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H I G H L I G H T S G R A P H I C A L  A B S T R A C T

• FTIR spectroscopy combined with PCA- 
LR enables rapid and non-destructive 
BEO authentication.

• A multiclass classification model profi
ciently differentiates between natural, 
synthetic, and adulterated BEO samples 
with high accuracy.

• This approach strengthens quality con
trol, helps prevent fraud, and paves the 
way for a device for rapid and accessible 
BEO analysis.
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A B S T R A C T

A rapid method using FTIR-ATR spectroscopy combined with PCA and a classification model was applied to 
distinguish between natural, synthetic, and adulterated Bergamot essential oil (BEO). Synthetic BEOs are often 
composed of specific alcohols such as ethanol and dipropylene glycol (DPG), which are used to dilute synthetic 
metabolites like limonene, linalyl acetate, and linalool. Synthetic BEOs exhibited a distinct peak at 1340 cm− 1, 
linked to C–H bending of alcohols or methyl group deformation in artificial esters like linalyl acetate, a peak that 
is absent in natural BEOs. Additionally, an absorption band between 3600 and 3100 cm− 1 indicated the presence 
of DPG and synthetic ethanol, a byproduct of synthetic linalyl acetate. These findings were validated by com
parison with NMR spectroscopy for metabolite recognition. A logistic regression (LR) model using PCA was 
applied to 369 samples, achieving an overall accuracy of 0.976 ± 0.016 through five-fold cross-validation (CV).
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1. Introduction

Nowadays, there is a high demand for natural essential oils due to 
their limited production. Synthetic oils, also known as fragrance oils, are 
artificially created aromatic compounds designed to imitate the scent of 
natural essential oils but with several differences. The addition of low- 
cost essential oils, such as lavender or lemon, and/or synthetic com
pounds like linalyl acetate or linalool, significantly affects the quality of 
high-value pure essential oils [1]. Synthetic mixtures of different com
pounds are often used as alternatives to natural essential oils. However, 
as they do not contain natural components, they cannot offer the same 
aromatherapeutic effects [1,2]. Another aspect related to the properties 
and quality of essential oils is adulteration. The rising demand for high- 
value essential oils seems to have intensified adulteration practices, as 
producers seek to cut costs and increase product availability [1–4]. 
Although adulteration reduces the quality of the oils, it often provides 
limited benefits and can have harmful effects on human health. 
Bergamot (Citrus bergamia Risso) is a high-demand product on the 
market [5]. The production of bergamot essential oil (BEO) is 
geographically limited to a specific area of Reggio Calabria in Italy, 
which accounts for more than 90% of the global production. BEO is 
obtained by cold pressing the exocarp of the fruit, consisting of a volatile 
part (~93%) and a non-volatile part (~7%). The three compounds most 
present in the volatile fraction are limonene (25–45%), linalyl acetate 
(21–41%) and linalool (3–22%) [6]. However, the non-volatile fraction 
contains furanocoumarins such as bergapten (5-methoxypsoralen), a 
phototoxic compound known to induce skin irritation upon exposure to 
ultraviolet (UV) light [7,8]. Consequently, furanocoumarins are 
removed to enhance safety, particularly in cosmetic formulations. 
Despite its phototoxic potential, bergapten itself has been reported to 
exhibit diverse pharmacological properties, including neuroprotective, 
anticancer, anti-inflammatory and antidiabetic activities [9,10]. 
Bergamot oil has various medical uses, including as an antidepressant, 
antibiotic, antipyretic, and for treating skin diseases like psoriasis. It 
supports cardiovascular and nervous system health, improving cognitive 
functions [11–13]. Naringin, a component of bergamot, enhances in
sulin sensitivity and glucose tolerance, benefiting diabetics [14]. 
Bergamot also contains flavonoids such as neoeriocitrin and neo
hesperidin with antioxidant properties [15]. Studies show it lowers total 
and LDL cholesterol in patients with hypercholesterolemia [16]. Addi
tionally, bergamot oil is used as a natural preservative in cosmetics, 
offering benefits like anti-acne, anti-aging and skin lightening [17–20]. 
Since bergamot essential oil has characteristic fresh citrus scent, it is 
used as top notes in various perfumes, which consumers first detect. 
Therefore, it is not surprising that the perfume industry shows interest in 
the research of essential oils and their economically profitable produc
tion [20]. Recently, sophisticated adulterations of bergamot oil have 
appeared, which include the addition of characteristic molecules iso
lated from other natural sources, such as linalyl isolated from Cinna
momum camphora (Camphor tree) or Salvia sclarea (clary sage), 
α-terpineol isolated from limonene and linalool isolated from lavender. 
Furthermore, different commercially available synthetics have been 
added to bergamot oil to create artificial mixtures, whose main purpose 
is to recreate natural essential oils with minimal costs. Producers usually 
dilute the essential oil using a carrier oil, alcohol and other synthetic 
components [20–23]. To prevent adulteration of EOs, the ISO standard 
9235:2021 has been defined for essential oils as a fragrant product ob
tained from various plant raw materials by steam distillation [22]. 
Detection of EOs adulteration usually implies the use of standard tech
niques such as gas chromatography (GC) or high-performance liquid 
chromatography (HPLC) and nuclear magnetic resonance (NMR) 
[24–30]. Before the GC and HPLC analysis, oil samples often need to 
undergo several preparation steps, such as extraction, filtration or 
derivatization, which can be time-consuming and complex [25–27]. 
NMR spectroscopy does not require special preparation, other than 
dissolving the sample in a deuterated solvent [30]. However, it is more 

