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ectrometry and near-infrared
spectroscopy – a direct comparison of methods for
the quantification of sucralose in e-liquids†

Tobias Schlappack, ‡a Christoph Kappacher,‡a Michela Demetz,a

Thomas Jakschitz,b Günther K. Bonn, ab Christian W. Huck a

and Matthias Rainer *a

E-liquids have become increasingly popular in society in recent years. A wide variety of flavors and nicotine

strengths make it possible for every user to get a product according to their wishes. Many of these e-liquids

are marketed with countless different flavors, which are often characterized by a strong and sweet smell.

Sweeteners, such as sucralose, are therefore commonly added as sugar substitutes. However, recent

studies have shown the potential formation of highly toxic chlorinated compounds. This can be

explained by the high temperatures (above 120 °C) within the heating coils and the used basic

composition of these liquids. Nevertheless, the legal situation is composed of proposals without clear

restrictions, only recommendations for tobacco products. For this reason, a high level of interest lies

within the establishment of fast, reliable and cost-effective methods for the detection of sucralose in e-

liquids. In this study, a number of 100 commercially available e-liquids was screened for sucralose in

order to identify the suitability of ambient mass spectrometry and near-infrared spectroscopy for this

application. A highly sensitive high-performance liquid chromatography coupled to a tandem mass

spectrometer method was used as reference method. Furthermore, the advantages and limitations of

the two mentioned methods are highlighted in order to provide a reliable quantification of sucralose.

The results clearly revile the necessity for product quality due to the absence of declaration on many of

the used products. Further on, it could be shown, that both methods are suitable for the quantification

of sucralose in e-liquids, with beneficial economic and ecological aspects, over classical analytical tools

including high-performance liquid chromatography. Clear correlations between the reference and novel

developed methods are displayed. In summary, these methods enable an important contribution to

ensure consumer protection and elimination of confuse package labelling.
Introduction

Electronic cigarettes (e-cigarettes) were rstly introduced in the
U.S. in 2007. Since then, they have gained increasing popularity
within the community, especially the young adults generation.1

The replacement of tobacco cigarettes with electronic cigarettes
by most consumers is being driven by the potential of less
harmful physical effects. This could be proven by Bergen and
Dunworth in 2013, showing that e-cigarette aerosols contain
95% less harmful chemical compounds.2 The electronic ciga-
rettes are designed to vaporize the so-called e-liquids (“e-juice”),
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which is then inhaled by consumers. The evaporation is
provided by a vaporization unit, which basically consists of
a heated metal coil. Most of the e-liquids are based on a mixture
of glycerol and propylene glycol, within different quantitative
compositions. Amounts of sweeteners, aromatic compounds
and nicotine are added in order to create different varieties and
strengths.

Synthetic high-intensity sweeteners including sucralose,
cyclamates, saccharin, aspartame and acesulfame potassium
are added beside bio-derived high-intensity sweeteners such as
stevioside, glycyrrhizin, sugar alcohols and natural sugars in
order to create intense avors.3 In this context, sucralose gained
specic attention. This chemical compound (IUPAC name: 1,6-
dichloro-1,6-dideoxy-b-D-fructofuranosyl-4-chloro-4-deoxy-a-D-
galactopyranoside) is known to be 600 times sweeter than table
sugar (sucrose) and due to the high consumption in other
products (e.g. chewing gums, mints, hard candy) it could readily
be detected within the coastal region of North America.4 During
the vaporization in e-cigarettes, high temperatures (above
This journal is © The Royal Society of Chemistry 2023

http://crossmark.crossref.org/dialog/?doi=10.1039/d3ay00380a&domain=pdf&date_stamp=2023-05-20
http://orcid.org/0000-0001-8116-5197
http://orcid.org/0000-0002-2131-4151
http://orcid.org/0000-0002-6272-3242
http://orcid.org/0000-0001-9215-8515
https://doi.org/10.1039/d3ay00380a
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3AY00380A
https://pubs.rsc.org/en/journals/journal/AY
https://pubs.rsc.org/en/journals/journal/AY?issueid=AY015020


