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ARTICLE INFO ABSTRACT

Keywords: Quantitative methods using surface-enhanced Raman scattering (SERS) for analysis in complex matrices are very
SERS attractive due to the high sensitivity and selectivity of this technique. In this work, a novel time-resolved elec-

Spectroelectrochemistry trochemical surface-enhanced Raman scattering (TR-EC-SERS) analytical method has been developed for the

E?C}zﬁl:zc determination of nicotine in e-liquids of electronic cigarettes. One of the main challenges of SERS is its inherent
E-liquid lack of reproducibility. Here, this limitation was mitigated by employing an electrochemical pre-treatment step

to generate a homogeneous distribution of silver nanoparticles (Ag-NPs) on a silver screen-printed electrode. The
enhanced Raman scattering induced by the Ag-NPs enabled the detection of nicotine at nanomolar levels. The
high sensitivity of the method allowed the quantitative analysis of diluted e-liquid samples, mitigating potential
interferences from other components present in these complex matrices. Moreover, TR-EC-SERS, coupled with
parallel factor analysis (PARAFAC), demonstrated the capability of trilinear spectroelectrochemistry data not
only to detect nicotine but also to identify potential interfering compounds without prior knowledge of their
spectral signatures. This multivariate approach offers significant potential for the detection of outliers in complex

samples.

1. Introduction

Electronic cigarettes (e-cigarettes) are battery-powered electrical
devices that use a coil to heat a liquid (e-liquid) to produce an aerosol
which is inhaled by the user. These e-liquids consist of a mixture of
propylene glycol (PG) and vegetable glycerine (VG) in varying pro-
portions, combined with flavouring and colouring compounds [1,2].
Some e-cigarettes are nicotine-free, and others may contain nicotine in
two different forms: while certain e-cigarettes contain nicotine in its free
form, with a concentration between 1 and 18 mg/mL, others present it in
the form of one of its salts, with a concentration between 1 and 50 mg/
mL [3,4]. E-cigarettes have gained popularity in recent years as a
method of smoking cessation, nevertheless, there is a growing concern
about the increasing prevalence of e-cigarette use among the young non-
smoking population [5-7].

Given the addictive and toxic nature of the nicotine present in e-
liquids [1,8] and the discrepancies observed between the results of an-
alyses and the nicotine content labelled in the samples [7], there has
been a growing demand for a specific analysis for this substance in

recent years. The most commonly employed methods for the determi-
nation of nicotine in e-liquids are based on chromatographic and mass
spectroscopy techniques that are distinguished by their high accuracy
[9-13]. Nevertheless, these techniques require complex sample
handling and long analysis periods, rendering them unsuitable in a point
of care analysis.

Nicotine analysis by surface-enhanced Raman scattering (SERS) has
been proposed as an alternative that significantly helps to overcome the
limitations of current used techniques. SERS is able to enhance the
Raman scattering signal of many molecules by several orders of
magnitude, due to the presence of nanoparticles (NPs) of noble metals
such as gold, silver or copper, among others [14,15]. Previous studies
have investigated the use of chemically synthesised gold or silver NPs
dispersed on a surface to generate SERS substrates for the analysis of
nicotine [16-22]. However, these methods have implicit disadvantages,
such as the need for complex and time-consuming synthesis of plasmonic
NPs prior to the measurement.

Time-resolved electrochemical surface-enhanced Raman spectros-
copy (TR-EC-SERS) [23] is presented as an alternative to avoid all the
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aforementioned drawbacks. The use of electrochemistry enables the
electrosynthesis of SERS substrates on the surface of silver, gold or
copper electrodes [24-26] in a reproducible and simple way. The
combination of electrochemistry and Raman spectroscopy in TR-EC-
SERS experiments allows the operando performance evaluation of the
electrogenerated SERS substrate, providing valuable and correlated in-
formation from two different points of view for the rational design of
analytical methodologies. Moreover, TR-EC-SERS provides a three-way
array of spectroelectrochemistry data which can be analysed using
multivariate statistical tools to extract much more reliable information
on the studied system respect to a simple univariate analysis. For the
aforementioned reasons, the use of TR-EC-SERS has emerged in the past
years as an attractive alternative to improve the reproducibility of SERS
methodologies, especially when using screen-printed electrodes (SPEs)
[27,28].