sophisticated, and the equipment is more expensive compared to Fourier 
transform infrared (FTIR) spectroscopy [30,31]. FTIR also enables the 
analysis of biological samples and the identification of chemical 
composition. Analysis takes only a few minutes. Sample preparation is 
minimal, without the need for solvent extraction or chemical modifi
cation [31]. FTIR allows the identification of specific molecular struc
tures like fatty acids and triglycerides in the “fingerprint region” 
(600–1500 cm− 1), making it easier to detect the presence of foreign or 
adulterating oils [32–34]. Recent studies have demonstrated the broad 
applicability of FTIR spectroscopy combined with multivariate analysis 
for the rapid characterisation and discrimination of complex chemical 
systems [35–38]. The aim of this study was to develop a FTIR–based 
technique combined with chemometric analysis to authenticate BEO 
samples. High-resolution NMR spectroscopy was employed as an inde
pendent reference technique to support the FTIR-based. To the best of 
our knowledge, this study provides the first insight into the metabolite 
composition of synthetic bergamot essential oil.

2. Materials and methods

2.1. Oil samples

In this study, two types of essential oils were analysed to investigate 
differences in chemical composition and oil quality. The natural BEO 
samples were supplied by Azienda Agricola Minnici (Bianco, Italy), and 
the essential oil was extracted from the exocarp of three Citrus bergamia 
Risso cultivars: Castagnaro, Femminello, and Fantastico. All the cultivars 
were grown in the same pedoclimatic conditions in the Calabria region. 
A total of 199 natural BEO samples were obtained directly after 
extraction and subjected to defurocoumarinization, a standard indus
trial process aimed at removing phototoxic linear furocoumarins. A total 
of 100 synthetic BEO samples were purchased from Lotus House 
(Thailand), a commercial supplier. These samples are representative of 
commonly used adulterants in the fragrance and flavour industries. A 
total of 369 BEO samples were included in the analysis, consisting of 199 
natural, 100 synthetic, and 70 adulterated samples. Adulterated BEO 
samples were prepared by volumetric mixing of natural and synthetic 
bergamot essential oils at defined concentrations ranging from 15% to 
60% (v/v) of synthetic oil. All mixtures were homogenised by gentle 
stirring prior to analysis to ensure compositional uniformity. All samples 
were stored in amber glass vials at room temperature and protected from 
light to minimize oxidative degradation and preserve their volatile 
composition prior to analysis.

2.2. Sample preparation

FTIR-ATR spectra were acquired using a Thermo Scientific NICOLET 
6700, equipped with a Smart iTR™ (i.e. germanium crystal). A volume 
of 0.5 μL of each oil sample was placed on the ATR crystal. Each spec
trum consists of 50 co-added scans, with a total acquisition time of 
approximately 100 s and a spectral resolution of 4 cm− 1, covering the 
range of 4000–650 cm− 1. As already mentioned, FTIR-ATR analysis does 
not require any prior preparation of the oil sample [33,34]. For NMR, 
analysis 50 μL of each of the oil samples was mixed with 500 μL of 
deuterated chloroform (CDCl₃, 99.8 atom % D; Sigma-Aldrich/Merck) 
and placed in a 5 mm NMR tube. Tetramethylsilane (TMS, ≥99.9%, 
NMR grade; Sigma-Aldrich/Merck) was used as a referent signal for 1H 
NMR spectra. 1H and 13C NMR spectra were recorded at room temper
ature using a Bruker Avance 600 equipped with a 14 T superconducting 
magnet. SpinWorks 4.2.11 software was used for processing complex 
spectra of BEO samples. The data from 1D NMR FIDs (Free Induction 
Decay) were processed by Fourier transformation, phase corrected, 
baseline corrected and aligned using the TMS signal as a reference 
[39–41].
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2.3. Spectral signal processing