Paper Analytical Methods

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 8

/1
9/

20
24

 8
:1

0:
32

 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
120 °C) are reached which further leads to the formation of toxic
chlorinated compounds including chloropropanols, poly-
chlorinated naphthalenes (PCN) and dioxins.5,6 In 2021, Moser
et al. were able to identify and quantify the formation of
chloroacetaldehyde, 1-chloro-2-propanol, 2-chloro-1-propanol,
1,3-dichloro-2-propanol, 2,3-dichloro-1-propanol and 3-
chloropropane-1,2-diol. In addition, they could demonstrate the
toxicology of those compounds with reference to regulatory
actions.7

In the European region, article 20 of the Tobacco Products
Directive (2014/40/EU) lays down the rules for e-cigarettes sold
as consumer products in the EU. This written document
includes the safety and quality requirements, as well as, pack-
aging and labelling rules. Furthermore, it is responsible for the
monitoring and reporting of developments related to e-
cigarettes and rell containers. Sucralose is commonly used
as sweetener in various food products since the approval in the
European region in 2004 and is declared as E955. The addition
in e-liquids is not prohibited, despite the knowledge that toxic
compounds are formed in connection with used solvents and
applied heat (from around 120 °C). Many manufacturers
voluntarily forego the addition of this substance however, it is
still commonly added, especially in import-products. Nonethe-
less, it should be included within the packaging or labelling. In
addition, pure avors (aromatic compounds) are not allowed to
contain any sweeteners, which is declared in the European
regulation of avorings ((EC) No. 1334/2008).

Therefore, a high level of interest lies in analytical methods
which enable reliable, fast and cost-efficient analysis of rell
containers for e-cigarettes, or generally e-liquids. One of the
major objectives of this work was therefore to compare two state
of the art analytical methods on its performance to detect
sucralose in commercially available e-liquids.

First to mention, ambient mass spectrometry (MS) which
fundamentally enables ionization at atmospheric pressure.8–10

In addition to the well-known ionization techniques such as
electrospray ionization (ESI), newer methods such as direct
analysis in real time (DART) or atmospheric solid analysis probe
(ASAP) are already integrated in commercial instruments.
Important features of these ambient ionization methods are
higher sample throughputs and less to no solvent consumption,
since solids can oen be directly measured.11–13 In addition,
spectra of primarily single positively or negatively charged ions
are usually generated from the analytes with low fragmentation.
All these features make this new subcategory of mass spec-
trometry a direct counterpart to NIR spectroscopy, which is
already well established in industry.14

In contrast, near infrared spectroscopy (NIR spectroscopy)
has presented itself as versatile and reliable tool for qualitative
and quantitative tool for various analytical tasks.15–17 Emerging
from the agricultural science in the early days, applications have
increased drastically ranging from petrochemical, polymer,
pharmaceutical, cosmetic and food industries.11,18,19 Due to
their simple handling and the absence of need for sample
preparation, this method has led to a gradual substitution of
time-consuming conservative analytical techniques including
gas chromatography (GC), high performance liquid
This journal is © The Royal Society of Chemistry 2023
chromatography (HPLC), nuclear magnetic resonance spec-
troscopy (NMR) and MS.20,21 The combination with various
algorithms for multivariate data analysis, ranging from classic
algorithms including partial least squares regression (PLSR)
and principal component analysis (PCA) to highly complex
machine learning tools (e.g. articial neural networks, articial
intelligence) it offers reliable and quick quantication and
identication of various compounds.

The aim of this study was to employ NIR and ambient MS for
the quantication of sucralose in e-liquids in order to identify
the existing advantages and limitations. For this purpose, 100 e-
liquids were purchased and LC-MS/MS referencemeasurements
were performed prior to the screening methods. Additionally,
articial e-liquids with varying sucralose content were produced
and quantied with each method to prove the concept. This
study should further serve to provide reliable and easy to handle
methods to implement quality standards for the evaluation of
regulations.
Materials and methods
Chemicals and solvents

