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This study presents a method for discriminating the geographical origin of dried chili peppers using femtosecond
laser ablation-inductively coupled plasma-mass spectrometry (fsLA-ICP-MS) and multivariate analysis, such as
orthogonal partial least squares discriminant analysis (OPLS-DA), heatmap analysis, and canonical discriminant
analysis (CDA). Herein, 102 samples were analyzed for the content of 33 elements using optimized conditions of

OPLS-DA . . o . .
Canonical discriminant analysis 200 Hz (repetition rate), 50 pm (spot size), and 90% (energy). Significant differences in count per second (cps)
Heatmap values of the elements were observed between domestic and imported peppers, with variations of up to 5.66

times (**3Cs). The OPLS-DA model accuracy achieved an R? of 0.811 and a Q? of 0.733 for distinguishing dried
chili peppers of different geographical origins. The variable importance in projection (VIP) and s-plot identified
elements 10 and 3 as key to the OPLS-DA model, and in the heatmap, six elements were estimated to be sig-
nificant in discriminating between domestic and imported samples. Furthermore, CDA showed a high accuracy of
99.02%. This method can ensure food safety for consumers, and accurately determine the geographic origin of

Geographical discrimination

agricultural products.

1. Introduction

Chili pepper (Capsicum sp.) is a crop native to Central and South
America, which is used and cultivated worldwide (Barchenger and
Bosland, 2019). Chili pepper is rich in amino acids, such as aspartic and
glutamic acids, and nutrients, such as vitamin C, lutein, p-carotene,
calcium, and magnesium (Olatunji and Afolayan, 2018). In particular,
its active component capsaicin shows anti-inflammatory and
anti-obesity properties and prevents cardiovascular diseases when taken
regularly and in appropriate amounts (Zhang et al., 2021).

The consumption of chili peppers is prevalent in South Korea, pre-
dominantly in the form of dried chili peppers. Hereby, Korean con-
sumers prefer domestically grown chili papers to imported ones (Hong
and Kim, 2013). Owning to different geographical environments, the
same agricultural products show different compositions of elements and
active components (Chung et al., 2016; Choi et al., 2020). Therefore,
consumers’ preferences differ depending on the country or region where
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these products are cultivated (Thggersen et al., 2019). The authenticity
of food products based on their geographical origin is an important
factor in controlling food quality and ensuring high food safety, which
has been attracting more attention from consumers and promoting
active research on geographical origin analysis (Promchan et al., 2016).

In addition to organic components, an analysis method of the
geographical origin of food products based on inorganic components is
actively progressing worldwide (Choi et al., 2016; Lee et al., 2020a)
because they are chemically stable and representative of the elements in
the soil and environmental impact on the area where the crop grows
(Bong et al., 2012). Microwave-assisted acid digestion is commonly used
to prepare samples for inorganic analyses (Altundag and Tuzen, 2011).
However, the preparation procedure for solid samples is
time-consuming and may lead to sample contamination and loss during
processing (Schneider et al., 2018). In addition, the analysis is per-
formed with diluted liquid samples, which can result in poor limits of
detection (LOD). Strongly acidic solutions are often used, potentially
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posing arisk to the safety of the experimenter (Reyes and Campos, 2006;
Bolea-Fernandez et al., 2015). For the analyses of inorganic components,
instruments, including energy-dispersive X-ray fluorescence spectrom-
etry (ED-XRF), isotope ratio mass spectrometry, inductively coupled
plasma-optical emission spectroscopy (ICP-OES), and inductively
coupled plasma-mass spectrometry (ICP-MS), are used. ICP-MS and
ICP-OES can perform quantitative and qualitative elemental analyses of
different food samples with high sensitivity and precision. However,
microwave-assisted acid pretreatment is still required. While ED-XRF
analysis does not require sample pretreatment for powder-type sam-
ples, it may not be suitable for accurately identifying trace elements due
to its low sensitivity or high standard deviation. Laser
ablation-inductively coupled plasma-mass spectrometry (LA-ICP-MS) is
a powerful analytical technique that combines LA with the
high-sensitivity multi-element analysis function of ICP-MS for solid
sampling (Nunes et al., 2016). LA-ICP-MS enables direct analysis of solid
samples with minimal reagent consumption, short pretreatment time,
and minimal risk of sample contamination or loss. In addition, a small
amount of sample can be analyzed non-destructively, providing rapid
and isotopic information on specific elements (de Francesco et al., 2018;
von Wuthenau et al., 2021). This technology has successfully demon-
strated its applicability for determining the origin of metals, glass,
porcelain, and relics (Devos et al., 2000; Trejos et al., 2003; Bartle and
Watling, 2007; Pornwilard et al., 2011; Grainger et al., 2012), as well as
of various foods, such as milk powder, vanilla, almond, and rice (Hon-
drogiannis et al., 2013; Promchan et al., 2016; Hoffman et al., 2018; von
Wuthenau et al., 2022). However, despite its potential, there have been
limited studies on the use of LA-ICP-MS for the geographical discrimi-
nation of agricultural products.