The BEO spectral signal acquisition and processing was performed as 
shown in Fig. 1. As most of the natural compounds are affected by sig
nificant variability, a preprocessing analysis was standardized and 
implemented to improve SNR of the spectra. FTIR spectra of essential 
oils characteristically contain peaks in the region of O–H stretching 
(3400–3650 cm− 1), C–H stretching (3020–2900 cm− 1), C––O stretch
ing (~1730 cm− 1), C–C stretching of the aromatic ring (~1450 cm− 1) 
and C–O stretching (~1237–1240 cm− 1) from monoterpenes and ses
quiterpenes present in essential oils. The stretching vibrations of cyclic 
monoterpenes are predominant in essential oils, which are observed at 
1645 cm− 1, 1435 cm− 1 and 760 cm− 1(fingerprint region), and the C––O 
stretching of aldehydes and esters at 1739 cm− 1 [42,43]. Pre-processing 
of spectra was performed in two main steps. Noise reduction and drift 
were taken into consideration by spectrum preprocessing. Raw spectra 
were analysed in the range (4000–650 cm− 1) and in a specific part of 
fingerprint (1500–1100 cm− 1). Spectra were smoothed using the 
Savitzky–Golay method considering a 2nd order polynomial and a 
window length of 9 points. Baseline drift and the normalization of data 
were performed after a second derivative and the extended multiplica
tive scattering correction (EMSC) was applied on mean centred data. 
Unit vector normalization (UNV) was applied to standardize intensity 
variations and enhance the comparability of spectral features [44,45].

2.4. Multivariate data analysis

Multivariate data analysis enables the observation, exploitation, and 
processing of multiple statistical variables to extract relevant synthe
sized information through both unsupervised (e.g., PCA) and supervised 
(e.g., Logistic Regression) methods. Initially, PCA was applied to 
examine pattern variability and improve interpretability. The FTIR 
spectra were decomposed into principal components (PCs), representing 
linear combinations of the original variables, as X = SLS + RX = SLs + R, 
where X represents the pre-processed oil spectra, S denotes the scores, L 
the loadings, and R the residuals. Here, S is used to evaluate clustering 
patterns among samples, L identifies the variables with the greatest 

impact on score patterns, and R highlights any potential errors. Thus, 
PCA was employed for data dimension reduction, feature extraction, and 
finally for the most important pattern recognition [46]. This step aims to 
remove redundant or correlated features and retain only the most sig
nificant components, which capture most of the data variance. By 
reducing the number of input dimensions, PCA helps to improve 
computational efficiency and potentially reduces overfitting in the 
classifier models. This is followed by the application of logistic regres
sion to the PCA scores to perform classification. This combination is 
particularly advantageous in chemometrics because logistic regression, 
with its clear probabilistic interpretation, handles multivariate data 
effectively and enables straightforward discrimination between classes. 
The efficacy of LR in classifying biological species was recently 
demonstrated using near-infrared spectroscopy, showcasing its robust
ness, interpretability, and ability to model linear relationships between 
features and the logit of probability in chemometric analyses [47]. The 
framework was implemented in Python 3.9 and scikit-learn 1.0.1. In this 
study, we employed a stratified k-fold cross-validation approach to 
ensure robust evaluation across all classes (a 5-fold cross-validation, 
repeated for 5 times). Multiclass performance was assessed using 
macro, micro, and weighted metrics (accuracy, precision, recall, and F1- 
score), providing insights into the behaviour of the model across data
sets. ROC-AUC was calculated for each class in a one-vs-rest scheme to 
evaluate discrimination capabilities [48].

3. Results and discussion

3.1. FTIR-ATR of natural and synthetic BEO

Natural bergamot essential oil is primarily composed of volatile 
unsaturated hydrocarbons with a pleasant smell such as monoterpenes, 
sesquiterpenes and oxygenated components [45]. The production of 
natural BEO, which forms the basis of almost all perfume essences, is 
limited both due to agro-climatic factors and due to the costs of the 
production itself. This has resulted in the growth of artificial mixtures in 
the market [23,49]. Notably, more than 90% of global natural BEO 
production is concentrated in the Reggio Calabria province (Italy); 
therefore, focusing on samples from this area is unlikely to limit the 
generalisability of the present study [50]. Several FTIR pre-processing 
alternatives are available [33,44]. In this study, the final workflow re
ported in Fig. 1 was selected after optimization to maximize signal-to- 
noise ratio and minimize baseline/scatter-related variability while pre
serving discriminative spectral information [42,44]. A representative 
FTIR-ATR spectrum of natural bergamot oil is reported in Fig. 2a. 
Characteristic stretching vibrations of the O–H group (~3400–3650 
cm− 1), C––O stretching of the aldehydes (~1739 cm− 1), C–C stretching 
in the aromatic ring (~ 1452 cm− 1) and stretching of the acetate (esters) 
(~1237–1240 cm− 1) can be observed. The O–H stretching mainly 
comes from monoterpene and sesquiterpene alcohols present in natural 
bergamot essential oil.

In addition, from the same spectrum, it is possible to determine the 
composition of fatty acids present in the oil. As evidenced, fthe band at 
3000 cm− 1 represents C–H stretching within phospholipid molecules, 
which indicates the presence of fatty acids of different degrees of 
unsaturation. Moreover, the band at 1458 cm− 1 results from the CH2 
bending vibration inside the molecules of unsaturated fatty acids which 
are proven to appertain from oleic and linoleic fatty acids [51,52]. The 
main FTIR adsorption bands and the specific components of natural 
bergamot oil are summarized in Table 1.