In this work, the use of TR-EC-SERS is suggested for the first time as a
new analytical methodology for nicotine detection in real e-liquid
samples. The use of Ag-SPEs reduces the analysis cost and electro-
chemistry allows the preparation of in-situ SERS substrates, avoiding the
chemical synthesis of the nanostructures and the preparation of different
substrates prior to the analysis. The proposed procedure avoids complex
sample treatment or complex NPs synthesis, rendering this methodology
a viable option for point of care analysis.

2. Material & methods / experimental
2.1. Chemicals and materials

Nicotine (99+ %, Sigma-Aldrich), lithium perchlorate (LiClO4, 99+
%, reagent, ACROS Organics), potassium chloride (KClL, 99+ %, reagent,
ACROS Organics), perchloric acid (HClO4, 60 %, reagent, Panreac),
sodium hydroxide (NaOH, 99+ %, reagent, ACROS Organics), hydro-
chloric acid (HCl, 37 %, reagent, COFARCAS) were analytical grade and
used as received without further purification.

Aqueous solutions were freshly prepared using ultrapure water (18.2
MQ cm resistivity at 25 °C, 2 ppb TOC, Milli-Q Direct 8, Millipore).

2.2. E-liquid samples

Twelve e-cigarette liquids advertised as pure nicotine, nicotine salts
or nicotine-free with different flavours were purchased as test samples
on a commercial website. Further details may be found in Table S1.

2.3. Instrumentation

TR-EC-SERS measurements were conducted using a customized
SPELEC RAMAN (Metrohm-DropSens), with a 785 nm laser source
operating at a power of 105 mW (335 W cm~2) throughout the experi-
ments. DropView SPELEC (Metrohm-DropSens) was the software used to
acquire the spectroelectrochemical data. A different Ag-SPE (DRP-C013,
Metrohm-DropSens) was utilised in each TR-EC-SERS experiment. The
Ag-SPEs are composed of three electrodes: a working electrode (WE), a
pseudo-reference electrode (RE), both of which are made of silver, and a
carbon counter electrode (CE).

2.4. Spectroelectrochemistry measurements

Cyclic voltammetry (CV) was selected as the electrochemical tech-
nique for the TR-EC-SERS experiments. If not stated otherwise, the
vertex potentials were +0.20 V and —0.20 V, starting at +0.20 V in the
cathodic direction after an equilibration time of 5 s at the starting po-
tential (Fig. S1). The scan rate was 0.02 Vs inall experiments and, in
all cases, two cycles were registered. All potentials are referenced to a
silver pseudo-RE. The acquisition time of the Raman spectra was 1 s
throughout this work.

Unless otherwise stated, all experiments were performed directly on
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Ag-SPEs with a pre-treatment step previous to the measurement step
under the same electrochemical conditions as indicated above (Fig. S1).
Subsequent to the pre-treatment step, the SPE was thoroughly washed
with deionised water before the measurement step.

2.5. Scanning electron microscope images

A Zeiss GeminiSEM560 field-emission scanning electron microscope
(FE-SEM) was used to obtain SEM images of the WE surface in its
different states. An electron beam of 2 kV was used, with an in-lens
secondary electrons detector.

2.6. Sample preparation

All samples (nicotine and e-liquids) were diluted in an appropriate
medium used as electrolyte and in different concentrations of KCl as a
precipitating agent.

2.7. PARAFAC analysis

Matlab R2024b was used to carry out PARAFAC analysis, using the
N-way toolbox developed by Rasmus Bro [29].