Sucralose ($98.0% HPLC grade) and propylene glycol (ACS
grade) were purchased from Sigma-Aldrich (Merck KGaA, St.
Louis, USA). Deuterated sucralose, which was used as internal
standard was ordered from Toronto Research Chemicals (Tor-
onto Research Chemicals, Toronto, Canada). Dry glycerine (p.
a., min 99.5%), methanol (for LC-MS, min. 99.95%) and aceto-
nitrile (for LC-MS, min. 99.95%) from Chemsolute® were
bought from Th. Geyer (Th. Geyer GmbH & Co. KG, Renningen,
Germany). Milli-Q water was freshly taken from a Merck Milli-
pore Milli-Q™ Reference Ultrapure water purication system
with a deionized water as feed water source.
Samples

100 commercial e-liquid samples were purchased from a local
distributor. Samples were ordered with the aim of analysing
thirty samples with declared sucralose content, thirty samples
without sucralose and 40 samples with unknown sucralose
content. The sample amount for each sample set was dened
with the purpose of creating signicant models in the multi-
variate data analysis used in the spectroscopic approach.
Matrix-matched calibration

To further account for matrix effects, a matrix-matched cali-
bration set was prepared. For this purpose, the base of e-liquids
consisting of 50% (v/v) propylene glycol and 50% (v/v) glycerine
was used to dissolve solid sucralose within a concentration
range between 0.025% and 0.700% (w/v). Due to high viscosity
of the base, the solving process was carried out at 50 °C for 4
hours on an Eppendorf ThermoMixer C at 500 rpm. The readily
prepared matrix-matched calibration set was used unchanged
for NIR measurements and further diluted using sucralose-d6
as internal standard (IS) for MS measurements, identically to
the sample preparation for the commercial e-liquids.
Anal. Methods, 2023, 15, 2448–2455 | 2449

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3AY00380A


Table 1 MRM parameters of sucralose and sucralose-d6 (IS) used in the reference measurements

Analyte
Precursor ion
[M − H]−

Fragment ion
[M − H]− Cone voltage/V Collision energy/eV

Sucralose 397.05 361.02 40.00 10.00
Sucralose-d6 401.02 365.05 40.00 12.00
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HPLC-MS/MS

A highly selective and sensitive HPLC-MS/MS method was
chosen for the reference measurements, which was based on
a method from literature and only slightly modied.22 For the
chromatographic method, a Waters Premier system (Waters
Corporation, Milford, USA) with a Waters XBridge BEH HILIC
150 × 3 mm and a particle size of 2.5 mm was used.

Tertiary gradient separation was performed using aqueous
10 mM ammonium formate buffer (pH = 3.5) (A), methanol (B),
and acetonitrile (C). The ow rate was set to 300 mL min−1 with
an injection volume of 1 mL. The gradient was performed as
follows: 0 min (5% A, 10% B, 85% C), 8.5 min (16% A, 10% B,
74% C), 8.55 min (5% A, 10% B, 85% C), and 16 min (5% A, 10%
B, and 85% C). The autosampler temperature was set at 5.0 °C to
prevent evaporation of volatile compounds in the samples,
while the column temperature was set at 40.0 °C. Detection was
performed with a Waters Xevo triple quadrupole using nitrogen
as the sheath, desolvation, and auxiliary gas and argon as the
collision gas. To ensure maximum sensitivity and specicity,
multiple reaction monitoring (MRM) mode was developed in
negative mode using Waters' IntelliStart soware. The transi-
tions of the precursor ions of sucralose and sucralose-d6 (IS)
with the corresponding fragment ions and their respective cone
voltages and collision energies are shown in Table 1. Each
sample and calibration point was measured in triplicate.
Matrix-matched calibration measurements were adjusted by
linear tting. Data acquisition was performed using Waters
MassLynx, and data analysis was performed using Waters
TargetLynx.
Ambient mass spectrometry

