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Alcohol counterfeiting presents a significant global challenge, posing serious health risks and economic losses.
Whisky, a leading UK commodity export, is a common target for counterfeiting due to its high value and global
demand. Counterfeit detection of this and similar products most often involves analysis of the liquid content,
which requires opening of the products. This study explores a multimodal analytical workflow for whisky label
authentication, integrating Raman spectroscopy, desorption electrospray ionisation mass spectrometry imaging

(DESI MSI), and matrix-assisted laser desorption/ionisation mass spectrometry imaging (MALDI MSI). Raman
spectroscopy provides a rapid, non-invasive method that can be used as initial testing. The subsequent appli-
cation of DESI MSI and MALDI MSI in sequence maximises the chemical intelligence obtained from the labels and
strengthens confidence in counterfeit identification, with additional potential presented for quality control (QC)

in label printing and design.

1. Introduction

Whisky is made from three main ingredients: water, cereals and
yeast. These ingredients undergo various processes, including fermen-
tation, distillation and maturation to create the finished product [1].
Depending on the nature of the cereal, production methods and country
of origin these products can be categorised into various classes e.g.
Single Malt Scotch Whisky, Blended Scotch Whisky, Irish Pot Still
Whiskey, Bourbon etc. According to the Food and Drink Federation,
whisky is the number one export commodity in the UK [2], and is a
common target for counterfeiting due to its high value and global de-
mand. In 2017, a high-profile case of whisky fraud made headlines when
a bottle of Macallan 1878 at the Waldhaus Hotel am See in St Moritz,
Switzerland, was exposed as counterfeit [3]. Researchers from the
University of Oxford conducted carbon dating tests on the liquid con-
tent, which indicated a 95 % likelihood that the spirit was produced
between 1970 and 1972 [4]. The incident gained international attention
after a tourist paid 9999 CHF (approximately £7700 or $10,050) for a
single dram from this supposedly ultra-rare Scotch whisky. It is not
known if the bottle and labelling itself were fake. However, this scenario
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exemplifies a broader issue of alcohol counterfeiting that calls for
increased attention. A news article on counterfeit alcohol by Food
Standards Scotland (2021) [5] highlighted the threat of widespread
national trade in counterfeit products; as consuming these cheap alter-
natives could pose a significant health risk (if the content is unknown
and not sufficiently tested for public consumption) and, in the worst
cases, could be fatal.

Traditionally, whisky analysis has been primarily performed on the
liquid content using various analytical techniques. Some of these include
high resolution gas chromatography-olfactometry (HRGC-O) [6], aroma
extract dilution analysis [6], thermal desorption high resolution gas
chromatography-mass spectrometry (TD-HRGC-MS) [6], gas chroma-
tography mass spectrometry (GC-MS) [7-13], gas chromatography with
flame ionisation detection (GC-FID) [14], 1H NMR spectroscopy [15]
and ultra-high performance liquid chromatography (UHPLC) [16]. The
choice of analytical techniques depends on the target molecules; for
example high performance liquid chromatography (HPLC) is commonly
applied for sugar analysis whereas GC is used for volatiles such as al-
cohols. Liquid content analysis of these products remains a crucial tool
for quality control (QC), ensuring that the quantity of the components
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responsible for the unique aroma and flavour is preserved. Aside from
QC, the composition of the liquid can also be used for determining
authenticity of these products, safeguarding consumers. For example,
authenticity of the whisky products has been verified using 1H NMR
[17]1, UV-Vis [18], inductively coupled plasma mass spectrometry (ICP-
MS) [19], inductively coupled plasma optical emission spectrometry
(ICP-OES) [19], cold vapor-atomic absorption (CVAAS) [19], two-
dimensional gas chromatography coupled to mass spectrometry (GC X
GC-MS) [20] and desorption atmospheric pressure chemical ionisation
mass spectrometry (DAPCI-MS) [21]. The main limitation of these
methodologies for authenticity testing is the requirement to open the
bottle or pierce the cork to extract liquid samples.