3. Results and discussion
3.1. TR-EC-SERS. Synthesis of SERS substrates

As previously stated, numerous studies have been conducted to
determine the presence of nicotine using SERS [16-22]. In most of the
previous works, the synthesis of NPs by chemical processes and the
subsequent preparation of the SERS substrates was carried out prior to
SERS measurements. The use of expensive and labour-intensive syn-
thesis techniques is often necessary, which introduces the additional
challenge of the typical poor reproducibility of SERS substrates. In this
study, TR-EC-SERS experiments have been used for the in-situ generation
of silver nanoparticles (Ag-NPs) by oxidation-reduction cycles (ORC) of
the WE, avoiding the costly processes mentioned above. Although it is
not the first time that EC-SERS has been applied to the determination of
nicotine [30], in this work, the SERS substrate is generated in-situ by
ORC of the Ag-SPE surface in the presence of 0.1 M LiClO4, 10 mM KCl
and the corresponding volume of e-liquids. Thus, the presented meth-
odology allows the direct measurement of diluted problem samples.

To ensure a good sensitivity and reproducibility of our measure-
ments, a new protocol based on a pre-conditioning step has been
developed. Fig. S1 outlines the electrochemical methodology employed
to prepare the electrode and to acquire the data for nicotine analysis.
Two main steps were undertaken to pre-condition the electrode and to
quantify the target molecule. In the first step, the SPE was pre-
conditioned using a 0.1 M LiClO4 and 10 mM KCl electrolytic solution,
applying +0.20 V for 5 s, and next carrying out two consecutive CVs
from +0.20 V to —0.20 V at 0.02 Vs~!. This pre-conditioning step is
crucial for ensuring a better sensitivity and reproducibility of the ex-
periments, as will be demonstrated in section 3.4. After thorough rinsing
with deionized water, the SPE was immersed in the test solution con-
taining nicotine and the electrolytic medium (0.1 M LiClO4 and 10 mM
KCD).

In the second step, Ag-NPs are generated and the Raman response of
the analyte was concomitantly monitored in real time during the CV
experiment. First a potential of +0.20 V was applied during 5 s, pro-
voking the oxidation of the Ag® of the WE surface, generating high
anodic currents in the first step of the experiment and resulting in the
formation of AgCl, which precipitates on the WE surface in the form of
nanocrystals [31]. Next, two potential scans were performed from
+0.20 V to —0.20 V at 0.02 Vs~ 1. Fig. 1A (blue line) shows the first
potential cycle. A cathodic peak at —0.10 V is observed in the onward
scan, related to the reduction of AgCl to Ag® with the subsequent
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Fig. 1. (A) CV (blue line) and voltaRamangram (orange line) for a 1.5 pM
nicotine sample in 0.1 M LiClO4 and 10 mM KCl. The CV starts at +0.20 V in the
cathodic direction down to the vertex potentials (—0.20 V) at a scan rate of 0.02
Vs~! , before a pre-treatment at +0.20 V during 5 s. The voltaRamangram
represents the evolution of the Raman intensity at 1033 cm ™! , the character-
istic band of nicotine spectrum, versus the applied potential. (B) Contour plot
with the evolution of the nicotine Raman spectra (between 700 and 2500 cm ™)
as a function of the applied potential during the first CV. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

generation of Ag-NPs that are deposited on the WE surface [23]. In the
backward scan, an anodic peak at +0.05 V is observed, which indicates
the oxidation of Ag® to AgCl.