Ambient mass spectrometric measurements were conducted
with an expression CMS-L from Advion (Advion Interchim
scientic, Montluçon, France). An open port sampling interface
was used for sample input in combination with a modied
electro spray ionisation source. Nitrogen was used as sheath
and auxiliary gas. Run control and sequence creation was per-
formed with MassExpress soware from Advion. The ambient
mass spectrometric method could be executed in a total run
time of one minute and 15 seconds. The ion source was set to
default settings for ESI negative mode, while the default nega-
tive tune parameters were used. Detailed information of the ion
source and tune parameters can be found in the ESI† (Table A. 1
and Table A. 2). The solvent ow of the isocratic pump used for
the formation of a solvent meniscus on the open port sample
interface was set to 250 mL min−1, with a mixture of 80%
acetonitrile, 10%methanol and 10%Milli-Q water (all (v/v)). For
sample measurements, one mL of 25-fold diluted sample was
2450 | Anal. Methods, 2023, 15, 2448–2455
spotted on the solvent meniscus with the aid of an electronic
pipette in reversed pipetting mode. Each sample and calibra-
tion point were measured in triplicate. For quantication for
the masses of interest, single ion monitoring mode (SIM) was
performed with m/z values of 395.0 for sucralose and 401.1 for
the internal standard sucralose-d6. The span range was set to
0.3 m/z for both target ions. For automated data analysis,
QuantExpress from Advion was used. Matrix-matched calibra-
tion measurements were tted using a quadratic t, as it
showed the best coefficient of determination. Regression
parameters and plot can be found in the ESI.† Smoothing was
performed with a radius of seven and two performed iterations
while noise removal was enabled. Peak detection was executed
with the valley to valley setting.

FT-NIR measurement

NIR measurements were performed on a Büchi NIRFlex N-500
(Büchi Labortechnik AG, Switzerland, Flawil) using a liquids
attachment enabling detection in transmission mode. Spectral
information was gained between 4000 and 10 000 cm−1 (2500 to
1000 nm) and a spectral resolution of 4 cm−1 provided by
a tungsten-halogen lamp and a 12 VDC HeNe laser (633 nm) for
wavelength reference. The wavelength selection and detection
are based on a polarization interferometer using TeO2 wedges
and a single element InGaAs detector. Undiluted e-liquids were
pipetted into high precision QX quartz cells (Hellma GmbH &
Co. KG, Germany, Müllheim) with a layer thickness of 1 mm in
order to avoid total absorption of certain wavelength regions.
Measurements were performed in triplicate for each sample
and 64 scans each, resulting in a total number of 300 for
commercial e-liquids and 33 for matrix-matched calibration
spectra.

Spectral preprocessing

Spectral data processing and interpretation was carried out
using a commercial soware product called The Unscrambler X
10.5 (CAMO Soware AS, Norway, Oslo). All gained raw spectra
recorded in transmission mode were rstly transformed into
absorbance by applying a common negative logarithm (log(1/
R)). In order to identify the best results for a quantitative
prediction model, different combinations of spectral pretreat-
ments including standard normal variate (SNV), smoothing,
rst- and second-order derivatives and multiplicative scattering
correction (MSC) were performed. Partial least squares regres-
sion (PLSR) models were generated to evaluate performed pro-
cessing. In addition to spectral processing, wavenumbers with
high impact on the PLSR-model were identied and selected
using the resulting loadings plot and the function “uncertainty
This journal is © The Royal Society of Chemistry 2023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D3AY00380A


Paper Analytical Methods

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
M

ay
 2

02
3.

 D
ow

nl
oa

de
d 

on
 8

/1
9/

20
24

 8
:1

0:
32

 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
test”. The assessment was made on the basis of calculated
values for the root mean square error of prediction (RMSEP),
slope, offset and the coefficient of determination (COD) in full-
cross validation. The following combination of spectral pro-
cessing led to the most satisfying results: log(1/R), SNV and
a rst derivative (derivative order: 1; polynomial order: 2;
smoothing points: 5).