To protect the consumers and preserve the integrity of these prod-
ucts, it would be advantageous to develop more rapid and less
destructive techniques for identifying counterfeits. Recent advance-
ments in analytical technologies make it possible to analyse product
labels, enabling faster detection of counterfeit items by examining the
chemistry of inks and the substrates onto which they are deposited.
Raman spectroscopy is often used in forensic examinations, due to its
fast and non-destructive nature, with limited/no sample preparation
requirements. Previously, it has been successfully applied to questioned
documents analysis [22], crossing ink lines [23], discrimination of pen
inks [24-27], banknotes and driver licences [28]. Asri et al. (2021)
demonstrated that Raman spectroscopy combined with chemometrics
can be utilised to categorise documents printed with various sources
(laser, inkjet and photocopier) [29]. They analysed 387 printed samples
and successfully assigned 15 unknown printed samples to their source
based on molecular composition. For example, carbon black was iden-
tified in the laser and inkjet printed samples, whilst pigment violet 19
was found in photocopier samples. Spectroscopic methods also allow the
analysis of bottled liquids with the possibility of “through the container”
analysis such as glass, providing a non-invasive and non-destructive
method preserving the integrity of the products. Most recent work,
where Raman was used on ethanol and illicit alcohols (methanol and
isopropanol) in beverages [30] showed some limitations, including
scattering from the glass and the restriction posed by the colour of the
liquid (dark-coloured spirits exhibited a suppressed signal due to laser
absorption).

Developments in ink analysis in recent years have shown clear
distinction not only between different types of inks (printed, ballpoint,
stamp etc) [31-34] but also the ability to differentiate between the
brands of the same type of ink [35-38]. It has been shown that inks
consist of many chemical components, including pigments, dyes, sol-
vents and additives and, depending on the brand, they will exhibit
differentiable chemical profiles. For example, Sun et al. (2016) quanti-
tatively assigned triphenylmethane basic dyes detected in twenty ball-
point pen inks, including Victoria Blue B, Victoria Blue R, Basic Blue 7
and Ethyl Violet [39]. Furthermore, research conducted by Bello de
Carvalho et al. (2018) demonstrated correlations between various pen
brands based on the composition of the ink dyes, including acid yellow
3, Victoria blue 4R, Basic violet 4, and Basic blue 9 [40]. Our group
applied mass spectrometry to differentiate seven different ballpoint
pens, and also provide information of the relative time of deposition of
pen strokes [41]. The same technique could be applied to the analysis of
the product labels, on the premise that genuine samples have chemically
distinguishable labels to the counterfeits, allowing differentiation be-
tween a genuine and counterfeit commodity. Similarly, the same hy-
pothesis can be applied to the substrate (e.g. paper) that labels are
printed on.

Mass spectrometry, a widely used analytical technique for ink anal-
ysis, has previously proven successful in distinguishing between
different ink types and brands. Sun et al. (2016) [37] discriminated 18
blue ballpoint inks using GC-MS, thin layer chromatography (TLC),
liquid chromatography tandem mass spectrometry (LC-MS/MS) and the
video spectral comparator (VSC), a conventional optical technique used
in questioned document analysis. They report that none of the methods
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alone distinguished all 18 inks and therefore suggest that in order to
achieve effective discrimination of entries made by the same ink type,
the examination should involve analytical methods targeting additional
properties of inks (optical features, volatile solvents and dyes).

In order to overcome these challenges, our group has developed a
multimodal approach, progressing in order of increasing destructiveness
(Raman spectroscopy, followed by DESI MSI, and then MALDI MS]I) to
maximise the intelligence recovered from a single sample. The approach
was applied to the analysis of whisky labels to test for authenticity, and
also to explore the possibility of the proposed methodology to serve as
QC for label printing. This approach would mitigate issues with opening
of the products, offering a rapid and simple method of detection whilst
allowing the liquid content to remain uncompromised. The use of a
portable Raman spectrometer for initial sample interrogation also pre-
sents the possibility for analysis at the point of seizure, therefore
streamlining forensic protocols ahead of the more confirmatory mass
spectrometry analyses. To the best of the authors’ knowledge, this study
is the first to apply multiple analytical techniques to product labels for
authenticity testing.