During this experiment, the Raman spectra of the electrode surface
were studied. Fig. 1B depicts a surface plot with the evolution of the
Raman spectra with the applied potential in the fingerprint region be-
tween 700 and 2500 cm ™. As can be observed, the spectrum of nicotine
exhibits a principal Raman band at 1033 cm™!. Fig. 1A also shows the
evolution of the characteristic Raman band of nicotine [30] at 1033
cm ™! (orange line) respect to the applied potential in the first potential
cycle; this representation is known as voltaRamangram [23]. As can be
observed, the Raman signal increases during the generation of Ag-NPs,
reaching a stable maximum at the cathodic vertex potential, indicative
of the SERS properties of the modified WE surface. Furthermore, a
decrease in the Raman signal is observed during the backward scan
when Ag-NPs become oxidised to form AgCl.
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3.2. WE surface characterization

To gain a deeper insight into the structures formed during the
experiment and their role in the observed SERS effect, the electrode
surface was examined using SEM at specific potentials corresponding to
key points in the aforementioned CV. The potentials at which SEM
samples were acquired are numbered consecutively in Fig. S1. SEM
images are presented in Fig. 2 and Fig. S2.

The first SEM images were taken from a pristine Ag-SPE (Figs. S2A,
B). A planar surface is observed on the unmodified commercial Ag-SPE,
free from any visible nanostructure on the Ag surface. Next, a set of
images was taken once the pre-treatment protocol of an SPE was
completed (Figs. S2C, D). Semi-cubic AgCl nanocrystals uniformly
deposited on the electrode surface were observed at this point, in
agreement with the results obtained in previous studies [31].

As shown in Fig. S1, the third sample was obtained in the measure-
ment step, at the end of the 5 s equilibrium period at +0.20 V in which
the Ag-SPE is oxidized before starting the CV for the measurement of
nicotine. As illustrated in Fig. 2A and 2B, semi-cubic AgCl nanocrystals
are homogeneously deposited covering the electrode surface [31].
Finally, Fig. 2C and 2D were obtained during the first potential cycle in
the CV at a potential of —0.20 V, when the previously formed nano-
crystals were reduced from AgCl to Ag®, creating a homogeneous deposit
of Ag-NPs on the WE surface. Therefore, the Raman enhancement is
attributed to the presence of these nanostructures [23], which exhibit a
maximum Raman signal when the surface is homogeneously covered
with Ag-NPs, yielding a stable Raman response until the surface un-
dergoes oxidation.

3.3. Raman bands assignment

Prior to nicotine quantification, the Raman characterization of the
molecule under study was undertaken. The Raman spectrum of the pure
nicotine molecule was compared with the SERS spectrum of the mole-
cule in 0.1 M LiClO4 and 10 mM KCl solution in the first potential cycle
in the measurement step at a potential of —0.20 V. The Raman spectrum
of the pure nicotine sample was measured from the pure chemical in its
liquid state, while the SERS spectrum was obtained during a TR-EC-SERS
experiment following the electrochemical protocol described in section
2.4. The Raman bands assignment of the nicotine spectrum is presented
in Table S2 [30]. The two spectra display a highly remarkable degree of
similarity, with only minor discrepancies evident, as illustrated in Fig. 3.
The most characteristic band of nicotine due to the symmetric ring
breathing of pyridine group is observed in both spectra, peaking at 1026
cm ! in the pure Raman spectrum and at 1033 cm ™! in the SERS spec-
trum. These subtle variations in the spectra could be attributed to the
interaction of the nicotine with the electrolytic medium and/or with the
surface of the SERS substrate.

3.4. SEC optimization for nicotine quantification

One of the key advantages of TR-EC-SERS experiments lies in their
ability to meticulously control experimental parameters, thereby
enabling precise manipulation of the SERS substrate properties. These
parameters include the electrochemical technique, the electrolyte
composition, and the precipitating agents. Minor alterations of these
parameters result in the formation of different nanostructured surfaces,
which exhibit variations in shape, size, and density of NPs on the WE
surface [26,32]. Additionally, the overall surface charge may modulate
their interfacial interaction with specific analytes, including phys-
isorption and chemisorption [26,33], allowing to modulate the analyte/
substrate interaction.

In this context, several key parameters in our experimental protocol,
such us the electrolyte, KCl concentration and the pre-treatment of the
SPE, were investigated and optimised for the detection of nicotine.