A representative FTIR-ATR spectrum of synthetic BEO is shown in 
Fig. 2b. Synthetic BEOs are obtained by blending a limited number of 
compounds to mimic BEO characteristics, so it is plausible that products 
from different manufacturers share similar profiles, reducing concerns 
about generalizability. Clear differences in chemical composition are 
visible in comparison with the natural essential oil of bergamot as shown 
in Fig. 2a. The main differences are observed in the intensity of 

Fig. 1. Schematization of the experimental design including BEO sampling, 
spectral acquisition. Preprocessing, and classification.
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absorption in the region of O–H stretching (~3400–3650 cm− 1) and in 
the band absorption observed at 1739 cm− 1 from C––O stretching within 
the aldehyde. Moreover, in the fingerprint region (1500–600 cm− 1), 
differences in the peak at 1452 cm− 1 which represents the stretching of 
the C–C bond within the aromatic ring and in the region of acetate 

stretching (~1237–1240 cm− 1) are observed. Natural BEO is rich in 
aromatic compounds, the most abundant of which is the already 
mentioned to be limonene. According to its chemical structure, limo
nene is a cyclic monoterpene which, as reported by Yahaya et al., ab
sorbs IR radiation and gives peaks at 1645 cm− 1, 1435 cm− 1, and 760 
cm− 1 [60]. According to Fig. 2a, and b, the peak at 1452 cm− 1 and peaks 
in the region of 770–735 cm− 1 indicate the presence of limonene. 
Comparing the peaks of limonene reported by Yahaya et al. and the 
obtained peaks, a shift in wave numbers is visible [60]. The reason for 
such a shift can be attributed to the deformation of the aromatic ring and 
to the intermolecular bonds that limonene achieves with other mole
cules present in the oil. The abovementioned deformation of aromatic 
ring is one of characteristics of natural bergamot essential oil [61]. Other 
characteristic peak detected at 1240 cm− 1 represents C–O ester 
stretching assigned to linalyl acetate [62]. Key differences between the 
synthetic and the natural bergamot essential oil were detected in the 
stretching region of the O–H group (~3400–3650 cm− 1) and in the 
fingerprint area, in the C–C stretching region within the aromatic ring 
(~1452 cm− 1) and in the C–O ester stretching region (~1237–1240 
cm− 1). Stretching of the O–H group is attributable to synthetic 
bergamot oil, which indicates the use of alcohols and carrier oils 
[23,62–65]. The most used alcohol is DPG, whose IR spectrum shows 
similarities with the spectrum of synthetic BEO. The main function of 
used DPG is to assign the fragrance by the process of evaporation and at 
the same time dilute the essential oils, which are often expensive 
[23,64,65]. Despite the presence of DPG, the results indicate that arti
ficial linalool was added to synthetic bergamot oil. As is known, the 
synthesis of linalool includes β-pinene involved in several consecutive 
steps. First, β-pinene is hydrogenated to pinane using a Pd/C catalyst. 
Next, pinane is oxidized to pinane-hydroperoxide with molecular oxy
gen. The resulting pinane-hydroperoxide is then subjected to hydroge
nation over a Pd/C catalyst to yield pinanol. Finally, pinanol undergoes 
thermal isomerization to form linalool. Linalool represents the key 
compound for synthesis of geraniol, nerol and cytral that are also present 
in the natural BEO [64–66]. In addition to alcohols, carrier oil is also 
added, which is produced by pressing sweet almond, peach, apricot pit, 
sunflower seeds, sesame and jojoba [23,65]. These carrier oils are added 
to increase the oxidation stability of the essence, and given that they 
have no scent, they are excellent for dilution. The peak at 1452 cm− 1 is 
attributed to the C–C stretching of limonene and β-pinene, as can be 
seen in Fig. 2a and b, there is a noticeable difference in absorption in
tensity. Absorption intensity of C–C stretch is higher in natural essential 
oil, which indicates the deficiency of limonene and α-pinene in the 

Fig. 2. (a) FTIR-ATR spectrum of natural bergamot essential oil (raw data) and (b) synthetic bergamot essential oil (raw data) (c) Synthesis of linalyl acetate.

Table 1 
CHARACTERISTIC IR BANDS PRESENT IN NATURAL BEO.

Wavenumber 
(cm− 1)

Functional groups Main components Ref.