2. Experimental
2.1. Chemicals

Trifluoroacetic acid (TFA) and a-cyano-4-hydroxycinnamic acid
(CHCA) were purchased from Sigma Aldrich (Poole, UK). Formic acid
and HPLC grade acetone, methanol (MeOH) and acetonitrile (ACN) were
obtained from Fisher Scientific (Loughborough UK). Double-sided
conductive carbon tape was purchased from TAAB (Aldermaston, UK).
MiliQ water was obtained from the inhouse system.

2.2. Whisky label samples

Whisky labels were generously provided by the Scotch Whisky
Research Institute (SWRI) (Edinburgh, UK) and Edrington (Glasgow,
UK). These labels were not attached to whisky bottles and therefore
extraction prior to analysis was not required. A mock counterfeit label
was produced inhouse using a high-quality scanner and laser printer
bizhub C659 Konica Minolta (Tokyo, Japan) with a pigment-based toner.

2.3. Instrumentation

Raman spectroscopy analysis was performed on BWTek Portable
iRaman Plus source (Metrohm group, Herisau, Switzerland), equipped
with a 785 nm laser and 3.72 cm ™! measured resolution. The full laser
power measured at the excitation port is 488 mW. Sampling areas
included the analysis of the substrate, black ink and gold ink (Fig. 1).
The instrument was operated in microscope mode (x20 magnification)
with 10 s integration time, average spectrum number set to 1 and laser
power optimised for each region. Specifically, laser power for the black
region was set to 2 % (9.76 mW), gold region to 7 % (34.16 mW) and
substrate to 10 % (48.8 mW). The different coloured regions of the
samples are shown in Fig. 1. Laser powers were optimised to prevent
thermal degradation of the sample.

MALDI-MS and DESI-MS analyses in both profiling and imaging
mode were conducted on a SELECT SERIES Multi Reflecting Time-of-
Flight (MRT) mass spectrometer (Waters Corporation, Wilmslow, UK).
The MRT was operated in “MRT mode” (which allows for MS resolution
of 200,000 FWHM), with the laser set to 1 kHz. Both instruments were
run with 0.2 s scan time, 50 pm pixel size and raster rate of 250 pm s _.
Continuous Lockmass Correction (CLMC) was implemented during the
acquisition for both instruments during analysis. For MALDI-MS in
positive ion mode, CLMC was applied on the matrix peak at m/z
212.0324 and for DESI-MS in negative ion mode, CLMC was applied on
Leucine Enkephalin peak at m/z 554.2615. The quad profile was set to
Automatic for data acquisition in a full mass range (0-2400 m/z). The
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reader is referred to the web version of this article.)

data acquisition and processing were conducted using MassLynx version
4.2, HDI version 1.8, (Waters Corporation, Wilmslow, UK). Images were
normalised by the total ion count (TIC) and the contrast and intensity
were set to maximise quality of each image. Mean prediction error for
the DESI-MS and MALDI-MS analysis following calibration for both in-
struments was <0.2 ppm. Matrix spraying for MALDI-MSI analysis was
performed on HTX M3+ Sprayer™ (HTX Imaging, North Carolina, USA).

2.4. Sample preparation

The labels were cut to size and secured to a single glass slide using
double sided-carbon tape prior to analysis. The sample contained Label
1, Label 2, Label 3 which are genuine Macallan whisky labels sourced
from different production batches and intended for different global
destinations. Label 4 was a counterfeit label that was produced inhouse
using a high-quality scanner and printer. Each sample underwent initial
Raman analysis, followed by DESI-MSI analysis in negative ion mode,
and then MALDI-MSI in positive ion mode. No sample preparation was
required for Raman spectroscopy or DESI-MSI.