Previous studies on this topic demonstrates that the electrolytic
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Fig. 2. SEM images of the Ag-SPEs surface during the measurement step in a SEC experiment. (A, B) SEM images at different scales of the Ag-SPE surface taken after
the equilibrium time at +0.20 V applied for 5 s. (C, D) SEM images at different scales of the Ag-SPE surface taken at —0.20 V during the first potential cycle.
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Fig. 3. Raman spectrum of nicotine in its pure state (blue) and SERS spectrum
of 10 uM nicotine at —0.20 V in 0.1 M LiClO4 and 10 mM KCIl medium. For
better comparison, the Raman spectrum (blue) of the pure nicotine has been
scaled up by a factor of 15. The molecular structure of the compound has been
included as inset. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

medium greatly influences the EC-SERS response of a variety of analytes
[25,26,30,33]. Therefore, we studied the evolution of nicotine signal in
four different media: KCl/NaOH, KCI/HCIl, KCIl/LiClO4 and KCl/HClOj4.
Whereas the concentrations of nicotine and KCI were kept constant, the
vertex potentials were adjusted in each case to achieve surface oxida-
tion/reduction suitable for generating nanostructured surfaces. The re-
sults of this study are summarized in Fig. S3. The enhancement of the
Raman signal was observed for all the studied electrolytic media, with a
maximum enhancement observed when using LiClO4 (Fig. S3D).
Therefore, these conditions were selected as the supporting electrolyte
for the subsequent experiments.

KCl was chosen as precipitant due to its extensive use in this type of
methodology [23,30,31,34]. In addition, the Raman enhancement of
nicotine was monitored as a function of KCI concentration, between 1
and 50 mM (Fig. S4). As was expected, a generalized increase of the
electrochemical current during the CV at high KCl concentration
(Fig. S4A) was observed. It might be commonly assumed that increasing
the surface roughness would boost the Raman signal. However, as is
demonstrated in Fig. S4B, the concentration of the precipitating agent
that produces the greatest Raman enhancement is 10 mM KCl. These
results suggest that low concentrations of the precipitating agent yield a
low number of electrochemically generated Ag-NPs, resulting in a slight
amplification of the Raman signal. Furthermore, at elevated concen-
trations of the precipitating agent, the size of the generated Ag-NPs
could not be optimal for the amplification of the Raman signal.

One of the main drawbacks of SERS is an intrinsic lack of repro-
ducibility for some substrates. Therefore, the development of strategies
to improve the overall reproducibility is fundamental to use this tech-
nique in chemical analysis. From the different strategies studied, the
application of a pre-conditioning step of the Ag-SPE by electrodepositing
AgCl nanostructures provides the best results. Fig. S5 compares the re-
sults obtained from direct measurements on the electrode without pre-
treatment of the WE (Fig. S5A) and those obtained after the pre-
treatment step (Fig. S5B). As can be seen, the evolution of the Raman
signal of nicotine with the potential is similar in the two cases. However,
the pre-treatment step of the Ag-SPE with two additional ORC provides
greater enhancement of the Raman signal (10000 counts vs 6000 counts)
and better %RSD values (2.1 % vs 6.5 % for n = 3).

3.5. Quantitative analysis

Following the optimized protocol described above, the linear char-
acter of the EC-SERS signal was evaluated with six standard samples of
nicotine (100-1500 nM), each one replicated three times. Fig. 4A shows
the voltaRamangrams at 1033 cm™! for the different nicotine concen-
trations during the first potential cycle of the measurement step
(Fig. S1). The Raman signal at the characteristic band of nicotine (1033
cm ™) registered at the vertex potential, —0.20 V, was chosen as the
optimal point to perform the calibration curve shown in Fig. 4B.

The calibration curve (Fig. 4B) shows a very good correlation in the



L. Romay et al.

—100 nM
—250 nM
500 nM
——750 nM
——1000 nM
—1500 nM

5000 a.u.