3650–3400 O-H stretch

Octanol, Linalool, Terpinen- 
4-ol, α- terpineol, Nerol, 
Citronellol, Geraniol, (E)- 
nerolidol, Campherenol, α 
-bisabolol

[53]

3020–2900 H-C=C-H stretch
Alkenes [54]
Unsaturation index of 
phospholipid acyl chains

[55]

1739

C=O stretch in 
aldehydes

Nonanal, Decanal, Neral, 
Geranial, Citronellal, 
Undecanal, Tetradecanal

[53]

C=O stretch in ester 
groups in 
triacylglycerols

Unsaturated fatty acids [55]

1645 C=C symmetrical 
stretch

Myrcene, Ocimene [53,56]

1458
CH2 bending 
vibration of lipids 
(fatty acids)

Oleic acid, Linoleic acid [55]

1452
C-C stretches in the 
aromatic ring

α-, β- pinene, α- 
phellandrene, α- terpinene, 
p-cymene, γ-terpinene, 
Terpinolene, Limonene

[37,53]

1320 C-O stretch Alcohols, Esters [57]

1240 Acetate stretch

Linalyl acetate, Neryl 
acetate, Hexyl acetate, 
Heptyl acetate, Octyl 
acetate, Bornyl acetate, 
Nonyl acetate, α- Terpinyl 
acetate, Citronellyl acetate, 
Geranyl acetate, Decyl 
acetate

[53,57]

1200–1125 C-O stretch, tertiary 
alcohol

Linalool, Terpinen-4-ol [53,58]

1000–650 =C–H bend Alkenes [54]

990–940 Trans RCH=CHR
C=C trans bending (out of 
plane) [59]

770–735 Aromatic C–H out- 
of-plane bending

Aromatic compounds [38,53]
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synthetic bergamot oil. The lack of β-pinene suggests its use for the 
synthesis of linalool [64–66]. Limonene is responsible for the citrusy 
scent that represents the top notes of the essence, while β-pinene has the 
woody resinous scent that makes up the bottom notes [63]. C–O 
stretching of esters in bergamot oil is attributed to acetates, among 
which linalyl acetate is the most abundant. Linalyl acetate has a floral 
lavender scent that represents the heart notes of the essence [23,64,66]. 
From the obtained results, it can be observed that the peaks in the region 
of C–O stretching (~1237–1240 cm− 1) in synthetic BEO are of greater 
intensity, which indicates the addition of synthetically derived linalyl 
acetate. Linalyl acetate is most often produced by transesterification 

from linalool, a tertiary monoterpene alcohol and ethyl acetate (see 
Fig. 2c) [67].

3.2. PCA-LR prediction model

In Fig. 3a is shown the full spectra (4000–650 cm− 1) of 300 natural 
and synthetic BEO samples. The highlighted green region (3600–3100 
cm− 1) emphasizes the O–H stretching vibration, a characteristic feature 
of synthetic oil containing DPG and ethanol, byproducts of the synthetic 
linalyl acetate synthesis. In contrast, Fig. 3b presents both spectra in the 
region of 1500 cm− 1 to 1100 cm− 1. Notably, in this region, the FTIR 

Fig. 3. (a) FTIR-ATR spectra of natural and synthetic BEO in the range of 4000 cm− 1 to 650 cm− 1. (b) spectra of natural and synthetic BEO in the range of 1500 cm− 1 

to 1100 cm− 1. (c) spectra of BEO samples with varying degrees of adulteration in the range of 3600–3100 cm− 1. (d) spectra of BEO samples with varying degrees of 
adulteration in the range of 1355–1310 cm− 1. (e) PCA score plot of natural, synthetic and adulterated BEO based on full spectra (4000–650 cm− 1), and (f) on spectra 
within the range from 1500 to 1110 cm− 1. (g) principal component loadings (PC1 and PC2) obtained from full spectra PCA analysis.
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spectrum of synthetic BEO shows a distinct peak at 1340 cm− 1, which is 
absent in the spectrum of natural BEO. This peak at 1340 cm− 1 typically 
corresponds to C–H bending vibrations present in alcohols (ethanol, 
DPG) or symmetric deformation of methyl (CH₃) groups often associated 
with synthetic compounds, such as artificial esters like linalyl acetate, 
which may not be present in natural BEO [68,69].

To emphasize potential variations in chemical composition resulting 
from dilution, adulteration with other essential oils, 70 spectra of mix
tures containing natural and synthetic BEO at different concentrations 
were compared to those of the natural BEO. In Fig. 3c, an increasing 
absorption intensity of the O–H band (3600–3100 cm− 1) can be 
observed as the level of adulteration of BEO increases, starting from 
samples containing 15% to 60% v/v of synthetic BEO, respectively. 
Similarly, the same pattern of behaviour in adulterated BEO was 
observed in the region of C–H bending vibrations (1355–1310 cm− 1) 
(see Fig. 3d). PCA analysis was performed on 370 BEO samples (150 
natural BEO, 150 synthetic BEO, and 70 mixed BEO), on the whole 
spectra and in the range from 1500 to 1110 cm− 1 (see Fig. 3e and f). PCA 
analysis revealed three distinct clusters, indicating a notable transition 
of BEO samples based on their authenticity and different degrees of 
adulteration. To further identify the wavenumbers contributing most 
significantly to the differentiation between natural, synthetic, and 
adulterated BEO samples, PCA loading plots were analysed (see Fig. 3g). 
The PC1 loading plot revealed prominent peaks at approximately 
3600–3100 cm− 1, 1732 cm− 1, 1340 cm− 1 and 1240 cm− 1 suggesting 
that these spectral regions are the key discriminators in class separation. 
The region 3600–3100 cm− 1 corresponds to O–H stretching, likely from 
ethanol and dipropylene glycol (DPG). The 1732 cm− 1 region reflects 
C––O stretching, indicative of ester functionalities (e.g., linalyl acetate), 
while the 1340 cm− 1 band supports the presence of CH₃ bending vi
brations linked to synthetic additives, including dipropylene glycol 
(DPG), commonly used as a solvent in synthetic BEO formulations. The 
additional band at 1240 cm− 1 corresponds to C–O stretching of esters, 
further confirming the presence of acetate groups from linalyl acetate.