For DESI-MSI analysis, a solvent mixture of 95:5 MeOH:H,0 spiked
with 100 pg pL ™! of Leu-enkephalin was employed, sprayed at a flow
rate of 2 pLmin~!. Data acquisition was performed in negative ion mode,
with a capillary voltage set at 0.5 kV, cone voltage at 40 V, source
temperature of 120 °C and the heated transfer line set to 30 °C.

Prior to MALDI-MSI analysis, 5 mg/ml of a-CHCA matrix in 70:30
MeOH:0.5 %TFA (aq) matrix was spray-coated the using HTX M3+
Sprayer™ (HTX Imaging, North Carolina, USA) using a solvent flow rate
of 100 pLmin~! and a N pressure of 8 psi, in 8 layers, at a velocity of
1300 mm/min.

2.5. Statistical analysis

Mass spectra from regions of interest (ROI) were exported for each
label using the (MVA) tool in HDI 1.7. Subsequently, the data was im-
ported into MetaboAnalyst 6.0 for further analysis. Raman data, in .csv
format, was extracted from the instrument, baseline corrected in Python
and imported into Metaboanalyst 6.0 for analysis. One-factor statistical
analysis was conducted, with Pareto scaling applied to all datasets.
Principal component analysis (PCA) was applied to evaluate the un-
derlying patterns in the data.

3. Results and discussion
3.1. Raman spectroscopy

In the first stage of the proposed multimodal workflow three genuine
Macallan whisky labels (1-3) and a mock counterfeit label (4) were
subjected to Raman analysis. The acquired Raman spectra are shown in
Fig. 2 (a-c). The analysis involved three sampling areas for each label:
(a) the substrate (which in this set of samples is paper), (b) the black ink
region, and (c) the gold line region (the sampling areas are highlighted
with red circles in the optical image) (Fig. 2 (d)). Triplicate measure-
ments were taken from each region and a representative spectrum for
these three regions is shown for all labels (1-4).

Raman analysis of the substrates of all labels (1-4) shows a peak at
~1100 cm™! associated with CaCOs5 used for treatment of the paper
[29,42,43]. Additionally, the observed differences at ~500 em™! in
Raman spectra of genuine vs counterfeit samples are likely to be due to
the formation of dialkylsulfide bonds (C-S-S-C), that occur during the
chemical pulping of straw and wood used to produce the paper pulp
[44,45]. These signals are visible for genuine samples (Labels 1-3)
showing 3 peaks in this region 250-750 - cm ™}, whereas the same area
for Label 4 is showing no/weak signals in this region. These results
suggest that the genuine whisky labels were printed on a type of paper
with a higher cellulose fibre content.

Raman analysis of the gold ink region revealed unique peaks in the
region of 1400-1600 cm ™! for the counterfeit label (label 4), often found
in several yellow pigments [46]. Conversely, gold ink of genuine labels
(1-3) showed the presence of two peaks in the region 2000-3000 cm?,
the identity of which remain unknown. Importantly, this data provides a
positive indication that Raman spectroscopy can provide initial differ-
entiation between genuine and fake whisky labels through analysis of
multiple regions.

The analysis of black ink regions produced more peak-rich spectra, as
expected, given that black inks typically consist of more complex mol-
ecules. It has previously been shown that laser black printout, carbon
black pigment and toner samples show the presence of a peak at ~1550
em™!, corresponding to a G=0 stretch in carbonyl or OH-C=0 in car-
boxylic acid [27,29]. All labels (1-4) show peaks in region. However,
distinctive peaks differentiate genuine labels from the counterfeit, sug-
gesting that different black inks were used for printing. Furthermore, the
counterfeit label displayed a unique peak at around 750 cm™?, also
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observed by Heudt et al. (2012) [43] in black inkjet printouts, although
they did not speculate on its origin.

Following Raman analysis, the triplicate data points for each of the
three regions: substrate, gold ink, and black ink were analysed using the
statistical tool MetaboAnalyst 6.0 (Fig. 3 (a-c)). PCA loadings plots were

obtained for the respective regions across all whisky labels (1-4).