Raman Intensity, .. cm-1l a.u.

3 4
% x10 . . BB
% 2} 1
£ .
Q
3151 -
>
g 1t . .
] /
£ 05¢ ' .
s ://
g 0 , . .
(14 0 500 1000 1500
C../nM

Nic
Fig. 4. (A) VoltaRamangrams at 1033 cm ™~ at different concentrations of
nicotine (100, 250, 500, 750, 1000 and 1500 nM) in presence of 0.1 M LiClO4
and 10 mM KCl, during the first potential cycle of the measurement step. (B)

Calibration curve for nicotine measured at 1033 cm ™' at the cathodic vertex
potential, —0.20 V.

1

studied concentration range, resulting in the good analytical figures of
merit given in Table 1. The regression curve demonstrates excellent
linearity and repeatability of the slope for the EC-SERS measurements.
The limit of detection (LOD) was calculated using the accepted IUPAC
recommendations based on types [ and II errors (false positives and false
negatives) [35]. A value of 185 nM for the LOD was obtained, demon-
strating the high sensitivity of EC-SERS. Taking into account that the
range of nicotine concentration in e-liquids falls within 6 and 111 mM
[20], the new analytical approach should to be useful to determine
nicotine in this challenging sample matrices. This methodology enables
the capacity to operate at low dilutions, which is really helpful to
minimize the influence of the interfering components of e-liquids.

The presented results demonstrate that this TR-EC-SERS method is
reliable, repeatable, and sensitive. Using this analytical protocol,

Table 1

Analytical figures of merit for the linear regression model obtained at the Raman
shift 1033 ecm™! and —0.20 V in the backward scan during TR-EC-SERS
experiments.

Slope (nM~!)  Intercept  R> Syx LOD Repeatability (%)
(a.u.) (nM)
12.06 12.96 0.996 436.74 185 7.91
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nicotine was determined on a batch of test samples, which included e-
liquids with different nicotine concentrations (see Table S1). The e-lig-
uids samples were pre-treated following the procedure outlined in sec-
tion 2.6. The resulting data are presented in Table 2.

As can be seen in Table 2, the concentration of nicotine estimated for
complex problem samples (e-liquid) are very close to the concentration
value labelled for each sample. An statistical approach is conducted to
demonstrate that the recovery values obtained exhibit concordance with
the results of the linear regression (Fig. S6) [36]. The values of nicotine
concentrations indicated on the packaging of the e-liquids were plotted
against the nicotine concentrations predicted by the linear regression
model, resulting in a significant value of 1 for the slope (0.9921) and a
significant value of 0 for the intercept (—0.5548), obtaining the
following confidence intervals at 95 % of confidence for the slope and
intercept, [0.88, 1.10] and [-1.65, 0.54], respectively. Good values of
dispersion of the results and recoveries were obtained considering the
nature of the technique employed [37]. These values demonstrate the
good performance of the EC-SERS method based on the oxidation/
reduction of a Ag-SPE in a 10 mM KClI and 0.1 M LiClO4 medium for the
determination of nicotine.

However, the predicted values for samples 2 and 10 appear do not
follow the general trend observed in the other samples, exhibiting a
clear discrepancy between the nicotine concentration reported in the
label and the value predicted by our method. This discrepancy also af-
fects the recovery values, which deviate significantly from the average
recovery value of the remaining samples (with the exception of samples
2 and 10, with low nicotine concentration, and samples 3 and 5, without
nicotine according the supplier, the average recovery value is 101 %).

These results have been analysed using a univariate regression model
of the experimental EC-SERS data. Although the model obtained is a
valuable tool for estimating nicotine concentrations in complex samples,
it is challenging to understand why the samples 2 and 10 can interfere in
our method without additional information. For this reason, we used
multivariate analysis to obtain more information about these outliers.