Multivariate data analysis

Chemometrics were carried out on two different issues. Firstly,
the gained preprocessed spectra of all commercial e-liquids
underwent a classication process based on linear discrimi-
nant analysis (LDA) in order to distinguish between liquids that
contain and do not contain sucralose. LDA was chosen due to its
successful application in a wide range of issues within the
analysis of food and food adulteration.23 It is considered as
supervised classication algorithm. For this purpose, linear
boundary decisions are created, maximizing the ratio of
between-class to within-class dispersion. In summary, LDA
focuses on the dissimilarity between spectra and samples
dened in classes.24,25 For this purpose, the sample was split
into different subsample groups, due to the very low concen-
tration of specic samples. The subsample groups consist of
samples with reference concentrations of >0.05%, >0.1% and
>0.15% sucralose and the whole sample set. To ensure proper
validation, the sample set was further on divided into a cali-
bration and validation (test) set by applying a ratio of 70 to 30%
within each subsample group (selected by The Unscrambler X
10.5 in special intervals).

In a second step, samples containing sucralose were used to
create a quantication model based on partial least squares
regression (PLSR). PLSR was chosen due to its proven robust-
ness for the generation of quantitative models for spectral
methods.18,26–28 Spectral pretreatments remained the same to
the already mentioned LDA models. Optimization of PLSR
parameters were created in full-cross validation in order to
identify the best possible result.

Additionally, the sample set was identically divided into four
subsample groups based on the gained reference concentration.
For the calculation of the nal results, the sub sample sets were
Fig. 1 Sucralose content of e-liquid samples derived from HPLC-MS/MS
matched calibration (right).

This journal is © The Royal Society of Chemistry 2023
divided into a calibration and validation set (as described in
qualitative analysis) based on random sample selection.

For the purpose of comparability to the ambient MS
methods, the matrix matched calibration set was used to create
a separate PLSR model. The same spectral pretreatments were
applied for this application and the results (Fig. 3) represent the
predicted validation values in full-cross validation.

Results and discussion
HPLC-MS/MS

Already at the beginning of the study it was observed that
several e-liquids, which according to the declaration of the
distributor should contain sucralose or should be free of
sucralose, did not meet the relevant requirements. Therefore,
the development and establishment of a fast and simple
method for quantifying sucralose in e-liquids is of utmost
importance to ensure consumer protection. For this purpose,
three different analysis techniques were employed, including
HPLC hyphenated to MS/MS, near-infrared spectroscopy and
a novel ambient MS technology. Fig. 1 shows the sucralose
concentrations of the e-liquid samples measured by HPLC-MS/
MS. Most of the analysed e-liquids (57%) did not contain any
sucralose. The remaining e-liquids revealed sucralose concen-
trations between 0.1 to 0.5% and even higher. With a coefficient
of determination of 0.998, the calibration curve shows sufficient
linearity for the quantication of sucralose and the RSD values
in the range of 0.30–3.75% ensure reliable precision of the
method. Furthermore, matrix matched quality control samples
in the low, medium and high concentration range (0.025, 0.200
and 0.500% (w/v)) showed bias values no greater than 4.3%,
resulting in an accurate quantication of sucralose. Therefore,
the HPLC-MS/MS reference method can be considered to be
sufficiently correct and precise to quantify the sucralose content
in e-liquids at high accuracy.

Ambient mass spectrometry

To minimize the above-mentioned consumer declaration
problems, the same e-liquids measured by the HPLC-MS/MS
method were also examined by ambient MS. In addition to
measurements (left) which were quantified using a linear fitted matrix-

Anal. Methods, 2023, 15, 2448–2455 | 2451
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Fig. 2 Correlation of the acquired HPLC-MS/MS reference data with
the results obtained with the newly developed ambient MS method.

Table 2 Number and prediction accuracies of the subsample groups

Full sample
set

>0.05%
sucralose

>0.10%
sucralose

>0.15%
sucralose

n(Cal)a 70 68 63 58
n(Val)b 30 29 28 25
Acc.(Cal)c 84.04% 86.34% 87.37% 87.36%
Acc.(Val)d 70.00% 74.71% 82.72% 86.67%