3.2. Substrates

The PCA scores plot reveals that measurements from the paper
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§ 4 (o)
o cE 81 .

o . § ° < 0 1 (genuine)
z ® -~ . ° ¢ o 2 (genuine)
§ ? ) g N § O §, o & : & ® O3 (genume)

LR e ° ° O 4 (counterfeit)

g | ° g o . 5}

- § 4

£ L5

I NSNS SOOI L S WO I U — . . , .

PC1(924%)

PC1(96.1%)

PC1(99.2%)

Fig. 3. PCA scores plot following Raman analysis in triplicates for: a) substrates, b) gold ink and c) black ink regions for labels 1-4. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)



V. Tibljas et al.

substrates show an overlap of data points from genuine labels 2 and 3.
They are distinct from labels 1 (genuine) and 4 (counterfeit), which are
clustered separately, as evidenced by the strong influence of PC1 (92.6
%). It’s important to note that all genuine labels fall within the same
quadrant. It has been suggested by the producers that variation observed
among the genuine examples could potentially be due to differences in
the primers applied to the paper, though further work is necessary to
confirm this. The data variability for the genuine labels is lower than
that of the counterfeit label.

3.3. Gold ink

The PCA scores plot of data from the Gold Ink regions shows a clear
distinction between the genuine labels (1-3) and the counterfeit (4),
with PC1 accounting for 96.1 % of the variance. Once again, the coun-
terfeit sample exhibits greater variability among the triplicates taken
from gold ink region compared to the genuine samples, suggesting that
the genuine samples exhibit more uniform printing when compared to
the counterfeits.

3.4. Black ink

The PCA scores plot from the Raman analysis of black ink regions in
Labels 1-4 shows the technique’s limitations in (statistically) dis-
tinguishing the genuine labels from the counterfeit. This may be due to
several factors, with a major contributor likely to be the complexity of
the spectra from the black ink regions. However, the successful results
obtained from the other regions of the labels highlights the usefulness of
the methodology in the initial stages of counterfeit identification.

Ultimately, in this first step of the multimodal workflow, Raman
analysis of whisky labels proved an effective, rapid, and non-invasive
technique for verifying authenticity, suggesting counterfeit samples,
and therefore highlights its beneficial use for initial testing. However,
the methodology has limitations—for instance, in this study, some label
regions, such as the gold ink, provided much more certain differentia-
tion between genuine and counterfeit labels compared to the substrates
and black inks. The presented results further support the need for a

DESI MSI ANALYSIS
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holistic approach to analysis. The generation of an in-house proprietary
Raman database would allow not only counterfeit detection but also the
possibility for QC (characterising the expected variation within genuine
labels within and between batches). Modification of the chemical
composition of genuine labels to incorporate a chemical marker could
increase the confidence in authenticity determination, and indeed this
methodology has been utilised elsewhere [47]. Where this presumptive
test does not lead to a definitive answer, further confirmatory testing is
needed, which could be achieved by mass spectrometry to offer specific
molecular-level chemical information.

3.5. DESI MSI

Since DESI MSI has previously proven successful in differentiating
inks by detecting characteristic chemical constituents [41], it was
applied in negative ion mode to Labels 1-4, following Raman analysis, to
explore the potential of this technique in providing confirmatory in-
formation assisting in counterfeit detection. In all instances, any suc-
cessful identity of ions contained within the genuine exhibits has been
omitted to preserve brand integrity. Fig. 4 (a) reveals the spatial dis-
tribution of a selection of ions present in genuine labels only (m/z
684.8932, m/z 330.9108, m/z 232.7637). On the other hand, spatial
distribution of ions at m/z 555.2648 and m/z 367.2850 can be used to
differentiate the counterfeit sample (Fig. 4 a). Fig. 4 (b) illustrates the
sampling process for subsequent statistical analysis through the extrac-
tion of spectra from regions of interest (ROIs) from both the genuine and
counterfeit samples, highlighted in different coloured squares. These
ROIs were subjected to PCA and the obtained scores plot is shown in
Fig. 4 (c), whereby a clear differentiation between genuine and coun-
terfeit samples can be seen with the PC1 accounting for 82.4 %.