A stratified cross-validation procedure was employed to ensure a 
robust evaluation of the classification model using three classes (natural, 
synthetic, and adulterated BEO). In this case, a 5-fold stratified cross- 
validation was implemented, meaning the dataset was split into five 
subsets, and the model was trained and validated iteratively on these 
subsets to minimize overfitting and assess its generalization perfor
mance. A Logistic Regression model was then applied with a fixed 
random seed to ensure reproducibility. We ensured a leakage-safe 
evaluation procedure, class labels were handled strictly as the target 
variable and were never included among the input features (e.g., when 
using PCA score tables, only the PC scores were used as predictors, while 
the class column was excluded from the feature matrix). Predictions 
were made on the test subset, including class labels and class 

probabilities for all three classes. Out-of-fold predictions were used to 
compute performance metrics, ensuring that each sample was evaluated 
by a model that had not been trained on it. The Receiver Operating 
Characteristic (ROC) curve for each class was generated using the pre
dicted probabilities, and the Area Under the Curve (AUC) was computed 
to quantify the discrimination power of the model. The ROC curves were 
interpolated to allow for the calculation of an average curve across folds. 
Moreover, accuracy, sensitivity and specificity were calculated for each 
fold. After completing the cross-validation, the classification perfor
mances were averaged to provide a summary of the overall performance 
of the model. The average ROC curve and the confusion matrix for Lo
gistic Regression model are shown in Fig. 4a and b, respectively. The 
ROC curve, depicted by the blue line, illustrates the performance of the 
classifier across different thresholds by plotting sensitivity (true positive 
rate) against 1-specificity (false positive rate).

The LR classifier evidenced an overall accuracy of 0.976 ± 0.016. 
The AUC scores indicate excellent class discrimination (Class 0: 1.000 ±
0.000, Class 1: 0.997 ± 0.002, Class 2: 0.996 ± 0.004). Moreover, it 
evidenced consistently high macro-averaged scores Precision_macro: 
0.982 ± 0.013, Recall_macro: 0.957 ± 0.028, F1_macro: 0.967 ±
0.022), with the remaining errors mainly arising from adulterated 
samples (Class 2) being occasionally predicted as synthetic (Class 1) and, 
less frequently, as natural (Class 0). These results indicate that LR is a 
robust multiclass classifier in this context. Recent advances in deep 
learning-based spectral analysis [70] highlight how convolutional neu
ral networks can capture nonlinear spectral correlations and subtle 
variations in features, suggesting a possible future direction for 
improving model accuracy and generalization. The confusion matrix 
evidenced high classification accuracy, with strong diagonal dominance, 
indicating reliable predictions for each class, with errors limited to a 
small number of samples primarily involving Class 2. Misclassifications 
are minimal, occurring only in case of adulterated BEO, especially at 
lower dilution concentration. A concentration-resolved error analysis of 
the adulterated class (Class 2; n = 10 per level, 15–60% v/v) revealed 
that the residual misclassifications observed in the confusion matrix are 
not uniformly distributed across adulteration levels. In PCA–LR, errors 
were concentrated primarily at the lowest adulterant fraction (15% v/ 
v), where 7/10 spectra were misclassified (Class 1), and to a lesser extent 
at 60% v/v (2/10 misclassified as Class 0), while all adulterated samples 
at 30–55% were correctly recognized as Class 2. This pattern is consis
tent with borderline samples in the low-dimensional PCA score space, 
where class overlap becomes more pronounced when adulteration fin
gerprints are weaker (particularly at low adulterant fractions) and may 
resemble spectral variability of the non-adulterated classes, leading to 
ambiguous posterior probabilities and occasional confusion between 
neighbouring classes. This technique enables the easy identification of 
adulterated products, helping to limit fraud by providing a rapid and 

Fig. 4. (a) Receiver operating characteristic ROC curves of LR model (based on 5-fold CV) on the CV set for the overall data set. (b) Confusion matrix averaged over 
5-fold CV. Class 0 = Synthetic BEO, Class 1 = Natural BEO, Class 2 = adulterated BEO.
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accessible screening tool that can be used by non-specialized personnel.