3.6. Multivariate analysis

One of the most significant attributes of TR-EC-SERS is the trilinear
nature of its data. In these experiments, the Raman signal depends on
three different and independent variables which are obtained simulta-
neously: Raman shifts, time or potential applied, and analyte concen-
tration [23]. The TR-EC-SERS feature enables the generation of a three-
way array data that can be analysed using different multivariate statis-
tical tools.

To obtain more information about the e-liquids number 2 and 10 and
why they cannot be determined using the detection method proposed,
Parallel Factor Analysis (PARAFAC) [38] was used to analyse the
trilinear data. PARAFAC is a multivariate statistical tool that is
employed to analyse the three-way array of Raman data without

Table 2

Information of e-liquids examined in this study.
Sample Labelled Nicotine Confidence Recovery
N° nicotine level determined interval (mg/ (%)

(mg/mL) (mg/mL) mL)

1 18 16.11 16.11 + 3.94 89.52
2 3 1.85 1.85+ 0.14 61.56
3 0 0.08 0.08 £+ 0.01 na
4 6 5.73 5.73 £0.75 95.50
5 0 0.06 0.06 + 0.01 na
6 12 9.90 9.90 £+ 1.22 82.46
7 20 21.20 21.20 + 3.60 106.03
8 6 4.69 4.69 £ 0.56 78.19
9 12 11.51 11.51 +1.26 95.96
10 3 2.10 2.10 £ 0.32 69.88
11 6 5.98 5.98 £ 0.11 99.63

na = not applicable.
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providing any additional information required about the system o pro-
cess measured. This statistical tool is used to construct the mathematical
model capable of identifying the factors that most influence the Raman
spectroscopic response [23,39,40].

The matrix dimension of the three-way array of Raman data is
defined by the Raman intensity values between 720 and 1800 cm?,
during the first potential cycle in the measurement step, for all the ex-
periments performed in the calibration model and the 11 e-liquid sam-
ples analysed.

The number of components for the PARAFAC model was selected
based on a study of the variation of the corcondia (core consistency
diagnostic) and the PARAFAC residual fit. As can be observed in Fig. S7,
the different PARAFAC residual fit values decrease to stabilise from 3
components onwards, whereas the optimal corcondia values are signif-
icant when 1 to 3 components are selected for the PARAFAC model.
Therefore, PARAFAC analysis was carried out selecting three compo-
nents, obtaining a corcondia value of 97.70 %, indicating that the model
is appropriate and reliable [41].

The first component (component A, Fig. 5A, blue line) is linked with
the nicotine concentration, as can be deduced from the similar shape of
the loadings plot versus Raman shift of this component with respect to
the nicotine spectrum (Fig. S8B). The second component (component B,

A

0.6 T T
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Fig. 5. (A). Loadings of each component versus Raman shift after PARAFAC
analysis. Additionally, an inset is provided, featuring a closer examination of
the image, centred within the range of 1600 to 1700 cm™! . (B) Raman in-
tensity at 1653 cm ™! at a potential of 0.00 V in the backward scan for the 11
different e-liquid samples.
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Fig. 5A, orange line) is related to some changes in the background signal,
which is clearly affecting the measurements. The third component
(component C, Fig. 5A, yellow line) is related to the presence in the e-
liquid samples of some compound different to nicotine. These compo-
nents were easily identified, since the data given to the PARAFAC model
were data corrected with a baseline.

When the loadings of the three PARAFAC components are plotted
versus the applied potential, the line shape of component A (Fig. S8C,
blue line) is similar to the voltaRamangram of nicotine (Fig. S8C, green
line). The evolution of loadings related to component B along the
applied potential (Fig. S8A, orange line) can be related to change in the
background signal. Finally, the presence of an unidentified contaminant
is noted in component C (Fig. S8A, yellow line), exhibiting a noticeable
correlation with the applied potential (corresponding to a voltaR-
amangram of an unknown interfering compound), but clearly different
to the behaviour of component A ascribed to nicotine.