This technique provides spatially resolved molecular information,
allowing for the generation of images that display distinct chemical
profiles of genuine whisky labels (1-3) when compared to the counter-
feit sample (4). The DESI MS molecular images at m/z 684.8932, m/z
330.9108, m/z 232.7637 (Fig. 4 (a)) show that these ions are only
present in the genuine labels (1-3) and not in the counterfeit sample (4).
As shown in Fig. S2, representative DESI-MSI spectra from the ROIs

PCA ANALYSIS
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Fig. 4. DESI MSI analysis of genuine and counterfeit whisky labels, showing a) DESI MSI molecular images of ions m/z 684.8932, m/z 330.9108, m/z 232.7637, m/z
555.2648 and m/z 367.2850 across all Labels (1-4) showing differentiation between the genuine and counterfeit samples, b) ROIs extracted for statistical analysis

and c) the PCA scores plot.
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taken from the black and gold region confirm that ions at m/z 232.7637
and m/z 330.9108 are characteristic of genuine labels (1-3), whereas
these ions are not detected in the counterfeit sample (4). These ions
outline the areas of the black and gold regions of the genuine labels
(1-3) and share similar signal intensity within the genuine labels,
indicating consistency in the abundance of these molecules. It is
important to emphasise that these labels are not from the same batch,
showing that this consistency could be attributed to similarities in the
printing process between different versions of the same label. These
labels were printed within a period of 2 days and were stored under the
same conditions prior to analysis which also accounts for the consistency
in chemical composition. Previous groups have investigated the effect of
storage condition on ink composition in so-called “ageing studies” and
therefore future work will focus on how different environmental con-
ditions (temperature, humidity and light) may impact the chemical
profiles of genuine labels, an important consideration in maintaining
quality of the product. The ion at m/z 684.8932 reveals an increase in
signal intensity on the top and left sides of the house outlines in all three
genuine labels (1-3), with some variation in the signal intensity. These
differences could be attributed to the manufacturing process, suggesting
that some labels have a greater amount of deposited material. This was
not an isolated case, and other ions also showed slight differences in
signal intensity between genuine labels (data not shown). Further work
is necessary to identify these ions, which, for these product labels, can
serve as valuable information from a QC perspective.

To gain a better understanding of the salient features in the data
collected following DESI MSI, PCA analysis was performed by extraction
of the three ROIs per feature (indicated by the different coloured
squares) from each label (Fig. 4 (b)). The PCA scores plot (Fig. 4 (c))
reveals a clear distinction between the genuine and counterfeit samples
represented by a PC1 of 82.4 %. ROIs extracted from the genuine whisky
label demonstrate minimal variability, whereas the counterfeit sample
shows greater inconsistency. These results, which align with the data
acquired from Raman spectroscopy, may be attributed to the higher
printing quality of genuine labels compared to that of the counterfeit
label.

Although DESI MSI detected ions from the substrate of the counter-
feit sample at m/z 555.2648 and m/z 367.2850 (Fig. 4 (a)), it showed
limitations in detecting ions derived from the ink within the counterfeit
sample. This could be due to the chemistry of the ink (whereby the
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molecular content may not be amenable to DESI MSI in negative ion
mode), interaction of the ink components with the paper used for the
counterfeit sample or the printing process employed. For example, inkjet
printers use nozzles to spray liquid ink, which is expected to form a
layered deposit on the surface, whereas laser printers use toner, a
powdered pigment that bonds with the paper when heated [48]. It is
hypothesised that this hinders the desorption of molecules contained
within the ink from the surface of the sample when employing the
minimally destructive DESI approach.

3.6. MALDI MSI

Following DESI MSI, the same samples underwent MALDI MSI
analysis as the final step of the multimodal workflow. This technique
requires sample preparation consisting of matrix deposition prior to
analysis. Our group has successfully used MALDI MSI in positive ion
mode in a recent casework example (data not shown due to confiden-
tiality) and has shown its effectiveness to detect various dyes in ballpoint
pen inks within this multimodal workflow [41].