Furthermore, statistical analysis is essential to effectively evaluate
experimental results and draw accurate conclusions from the data.
Multivariate statistical analysis methods, such as Principal Component
Analysis (PCA), Partial Least Squares Discriminant Analysis (PLS-DA),
Orthogonal Partial Least Squares Discriminant Analysis (OPLS-DA), and
Canonical Discriminant Analysis (CDA), have been widely used to in-
crease the efficiency and accuracy of geographical discriminant ana-
lyses. These methods have been employed to build geographical
discrimination models based on experimental data, demonstrating high
accuracy and efficiency (Lee et al., 2020b; Fiamegos et al., 2021; Ghi-
dotti et al., 2021).

In this study, we hypothesize that the geographical origin of dried
chili peppers can be accurately determined using fsSLA-ICP-MS and sta-
tistical data processing and that this method can overcome the short-
comings of the commonly used chemical methods of geographical
discriminant analysis.

2. Materials and methods
2.1. Sample collection and pellet preparation

In 2021, the National Agricultural Product Quality Management
Service (NAQS) in Korea collected 102 samples of dried chili peppers,
including 51 domestic and 51 imported (Table S1). Domestic products
were purchased from food stores in Gyeonggi, Gangwon, Chungnam,
Gyeongbuk, Gyeongnam, Jeonbuk, Jeonnam, and Jeju. Imported dried
chili pepper samples from China and Vietnam were purchased from a
store that directly imports and sells agricultural products. First, 200 g of
dried chili pepper was evenly mixed in a homogenizer (UBC-DV, Uni-
versal Biological & Chemical, Goyang, Korea) and dried for 5 h at 40 °C
in a hot air dryer. The powder was passed through a 0.5 mm filter using
an experimental grinder, dried again in a hot air dryer for 3 h, and used
as a sample for further analysis. Multi-element analysis using laser
ablation examines only a small area of a sample; therefore, it is impor-
tant to ensure that each sample is homogeneous and representative of
the entire sample (Papaslioti et al., 2019). Using a PP35 pellet press
(Retsch, Haan, Germany), approximately 2 g of ground dried chili
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pepper was pressed at 10 ton cm ™! to form pellets approximately 2-4
mm thick and 13 mm in diameter. The workflow of this study is illus-
trated in Fig. 1.

2.2. Optimization of the fsLA-ICP-MS method

Femtosecond (fs) LA-ICP-MS is an analytical instrument composed of
a J200 fsLA (Applied Spectrum, USA) and an Agilent 7900 ICP-MS
(Agilent, USA) instrument. The analytical efficiency of fsLA-ICP-MS
depends on various parameters, such as the ablation mode, scanning
rate, spot size, laser fluence, repetition rate, laser energy, carrier flow,
pulse length, and wavelength (Zacem et al., 2021). These parameters
affect the ablation process, plasma, and signal stability during analysis
and can lead to inaccurate results (Voss et al., 2017). The RF power, RF
match, and He flow of the ICP-MS were set to 1600 W, 1.40 V, and 2.0
mL min~}, respectively. The optimized parameters of the fsLA-ICP-MS
are summarized in Table S2. All experiments were performed inside
the ablation chamber (100 mm x 100 mm) of the fsLA device.