As was demonstrated in the previous section, samples 2 and 10 are
affected by an unknown factor that affects the proposed analytical
method. These results suggest that an unidentified compound is present
in these outlier samples, which interferes clearly in the EC-SERS
response of nicotine. After PARAFAC multivariate analysis with three
factors is conducted, the third component should be related with
another compound different from nicotine, which could be a nicotine
derivate product because it contributes also to the 1033 ecm ™! peak,
affected by the SERS effect (Fig. 5A and Fig. S8A, yellow line). Upon a
closer examination of data corresponding to samples 2 and 10, it can be
observed that these samples exhibit a small and characteristic spectral
feature close to 1653 cm ™%, also observed in the plot of the loadings of
component C respect to the Raman shift between 1600 and 1700 cm™?
(Inset Fig. 5A, yellow line). To confirm this hypothesis, the Raman in-
tensity at 1653 cm™! at 0.00 V in the backward scan is represented
respect to the sample number (Fig. 5B). It has been selected the potential
of 0.00 V because is the potential where the evolution of component C
reaches a maximum (Fig. S8A, yellow line). As can be observed, most of
samples exhibit Raman intensity value at 1653 cm™! that is approxi-
mately zero. However, samples 2 and 10, show a clear different response
at 1653 cm ™! and 0.00 V. A t-test was performed to confirm that samples
2 and 10 fall outside the test limits, represented in red lines in Fig. 5B,
demonstrating that the deviation of the samples 2 and 10 is statistically
significative. As can be seen in Fig. 5B, samples 2 and 10 are heavily
influenced by this unknown compound which is interfering the mea-
surement. Although the cause of this interference is unknown, the pre-
sented experimental methodology, coupled with multivariate statistical
tools, is capable of identifying outlier samples, demonstrating the utility
and versatility of TR-EC-SERS, which not only can be used for quanti-
tative analysis but also for the detection of outlier samples. In this
particular case, PARAFAC is an extraordinary tool to find out the reason
for the low values obtained in samples 2 and 10, but unfortunately no
improvement in the predictions of the concentration of nicotine is ob-
tained, as can be observed in Table S3. As the interfering compound is
not identified, it is very difficult to train the mathematical model to be
able of discriminate the weight of this compound in the global SERS
signal. Although the results using PARAFAC with one component are
slightly better than the univariate calibration, using only the univariate
signal at 1033 cm ! makes simplest the analysis of this type of samples.
Surprisingly, no improvement in the prediction was observed using the
PARAFAC model which identifies the interfering compound. Our main
hypothesis is that the interfering compound is a nicotine related product
which cannot be easily resolved with the PARAFAC model. This fact
could also explain that PARAFAC with only one component explains
slightly better the recoveries. In consideration of our analytical meth-
odology, it is imperative to direct particular attention to this region of
the spectrum, as samples displaying a signal at 1653 cm™! do not pro-
vide a perfect accuracy, although good results were obtained.
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4. Conclusions

A new analytical protocol based on time-resolved EC-SERS has been
developed for the determination of nicotine. The reproducibility of this
protocol has been improved by performing an electrochemical pre-
treatment of the Ag-SPE in order to generate a homogenous distribu-
tion of AgCl semi-cubic nanocrystals which are the precursors of the Ag-
NPs. SEM images demonstrate that a uniform layer of Ag-NPS are
generated on the electrode surface. The Ag-NPs enhanced the Raman
signal of nicotine, allowing the detection of this compound at nanomolar
level. The high sensitivity of the analytical method allows the quanti-
tative analysis of diluted samples of e-liquids, helping to avoid any
interfering compound present in these complex samples. TR-EC-SERS
can be used not only to determine nicotine but also to detect inter-
fering compounds by using PARAFAC. This multivariate tool allows the
deconvolution of the Raman spectra without any additional information
about the compounds present in the complex samples, showing a high
potential to detect outliers.
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