Fig. 5 (a) reveals the spatial distribution of a selection of ions present
only in genuine (m/z 695.1265, m/z 279.0939, m/z 443.0133) or
counterfeit labels (m/z 445.0392 and m/z 861.0717). MALDI MSI
analysis revealed ions derived from the black ink within the counterfeit
sample which were not present in the genuine labels. The same statis-
tical analysis was applied to MALDI dataset with ROIs extracted from
both genuine and counterfeit samples. The PCA loadings plot (Fig. 5 (b))
shows a representative ion at m/z 279.0939 for genuine samples versus
an ion representative of the counterfeit sample at m/z 445.0392. Spe-
cifically, the PCA scores plot (Fig. 5 (c)) shows a clear differentiation
between genuine and counterfeit samples, with a PC1 of 91.2 % which is
superior to the statistical differentiation achieved following DESI MSIL.

Analysis of the samples using MALDI MSI yielded unique ions for
both genuine and counterfeit labels. For example, the spatial distribu-
tion of the ions at m/z 695.1265, m/z 279.0939 and m/z 443.0133
(Fig. 5 (a)) is observed in the regions of the genuine labels only. As
illustrated in Fig. S3, MALDI-MSI spectra acquired from the black region
confirm a clear distinction between genuine and counterfeit labels: the
ion at m/z 695.1265 is unique to genuine labels (1-3), whereas the ion at
m/z 445.0133 is detected only in the counterfeit sample (4). Similarly to
DESI MSI, ions within the house region display the same signal intensity

PCA ANALYSIS
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Fig. 5. MALDI MSI analysis of genuine and counterfeit whisky labels, showing a) MALDI MSI molecular images of ions m/z 695.1265, m/z 279.0939, m/z 443.0133,
m/z 445.0392 and m/z 861.0717 showing differentiating ions between the genuine and counterfeit samples, b) PCA loadings plot and c¢) PCA scores plot.
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across the three genuine labels (1-3). The ions at m/z 445.0392 and m/z
861.0717 are constituents of black ink used to print the counterfeit label.
In contrast to the genuine labels, which show a uniform signal across the
entire house region, these ions are more localised to the areas where
black ink was deposited. It is hypothesised that this is due to the pres-
ence of a protective coating in this region of the genuine labels, which
the manufacturers have confirmed is applied to reduce damage to the
product. This prevents extraction of analytes contained within the ink,
which was also observed with the data obtained from DESI MSI. This
finding could also be relevant to different regions of the label and could
potentially provide invaluable information for counterfeit detection.
PCA analysis of the extracted spectra (Fig. 5 (c-d)) acquired using MALDI
MSI further validated the previous results obtained with DESI MSI. The
loadings plot (Fig. 5 (c)), is essential for interpreting the underlying
structure of the data. For example, the ion at m/z 279.0939 is exclusive
to the genuine samples. In contrast, the ion at m/z 445.0392 is unique to
the counterfeit sample, both have been highlighted with an Asterix
within the figure. The scores plot (Fig. 5 (d)) shows differentiation be-
tween the genuine and the counterfeit by a PC1 of 91.2 %. Similarly to
DESI MSI experiment, the ROIs extracted from the house region of the
counterfeit label show greater variability between the extracted spectra,
certainly a consequence of the lack of uniformity in the signal intensity
of different ions located within this region.

To maximise the intelligence recovered from the dataset, PCA anal-
ysis was performed on ROIs extracted from the substrate (paper) regions
following both DESI MSI and MALDI MSI. The experiments reveal con-
trasting outcomes as unlike the observations from the house regions, the
genuine labels display greater variance between the triplicates (Fig. 6).
Similarly to what was observed in the Raman spectroscopy data, label 1
appears to be grouped separately from labels 2 and 3, suggesting some
subtle difference between the genuine samples. As previously noted, this
difference could be attributed to the use of a different primer, and has
been confirmed as a potential difference between the samples by the
producers.