2.3. Sample measurements using fsSLA-ICP-MS

Using the optimized experimental conditions, multi-element analysis
of 61 elements (9Be, 23Na, 24Mg, 27Al, 31P, 345, 39K, 43Ca, 44Ca, 48Ti, 51V,
52Cr, 55Mn, 56Fe, 59¢o, 61Ni, 63Cu, 66Zn, 71Ga, 72Ge, 75As, 783e, SSSr, 207r,
93\b, %Mo, 1°1R, 193Rh, 105pd, 197ag, 111cd, 118sp, 1215, 125Te, 133,
137g,, 1391, 140ce 14lpy ldoNg 147gm 153g, 157Gq 163py 165p,,
166gy 1697y 172y}, 1751, 178¢ 1811, 182y 185pe 1890 193}, 195p;
197Au, 205Tl, 208Pb, 232Th, and 2%%U) was performed based on 102 dried
chili pepper samples. Four single-line scanning laser ablation modes
were used in three different areas of the dried chili pepper pellet.

2.4. Data pre-processing and multivariate analysis

The data obtained with fsSLA-ICP-MS were pre-processed to improve
quality. The relative standard deviation (RSD) for each element was
calculated from the line scan data and elements were excluded from all
chili samples if the RSD was >30% and low signal intensity.

Rz, QZ, receiver operating characteristic (ROC) curve, and permu-
tation test were used to evaluate the OPLS-DA model. R? and Q? are
generally used as indicators to explain the model and how accurately it
predicts the class, respectively. Moreover, the ROC curve is the ability of
a model to express the balance between its sensitivity and specificity.
The OPLS-DA model was fitted using an autofit function (SIMCA) and
then optimized by removing the furthest outliers from the score plot and
the residual normal probability plot until the fitted model showed the
highest R? and Q2 values. S-plot and variable importance in projection
(VIP) scores were used to identify elements that had a significant effect
on the data set. The elements with a VIP score >1 were selected to
confirm their significance for the determination of the geographical
origin of dried chili pepper samples. A permutation test (n = 200) was
performed to check whether the model data was overfitted as cross-
validation, and the plots showed the correlation between the original
y-variable and the permuted y-variable, displayed on the x-axis, and the
cumulative R? and Q2, displayed on the y-axis, then a regression line was
drawn, where the intercept was a measure of the overfitting. OPLS-DA
was conducted using the SIMCA multivariate data analysis software.

Inorganic element results were analyzed using Metaboanalyst 5.0
(http://www.metaboanalyst.ca), a web-based metabolite analysis plat-
form, and they were displayed in color as a visual distribution on a heat
map (Hur et al., 2023).

CDA was performed using the UNISTAT statistical software (Unistat,
London, UK) by setting the counts per second (cps) values of dried chili
pepper samples as independent variables. Hereby, domestic samples
were classified as “1” and imported samples as “2.”


http://www.metaboanalyst.ca
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Laser Ablation

Fig. 1. Illustration of the study workflow. (A) Dried chili pepper powder, (B) pressed dried chili pepper powder, (C) laser ablation of the pressed dried chili pepper
powder, (D) traces of lines after laser ablation, and (E) time-resolved analysis (TRA) graph of 33 different elements.

3. Results and discussion
3.1. Optimization of fsLA conditions

As known, an internal standard (IS) enables the normalization of
unstable signal data. In this study, the naturally stable isotope 'C was
used as the IS in fsSLA-ICP-MS (Nunes et al., 2016; Makino and Nakazato,
2021). The experimental parameters were rigorously optimized across
various repetition rates (10, 50, 100, 200, 500, 700, and 1000 Hz), spot
sizes (20, 30, 40, 50, and 60 pm), energies (60, 70, 80, 90 and 100%),
and gas flow rates (from 0.1 to 1.4 L min~!). The resulting data revealed
that the optimal conditions for consistent stable cps values and repro-
ducible analysis with low relative standard deviations (RSD) were ach-
ieved at a repetition rate of 200 Hz, a spot size of 50 pm, an energy level
of 90%, as well as helium and argon gas flow rates of 1.2 and 1.0 L

min_l, respectively (Figs. STA-C). In the subsequent experiments, this
robust method was applied to measure the chemical compositions of 102
dried chili pepper samples, yielding comprehensive and reliable results.
The fsLA-ICP-MS method used in this study has been previously vali-
dated (Kim et al., 2023)