a Number of samples within the calibration set. b Number of samples
within the validation set. c Accuracy for the calculated LDA. d Accuracy
for the predicted independent validation set.
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a reduction in the measurement time by a factor of 13.4 and
a signicantly lower solvent consumption by a factor of 16.0, the
measurements also show reliable quantitative results. Fig. 2
reveals the correlation of the quantitative results obtained with
the data obtained from the HPLC-MS/MS and ambient MS
method. The linear trend line superimposed on the data shows
a very good agreement of the data points with a coefficient of
determination of 0.992. Thus, the accuracy of the ambient MS
method presented here can be conrmed and evaluated as
reliable. With RSD values between 0.45% and 6.37%, the
precision can be considered as satisfactory. It should also be
noted that in ambient MS random changes in the measurement
conditions, such as those caused by uctuations in the room
atmosphere, can contribute signicantly to measurement
deviations. However, preliminary tests have also shown that the
use of an internal standard is essential, as this is the only way
that changes in the ionization of the analyte can be reliably
considered. Finally, using a matrix matched calibration is an
additional strategy to include the remaining matrix effects in
the ionization.
Fig. 3 Plot of the average spectra, including minimum and maximum a

2452 | Anal. Methods, 2023, 15, 2448–2455
Near-infrared spectroscopy

Qualitative analysis – LDA. As described previously, a quali-
tative analysis was rstly performed in order to discriminate
between e-liquids containing and not containing sucralose.
This procedure was applied because of high variations within
the sample matrix depending on the composition of the base of
the e-liquids, leading to high deviations within the spectral
information illustrated in Fig. 3. In addition, the comparably
small sample set of liquids containing sucralose lead to a strong
dependence on the used sample subgroup. Therefore, the
results in Table 2 represent the results of the different
subsample groups. The results suggest a strong dependency of
prediction accuracies for the independent predicted validation
set on the used concentration ranges of the subsample groups,
which is demonstrated in Table 2. Prediction accuracies for the
independent validation rise with increasing concentrations of
the applied subsample group from 70.00% (whole sample set)
up to 86.67% (>0.15% sucralose), although the number of
samples (spectra) decrease.

In Fig. 3 the deviations of all conducted spectra are illus-
trated. Whereas the average spectrum represents themean of all
300 conducted spectra including the corresponding standard
deviation (SD), displayed in shaded grey. The maximum and
minimum absorbance are represented in red, respectively blue.
Especially high deviations are depicted in the region of
5155 cm−1, representing O–H stretching and deformation
bsorbance and spectral SD.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Box-plot of predicted recovery results.
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vibration. This is mostly reasoned by the strongly varying
composition of the e-liquids base, consisting mainly of
propylene glycol and glycerol. However, high variations can also
be detected in the regions around 4775 cm−1 (O–Hdeformation,
stretching, and C–O stretching) and from 4000 to 4070 cm−1 (C–
H stretching, C–C stretching). This region is of special interest
for the analysis of sugars and carbohydrates, therefore an
overlap of spectral information leads to a signicant drop in
prediction performance. Vibrations with high prediction
performance could be identied by spectral interpretation of
the matrix matched calibration with varying sucralose content.
Therefore, the region of 4070 to 4000 cm−1 showed visibly the
highest correlation to sucralose. As a result, it can be concluded
that variations within these regions complicate the qualitative
and quantitative analysis, especially for low concentration levels
of sucralose. The results of prediction performance for the
different subsets of the independent validation set and the
comparably very accurate calibration using the matrix-matched
calibration set underline these ndings.

Quantitative analysis – PLSR. As previously noted in the
more detailed explanation of the multivariate data analysis
method, the different subsample groups with samples con-
taining sucralose were used for a prediction of the sucralose
content with regard to the reference measurements by HPLC-
MS/MS. The procedure of the qualitative analysis was adopted
for the subsamples containing sucralose. In order to compare
the obtained results, Table 3 includes the predicted mean
recovery, standard deviation, recovery range (lowest and highest
predicted recovery), detected outlier, coefficient of determina-
tion (COD) and root mean square error of validation (RMSEV)
for each sample subset. The recovery was calculated by dividing
the predicted sucralose content by the HPLC-MS/MS reference
content times 100. Tables 2 and 3 and Fig. 4 demonstrate the
increasing reliability of results depending on the different
sample subsets. As can be seen, the results for the predicted
recovery increase until the subsample of >0.10% sucralose. For
the subsample group >0.15%, no signicant improvement can
be recognized. Therefore, it can be concluded, that the very low
Table 3 Calculated parameters for quantitative analysis