Finally, the examination of matrix peaks provides insights into
permeability of substrates on which the labels are printed. A represen-
tative example of a matrix peak can be seen in Fig. S1, at m/z 212.0324
(0 ppm). The ion at m/z 212.0324 represents a sodiated CHCA ion [M +
Na]™ which is displaying higher intensity signal within the counterfeit
label in comparison to the genuine samples. This is likely a result of the

GENUINE COUNTERFEIT
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Fig. 6. DESI MSI and MALDI MSI analysis of the substrate (paper) region of
genuine and counterfeit whisky labels, showing a) ROI extraction process for
the triplicates taken from three genuine labels (1-3) and a counterfeit (4), b)
PCA scores plot following DESI MSI and c¢) PCA scores plot following
MALDI MSI.
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genuine labels being printed on substrates which have different phys-
ical/chemical properties to that of the counterfeit. Furthermore, there
appears to be less matrix coverage on the tree and house features of the
genuine labels in comparison to the counterfeit sample, which could
offer additional intelligence in this type of analysis. Again, this corre-
lates to the previous data, and information provided by the producers,
regarding the protective coating which is applied to this region to pre-
vent damage.

The comparative assessment of different analytical methodologies
underscores the advantage of employing MALDI MSI following DESI MSI
in instances where DESI MSI does not yield a definitive result. While
Raman-DESI MSI may be sufficient in some cases, this study highlights
the importance of the full multimodal workflow, particularly when DESI
MSI does not provide complete ink composition data. In this context, the
combination of Raman and MALDI MSI may also be considered as an
alternative workflow, although the MALDI MSI technique is more
destructive, necessitating the deposition of a MALDI matrix prior to
analysis, and is therefore reserved for the final stage of the proposed
workflow. Indeed, the “harder” nature of MALDI technique enables
more efficient extraction and ionisation of a broader range of analytes
when compared to DESI which are more limited in the molecules they
ionise [49]. Within this workflow, MALDI MSI enhances the amount of
intelligence recovered from the sample, strengthening the ability to
distinguish genuine labels from counterfeits with greater confidence.

To the best of the authors’ knowledge, this study represents the first
instance whereby different analytical techniques have been applied to
product labels for authenticity testing. It highlights that spectroscopic
and mass spectrometric techniques can assist in counterfeit detection
and interestingly, their potential role in QC for product labels. It high-
lights the importance of maximising intelligence recovered from the
samples through a multimodal workflow applied in order of increasing
destructiveness and how the different analytical techniques can extract
key chemical and physical information from different features of prod-
uct labels.

4. Conclusion

This study highlights the applicability of different analytical tech-
niques (in a multimodal analytical workflow) for whisky label authen-
tication. Raman spectroscopy provides an effective initial method for
authenticity testing, offering a non-invasive and rapid approach. How-
ever, its limitations in differentiating black regions can lead to incon-
clusive results and may necessitate further confirmatory analysis. DESI
MSI successfully identified unique ions corresponding to features of the
genuine labels but exhibited limitations in extraction ions derived from
ink within the counterfeit labels. MALDI MSI addressed this issue by
detecting ions specific to the counterfeit ink, likely due to the better
analyte extraction capabilities. Despite MALDI MSI being destructive
due to an additional sample preparation step, its application at the final
stage of the workflow strengthens the overall analytical approach,
enhancing confidence in distinguishing genuine labels from counter-
feits. It is important to note that this proof-of-concept methodology
would be feasible in cases in which the product labels were counter-
feited, but not in instances where genuine bottles have been refilled.

Interestingly, both mass spectrometry techniques showed great po-
tential for quality control (QC) in label printing by identifying variations
in the chemical profiles of specific molecules within genuine samples.
This intelligence could allow for improvements to be made in the
manufacturing process. Further research is required to identify these
molecules and evaluate their response to different environmental con-
ditions, including temperature, light, and humidity to allow for the
quality to be maintained following different storage conditions of the
product.
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