3.2. Sample analysis using fsLA-ICP-MS

Thirty-three elements were selected through a data pre-processing
step. To confirm the differences in elemental content based on
geographical origin, the minimum, maximum, and average cps values of
51 domestic and 51 imported dried chili peppers were compared for 33
different elements, as shown in Table S3. Both the domestic and im-
ported dried chili pepper exhibited the highest average cps values of
9.42 x 10% and 9.41 x 108 for *°K, respectively. The average cps values
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Fig. 2. Comparison of the average cps values for domestic and imported dried chili pepper samples. Red bars: difference in cps values based on the imported samples,
black line: cps fold difference calculation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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of 2*Mg and 23Na were also high in both groups. Domestic samples had
the highest average cps values for 31P, 56Fe, 55Mn, and “4Ca: 4.69 x 106,
4.33 x 10° 1.53 x 10°, and 7.59 x 10°, respectively, while imported
samples had the highest average cps values for *°Fe, 3!P, *Mn, and %3Cu:
5.43 x 105, 4.84 x 10° 1.42 x 10°, and 8.98 x 10°, respectively. The
lowest cps values in domestic and imported samples were found in }7Hf
(57.61 and 82.16 cps) and 13! Ta (82.70 and 138.27 cps). Subsequently,
low cps values were detected for 238y, 71Ga, and *°Nd in domestic and
imported products. In addition, 15 elements with a difference of more
than 1.43 times in average cps values were identified depending on the
geographical origin (Fig. 2). For 14 elements except for ®°Zn, average
cps values were higher in imported than in domestic products. The
element showing the greatest difference (5.66 times) between the two
groups was 133¢s. In addition, imported samples showed approximately
2.79 and 2.59 times higher amounts of >'V and ®8Sr, respectively. It was
also confirmed that the amounts of 27A1, 238U, 208Pb, and ?Na were at
least twice as high in imported samples, and a difference of at least 1.43
times was found for the remaining elements (71Ga, 93Nb, chd, 205Tl,
1811, 63Cy, and 178Hf) except %°Zn, which showed approximately 1.44
times higher concentration of °6Zn in domestic products. In contrast,
39k, 31p, 343, and >Cr exhibited the smallest differences. The descriptive
statistics of the 15 elements with the highest cps difference in domestic
and imported chili peppers are shown in Fig. 3. Because of the difficulty
of quantification in the LA-ICP-MS analysis, the elements’ cps values of
domestic and imported chili pepper samples were compared in this
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study. The results of this comparison were consistent with previous
studies (Hwang et al., 2019; Mi et al., 2020).

3.3. Geographical origin discrimination using multivariate analysis

3.3.1. OPLS-DA

OPLS-DA is a suitable method for discriminating two groups by
assigning a dependent variable, called a set, by classifying and high-
lighting the influence of variables that contribute to discrimination
(Jiang and Leem, 2016; Zhang et al., 2022). OPLS-DA was performed
using the SIMCA software to differentiate between domestic and im-
ported products. In the OPLS-DA, the elements used as variables in the
geographical origin discrimination analysis are shown in Fig. 4A. The R?
of 0.811 and Q? of 0.733 confirm that it is a reliable model that dis-
tinguishes between domestic and imported products. OPLS-DA is a
regression analysis that rotates the data matrix to easily identify ob-
servations and variations between different groups (Bylesjo et al., 2006).
The VIP of OPLS-DA confirmed the factors that influenced the classifi-
cation of domestic and imported products into the two groups. The
criterion for discrimination between domestic and imported samples
were elements (133Cs, SSSr, Sly, 27Al, 71Ga, 63Cu, Mg, 66Zn, 23Na, or
93Nb) with a VIP value greater than 1 (Fig. 4B), which was confirmed to
have high discriminative power in OPLS-DA (Fig. 4A). The S-plot is a
visualization method that combines covariance on the x-axis and cor-
relation on the y-axis. In this study, ten elements selected from the VIP
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Fig. 3. Boxplot of minimum, maximum, and average count per second (cps) values for 15 elements measured in domestic and imported dried chili pepper samples.
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referred to the Web version of this article.)

score were located at |p(corr)| > 0.4 of the S-plot. Nine elements were
located at p(corr) > 0.4 of the S-plot and were elements with high cps
values in the imported samples. Conversely, the other element was
located at p(corr) < - 0.4 of the S-plot and showed higher cps in the
domestic samples. In particular, the three elements (®8sr, 133Cs, and
66Zn) located at both ends of the S-plot were inferred to have a signifi-
cant effect on distinguishing the geographical origin of dried chili pep-
pers (Fig. 4D). For these elements, the difference in average cps values
was significant according to the geographical origin. The 8Sr and '33Cs
cps values were more than twice as high in imported products as in
domestic products, and the 0Zn cps value in domestic products was
approximately 1.4 times higher than that in imported products.