3.3. NMR validation analysis

A further comparison of the FTIR results were obtained using 1H 
NMR spectra, as reported in Fig. 5. According to Fig. 5a, the volatile 
fraction of natural bergamot essential oil in the region between 0.71 and 
5.94 ppm is dominated by limonene, β-pinene, linalool, linalyl acetate 
and γ-terpinene, while the non-volatile fraction in the region between 7 
and 8 ppm consists of peaks attributed to bergamottin (5-geranylox
ypsoralen), bergapten (5-methoxypsoralen) and citropten (5,7-dime
thoxycoumarin) which correspond to the peaks reported in the literature 
[71–75].

Coumarins which are secondary plant metabolites present in 
bergamot essential oils have anticancer properties [76]. It has been 
proven that bergamottin achieves an antiproliferative effect and thus 
regulates the activity of the SH-SY5Y human neuroblastoma cell line 
[77]. In addition, furocoumarins can induce phototoxic reactions on the 
skin after irradiation with ultraviolet A (UVA) or ultraviolet B (UVB) 
light [76,77], which can be useful in the treatment of skin pigmentation 
diseases such as vitiligo. Bergamottin, bergapten and citropten share in 
their structures cyclic α, β-unsaturated fragments with similar multi
plicity which indicate the characteristic spectrum of protons in the re
gion between 4.6 and 7.3 ppm. In Table 2 the chemical shifts of 
recognized natural metabolites are reported.

Several key differences can be observed between the NMR spectra of 
natural and synthetic bergamot essential oil as evidenced in Fig. 5a and 
b. The insets of Fig. 5b show process of deconvolution which results in 
the overlapping peaks that originate from ethanol and 2-(2-hydrox
ypropoxy)-1-propanol (DPG) [64,78]. The first area of interest is the 
area between 1.08 and 1.18. ppm in which, due to the complexity of the 
matrix, overlapping of different peaks occurs. The peaks considered for 
these two compounds are the multiplicity of H2 proton which resonate 
at 1.15 ppm from ethanol and multiplicity of H5 and proton which 
resonate at 1.11 from DPG. Therefore, in this region sharper and less 
complex peaks are shown, which can be attributed to the synthesized 
limonene and linalyl acetate. Moreover, the second region of interest is 

the area between 3.40 and 3.80 ppm which is mainly attributed to DPG. 
As shown in Table 3, the peak at 3.69 ppm corresponds to H1 proton 
from both ethanol and DPG, while the peak at 3.72 ppm corresponds to 
H2 and H4 protons from DPG, and the peak at 3.47 ppm corresponds to 
H3 proton from DPG.

The third area of interest is the area between 5.00 and 8.00 ppm 
which is attributed to terpenes. In this area, there are complex, char
acteristic peaks of terpenoids that indicate the natural origin of the 
essential oil. As evidenced in Fig. 5 the intensity of the peaks attributed 
to terpenoids such as linalool, linalyl acetate, γ-terpinene in the syn
thetic BEO is lower compared to the natural BEO, which can indicate the 
absence of natural terpenoids in the synthetic BEO.

3.4. Additional remarks

The discriminative spectral regions identified in this study are 
consistent with alcohol- and ester-containing constituents typically 
found in synthetic bergamot essential oil formulations. While these 
features enable effective differentiation between natural, synthetic, and 
adulterated samples within the investigated dataset, they should not be 
interpreted as unique markers covering all possible adulteration sce
narios, as other adulterants (e.g., foreign essential oils or different car
rier oils) may introduce partially overlapping infrared signatures. 
Alcohol-based carrier solvents are frequently employed in essential-oil 
adulteration, with DPG and benzyl alcohol among the most commonly 
reported diluents. These compounds can contribute a broad O–H 
stretching absorption in the 3600–3100 cm− 1 region, which has been 
proposed as an indicator of alcohol-containing adulteration patterns; 
however, in a quality-control context this signal should be regarded as a 
classification flag rather than a diluent-specific chemometric identifi
cation. In addition, variations around ~1340 cm− 1 may reflect changes 
within the fingerprint region associated with synthetic formulations and 
compositional modifications, including the addition of synthetic com
pounds (e.g., linalool and linalyl acetate) and/or blending with lower- 
cost oils. Overall, these spectral cues support the ability of the pro
posed FTIR-ATR chemometric framework to discriminate authentic 
natural BEO from adulterated samples in the conditions investigated 
here. This latter validation further indicates that FTIR along with PCA- 
LR algorithm can be employed for rapid assessment of BEO authen
ticity providing reliable results.

