026

absorbance bands around 30-32 min. The C=O stretching at
1798 cm ™" suggested the formation of compounds with carbo-
nyl functional groups. Furthermore, peaks at 1400-1500 cm ™
represent C-H stretching, indicating the formation of methyl
functional groups, while peaks at 1050-1200 cm ™" indicate C-
O stretching, potentially indicating the release of alcohols and
phenols.**°%%?

4 Conclusions

In this study, nicotine pouches (NPs) and heatsticks (HSs) cur-
rently available on the Slovenian market were analysed regard-
ing their chemical composition, moisture content, component
weights, nicotine content, elemental composition, and their
thermogravimetric profiles. Considerable variability was
observed among NPs, whereas HSs exhibited a more consistent
chemical composition. Several compounds not permitted
under Slovenian legislation were identified in HSs, and a total
of 163 compounds were identified in NPs, including some
potentially harmful to human health. Most of these com-
pounds were not declared on product labels, indicating a dis-
crepancy between product formulation and consumer infor-
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mation. However, their concentration may fall below the regu-
latory thresholds required for mandatory labeling. These find-
ings highlight the need to consider regulatory approaches
similar to those applied to electronic cigarettes and heated
tobacco products, where the use of flavourings is largely
restricted. Nonetheless, it is essential to recognize that the
health impact of flavourings on human health differs signifi-
cantly when inhaled versus when used orally; therefore, such
regulations may not be necessary.

HSs contained significantly higher concentrations of
elements compared to cellulose-based NPs. However, both
product types have the potential to introduce them into the
human body through aerosol inhalation (HSs) or oral exposure
(NPs). Nicotine content in HSs ranged between 12.6 + 0.1 mg
g ' and 16.6 + 0.1 mg g~ ' in HS tobacco filling, while it ranged
from 7.6 + 0.2 mg g to 20.0 + 0.1 mg g ' in NP filling.
Deviations from manufacturer-reported values averaged
—28.8%, emphasizing the importance of exact product label-
ing. Thermogravimetric analysis, combined with FTIR,
revealed a multi-step decomposition process for both product
types consisting of moisture loss, the release of volatile com-
pounds, and pyrolysis of the organic matrix, including tobacco
(lignin, cellulose, and hemicellulose) in HSs and microcrystal-
line cellulose in NPs. Notably, certain NPs exhibited the poten-
tial presence of nicotine bound to ion-exchange resins, which
may influence the kinetics of nicotine release during use.

Overall, these findings highlight the chemical complexity of
both HSs and NPs as well as their potential health risks.
Future research should focus on the toxicological assessment
of identified flavourings, particularly those not declared on
product labels, as well as long-term exposure to elements,
especially heavy metals, arising from repeated use of HSs
and NPs.
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