The permutation test was used to verify the statistical significance of
OPLS-DA. As known, the regression intercept values of the R? and Q?
regression lines represent the fit to the data and the predictive ability of
the model, respectively. If all points to the left of R? and Q? are lower
than the two points to the right (100% in the x-axis), and the slopes of
the regressions of R? and Q? are positive, the model fits. Furthermore,
the R? and Q2 should not exceed 0.3 and 0.05, respectively (Liu et al.,
2018; Lee etal., 2022). Based on the permutation test results, R%0f0.153
and Q2 of —0.289 are within the acceptable range, indicating good
repeatability and predictability of the model (Fig. 4C).

Generally, ROC is used as one of the important evaluation indicators
to describe the performance of a model (Hajian-Tilaki, 2013; Obu-
chowski and Bullen, 2018; Vitale et al., 2018). Here, an OPLS-DA model
was created using 33 elements to determine the geographic origin of
domestic dried peppers and imported dried peppers, and ROC analysis
was shown with 98.7% accuracy (Fig. 5).

3.3.2. Heatmap
A heatmap was generated using measured cps values of domestic and

imported dried chili peppers, where “1” denotes domestic and “2” rep-
resents imported samples (Fig. 6). A value of 5 or more indicates the
highest content and it is shown in dark red; whereas —5 indicates the
lowest content and it is shown in dark blue. In the heatmap, domestic
products were generally depicted as light blue, and imported products as
red; thus, the difference between domestic and imported products was
evident based on the heatmap. In addition, 10 significant elements
previously identified in OPLS-DA were shown in the heatmap. Among
those elements, 133Cs and 88sr, which showed the largest cps differences
between domestic and imported samples, as well as 23Na, 63Cu, and
H1lcd, were also located in one group. And %Zn, which showed a higher
cps value in domestic than in imported samples, belonged to another
group. Thus, 6 out of 10 elements selected in OPLS-DA were significant
in distinguishing between domestic and imported products. However,
further verifications are necessary to confirm whether 6 elements are
sufficient to discriminate the geographical origin of agricultural
products.

3.3.3. CDA

To further differentiate between domestic and imported dried chili
peppers, CDA was performed using 33 elements as independent vari-
ables (Table S4). The CDA shows the discriminant score, which is the
center value of each group in which the two groups can be well distin-
guished and is calculated from the function value for determining the
two groups. The geographical origin discrimination results showed an
eigenvalue of 4.7902, a percentage of 100%, a cumulative of 100%, and
a correlation coefficient of 0.9096, confirming a significant difference
between the domestic and imported dried chili pepper groups. The
distance between the domestic and imported groups in the plot was
4.3342, indicating a significant difference between the two groups
(Fig. S2). The group classification accuracy rates for the 51 domestic and
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51 imported products were high at 99.02%.

All multivariate analysis (OPLS-DA, Heatmap, CDA) used in this
study achieved satisfactory accuracy in classifying domestic and im-
ported chili peppers, with CDA providing the best classification results
among these methods.

Furthermore, fsSLA-ICP-MS demonstrated an excellent performance
without pretreatment, in contrast to previous studies that used various
analytical tools for geographical discrimination. In summary, the
geographical origin of dried chili peppers was accurately determined
using fsLA-ICP-MS and statistical data processing by analyzing 33
different inorganic elements and overcoming the shortcomings of
commonly used chemical methods of geographical discriminant
analysis.

4. Conclusions

Domestic and imported dried chili pepper samples were analyzed
using fsLA-ICP-MS under optimized conditions and multivariate anal-
ysis. Our findings based on a multivariable analysis of the data obtained
using fsLA-ICP-MS confirmed that domestic and imported dried chili
peppers could be distinguished with high accuracy. This study aimed to
develop an analytical technique that can rapidly and conveniently
identify the geographical origins of agricultural products, without the
sample pretreatment with acids used in the conventional microwave-
assisted ICP analysis. This technique has the potential to be a safe and
environmentally friendly alternative for the inorganic analysis of agri-
cultural products. Therefore, additional research should explore the
potential of the LA-ICP-MS technique for analyzing other agricultural
products and its applications in the field of safety management.
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