4. Conclusions

In this study, FTIR–ATR spectroscopy combined with multivariate 
chemometric analysis was demonstrated as a rapid and non-destructive 
approach for the authentication of bergamot essential oil. Clear 
compositional differences were observed between natural and synthetic 
bergamot essential oils, particularly related to the presence of alcohol- 
based components such as ethanol and DPG in synthetic formulations, 
as well as the absence or reduced contribution of characteristic natural 
metabolites. The integration of PCA-LR provided robust classification 
performance within the investigated dataset, while high-resolution NMR 
spectroscopy served as an independent reference technique supporting 
the FTIR-based metabolite recognition. These results confirm the suit
ability of FTIR–ATR spectroscopy as an effective screening tool for the 
detection of common adulteration practices involving synthetic diluents 
in high-value essential oils. The integration of PCA–LR provided robust 
classification performance within the investigated dataset (overall ac
curacy: 0.976 ± 0.016; macro-averaged AUC: 0.998 ± 0.002; Class 
0 AUC: 1.000 ± 0.000; Class 1 AUC: 0.997 ± 0.002; Class 2 AUC: 0.996 
± 0.004), while high-resolution NMR spectroscopy served as an inde
pendent reference technique supporting the FTIR-based metabolite 
recognition. These results confirm the suitability of FTIR–ATR spec
troscopy as an effective screening tool for the detection of common 
adulteration practices involving synthetic diluents in high-value essen
tial oils. Ongoing activities will focus on the development of a dedicated 

Fig. 5. (a) 1H NMR spectrum of natural BEO and (b) 1H NMR spectrum of 
synthetic BEO. The insets are related to the specific range from 3.8 to 3.4 ppm 
and deconvolution between 1.18 and 1.08 ppm.
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Table 2 
1H AND 13C CHEMICAL SHIFTS OF THE RECOGNIZED METABOLITES IN NATURAL BEO [70–73].

Compound Group 1H δ (ppm) 13C δ (ppm)

Limonene   

5a (CH) 1.43 (m) 27.87 (C5)
5b (CH2) 1.95 (m)
4 (CH) 1.99 (m) 41.05 (C4)
3a (CH2) 2.03 (m) 30.77 (C3)
3b (CH2) 1.72 (m) 30.77 (C3)
1 (–C–) / 133.72 (C1)
6a (CH2) 2.05 (m) 30.74 (C6)
6b (CH2) 2.00 (m)
2′ (–C–) / 150.34 (C2’)
1′ (CH2) 4.70 (m) 108.33 (C1’)
1″ (CH3) 1.64 (m) 23.44 (C1”)

3′ (CH3) 1.72 (s) 20.67(C3’)

Linalyl acetate   

1a (CH2) 5.12 (dm)
111.71(C1)1b (CH2) 5.11(dm)

2 (CH) 5.93 (dd) 141.78 (C2)
3 (–C–) / 82.74 (C3)
4 (CH2) 1.58 (m) 39.67 (C4)
5 (CH2) 1.99 (m) 22.44 (C5)
6 (CH) 5.10 (m) 124.31 (C6)
7 (–C–) / 123.78 (C7)
8 (CH3) 1.72 (s) 22.15 (C8)
1″’ (CH3) 1.66 (s) 17.76 (C1”’)
1″ (CH3) 1.52 (s) 25.67 (C1”)
1′ (CH3) 2.04 (s) 167.19 (C1’)

Linalool   

1a (CH2) 5.21 (dm) 111.7 (C1)
1b (CH2) 5.22 (dm)
2 (CH) 5.92 (d) 145.00 (C2)
3 (–C–) / 73.28(C3)
4 (CH2) 1.43 (m) 42.25 (C4)
5 (CH2) 2.03 (m) 25.66 (C5)
6 (CH) 5.06 (m) 124.45 (C6)
7 (–C–) / 133.69 (C7)
8 (CH3) 1.67 (s) 22.93 (C8)
1″ (CH3) 1.59 (s) 17.77 (C1”)
1′ (CH3) 1.26 (s) 27.86 (C1’)

β-pinene   

1’a (CH2) 4.67(m)
108.22 (C1)1’b (CH2) 4.70 (m)

1″ (CH3) 0.71 (s) 23.44 (C1”)
1″’ (CH3) 1.22 (s) 23.44 (C1”’)
2 (–C–) / 150.24 (C2)
3a (CH2) 2.30 (m) 21.08 (C3)
7a (CH2) 2.33 (m) 26.02 (C7)
7b (CH2) 2.60 (m)
4a (CH2) 1.64 (m) 23.81 (C4)
5 (CH) 1.95 (m) 27.04 (C5)
1 (CH) 1.46 (m) 51.71 (C1)

6 (–C–) / 40.82 (C6)

γ-terpinene   

1(–C–) / 131.64
6(CH2) 2.46 (m) 27.48-C6
5(CH) 5.41 (m) 116.08-C5
4(–C–) / 141.80
3(CH2) 2.46 (m) 30.77-C3
2(CH) 5.41(m) 116.08-C2
2’(CH) 2.31(m) 33.81-C2’
1’(CH3) 
3’(CH3)

1.02 (d) 21.42-C1’-C3’

7(CH3) 1.66 (s) 23.53-C7

(continued on next page)
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integrated device that leverages the key spectral features identified in 
this study to enable fast, reliable, and practical screening for safe
guarding the quality and authenticity of bergamot essential oil.
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