Full sample
set

>0.05%
sucralose

>0.10%
sucralose

>0.15%
sucralose

Mean recovery 91.87% 91.88% 95.75% 99.01%
SD recoverya 33.51% 33.49% 27.30% 36.75%
Lowest recoveryb 46.77% 50.79% 59.75% 54.60%
Highest recoveryc 169.34% 162.73% 157.73% 155.65%
Outlier (n)d 1 1 0 1
Factors usede 7 7 7 7
COD (Cal)f 0.7194 0.7173 0.7101 0.8324
COD (Val)g 0.6587 0.5933 0.5509 0.7231
RMSECh 0.09352 0.09194 0.0895 0.0640
RMSEVi 0.1042 0.1116 0.1129 0.0839

a Standard deviation of the predicted recovery. b Predicted recovery of
the lowest results. c Predicted recovery of the highest results.
d Number of detected outliers. e Number of factors/principal
components used for PLSR. f Coefficient of determination for the
calibration. g Coefficient of determination for the validation. h Root
mean square error of calibration. i Root mean square error of validation.

This journal is © The Royal Society of Chemistry 2023
amounts of sucralose (<0.10) cannot be reliable quantied
using NIRS. The same goes for the qualitative analysis (LDA) for
the discrimination of the sucralose containing samples. This is
mainly reasoned by the strongly varying matrix compounds.
This fact is additionally supported by the following results of
the matrix matched calibration.
Matrix matched calibration

In order to investigate the potential inuence of the existing
matrix differences of commercially available e-liquids, a matrix-
matched calibration set (0.025 to 0.20% sucralose) was prepared
and measured identically as before. Fig. 5 presents the resulting
calibration line aer full cross-validation. The designed PLSR
model with the data of the matrix-matched sucralose e-liquids
resulted in a very accurate prediction model. This is proven by
a coefficient of determination for calibration and validation of
0.9999 and 0.9879. Moreover, this is supported by mean square
errors for calibration and validation of 0.00299 and 0.00719% of
sucralose. These results support the assumption of high matrix
Fig. 5 External calibration of the matrix-matched calibration set.
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effects within the commercial e-liquids, leading to worse
predictions, especially within the low concentration samples.
Conclusions

The aim of this study was to develop fast and cost-effective
alternative methods for the quantication of sucralose in e-
liquids and to compare their advantages and limitations, in
particular with regard to consumer protection. The results
clearly reveal the absence of clear declarations by manufac-
turers, and therefore proves its necessity. Ambient mass spec-
trometry offers sensitive detection of sucralose, however, the
usage of a deuterated internal standard and elaborate sample
preparation due to high viscosity of the samples is required.
Also, initial problems with the quantitative application of the
sample onto the meniscus of the open-port sampling interface
must be addressed, which were only manageable with an elec-
tric pipette in reverse pipetting mode. Nonetheless, the results
represent a high correlation for the quantication of sucralose
in comparison to the HPLC-MS/MS reference method,
including the matrix-matched calibration. In contrast, near-
infrared spectroscopy excels by the complete absence of
sample preparation and, moreover, by fast and effortless
measurements. The comparably worse results for quantication
of commercial e-liquids, illustrated by the high deviation in
prediction performance represents its downside. This is caused
by the strongly varying composition of e-liquids with strong
matrix effects leading to impaired quantication results.
Quantication of low amounts of sucralose in commercial
liquids is therefore hardly feasible, leading to more semi-
quantitative results. Nonetheless, the quantication results
using the matrix-matched calibration set, clearly demonstrates
the ability of low amount detection below 0.2% sucralose.
Finally, two newly developed methods for the quantication of
sucralose in e-liquids are presented, both of which enable less
time-consuming and inexpensive analysis of sucralose in e-
liquids in respect to classic HPLC analysis. Additionally,
a lower consumption of consumables and organic solvents
should be mentioned. These can further help to ensure
consumer safety induced by the absence of sucralose-
declaration on most commercial e-liquids.
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