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Abstract

BACKGROUND: Ground pistachio nut is prone to adulteration because of its high economic value and wide usage. Green pea is
known as the main adulterant in frauds involving pistachio nuts. The present study developed a new, rapid, reliable and low-
cost methodology by using a portable Raman spectrometer in combinationwith chemometrics for the detection of green pea in
pistachio nuts.

RESULTS: Three different methods of Raman spectroscopy-based chemometrics analysis were developed for the determination
of green-pea adulteration in pistachio nuts. The first method involved the development of hierarchical cluster analysis (HCA)
and principal component analysis (PCA), which differentiated authentic pistachio nuts from green pea and green pea-
adulterated samples. The best classification pattern was observed in the adulteration range of 20–80% (w/w). In addition to
classification methods, partial least squares regression (PLSR) and genetic algorithm-based inverse least squares (GILS) were
also used to develop multivariate calibration models to determine quantitatively the degree of green-pea adulteration in
grounded pistachio nuts. The spectral range of 1790–283 cm−1 was used in the case of multivariate data analysis. A green-
pea adulteration level of 5–80% (w/w) was successfully identified by PLSR andGILS. The correlation coefficient of determination
(R2) was determined as 0.91 and 0.94 for the PLSR and GILS analyses, respectively.

CONCLUSION: A Raman spectrometer combined with chemometrics has a high capability with regard to the detection of adul-
teration in pistachio nuts, combined with low cost, strong reliability, a high level of accuracy, rapidity of analysis, andminimum
sample preparation.
© 2020 Society of Chemical Industry
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INTRODUCTION
In recent years, economically motivated adulteration has
attracted attention as an important risk in industry, government,
and food analysis laboratories. In general, food fraud occurs in
the form of replacement, addition, and removal. The Food and
Drug Administration (FDA) defined ‘economically motivated adul-
teration’ as the intentional substitution or addition of a substance
in a product to increase the apparent value or reduce its cost.1

Replacement is the complete or partial replacement of the valu-
able authentic ingredient with a cheaper substitute, and is proba-
bly the most common type of adulteration worldwide.2 Cheap or
substitute materials may have a serious impact on the health of
consumers. Any adulteration also causes changes in the identity
and authenticity of the original, authentic food product.3 The pro-
tection of authenticity is a crucial requirement for maintaining
food safety, from raw materials to final product, in all sections of
industry, for producers, suppliers, retailers, consumers, and
regulators.4

The pistachio nut is one of the most popular nuts in the world
due to its unique organoleptic characteristics.5 According to the

International Nut and Dried Fruit Statistical Yearbook, the world
pistachio production was 586 207 metric tons in the 2017/2018
season, and the leading producing countries were the USA and
Iran, with production rates of 47% and 38%, respectively. Turkey
is the third biggest producer with 9% of world production in the
2017/2018 season.6 In addition to the favorable organoleptic
properties, pistachio nuts are of high nutritional importance due
to the healthy compounds in their composition, including protein,
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dietary fiber, potassium, vitamin K, γ-tocopherol, and valuable
phytochemicals.7

In Turkey, pistachio nuts are used in confectionery products and
in popular traditional Turkish desserts such as baklava, kadayif,
kunefe, and burma. The pistachio nut is subject to adulteration
for economic reasons such as its high price and wide areas of
application. However, it is quite challenging to discriminate
ground pistachio nuts from adulterated ones in terms of their sen-
sory and textural properties. Moreover, pistachio nuts are fre-
quently supplied by the confectionary sector and by Turkish
dessert factories in a ground form. Previous studies have reported
that green peas, spinach, and peanuts with food dyes have been
used as adulterants in the case of ground pistachio nuts.8,9 A mar-
ket search showed that a markedly cheaper product referred to as
‘decorative peanut’ – a mixture of peanut flour, sugar, starch, and
green food dye – is used in confectionery products instead of
authentic pistachio nuts. This is especially so in the case of popular
Turkish desserts such as baklava, kadayıf, burma, etc., in which pis-
tachio nut is used, and which have a high economic value as both
local and export products. Thus, the detection of adulteration in
pistachio nuts, or the ability to discriminate authentic pistachio
nuts from adulterated ones, is important as ameans of preventing
food fraud, ensuring food safety, and maintaining food
authenticity.
Currently, authenticity is a significant concern from the field to

the fork, including in the food industry, in the case of producers,
suppliers, regulators, and consumers. Government regulations
worldwide have determined quality standards with regard to
authentic food products. However, foods may be adulterated
using cheap ground or chemical substances, and this situation
may result in serious economic disruption as well as serious health
problems.4 There is an absolute need for controlling the authen-
ticity of food in order to maintain food quality and safety, as well
as ensuring consumer health and satisfaction. The worldwide
occurrence of high levels adulteration requires fast, reliable, effec-
tive, and robust analytical methods that can cope with adultera-
tion problems and authenticity challenges. Previous studies
have reported that polymerase chain reaction (PCR), high pres-
sure liquid chromatography (HPLC), mass spectroscopy (MS),
nuclear magnetic resonance (NMR), gas chromatography (GC),
isotope ratio-mass spectroscopy (IR-MS), mid-infrared spectros-
copy (MIR), near-infrared spectroscopy (NIR), and the Raman tech-
nique have been used as well-known analytical approaches for
the determination of adulteration in a wide variety of food cate-
gories such as animal origin food, seafood, beverages, spices,
sweetness and others (organic foods, dietary supplements).4

These technologies are reliable and have been implemented suc-
cessfully to determine the quality of food products affected by
adulteration. However, most of them are generally costly, time-
consuming, and destructive, and require the employment of
highly-skilled operators.10

Demand exists for rapid, inexpensive, and practical techniques
for adulteration testing in foods. Infrared spectroscopies com-
bined with chemometrics have shown a high potential for the
rapid, strong, effective, and reliable detection of adulterants in
complex food matrices. Additionally, infrared (IR) techniques
(MIR, NIR, Raman, hyperspectral imaging) are sensitive, green,
non-destructive, and comparatively low-cost11 approaches.
Raman spectroscopy has some advantages over NIR and MIR
spectroscopic techniques, including minimal interference from
water and easy analysis through glass or polymer packaging.12

Moreover, Raman spectroscopy with handheld options can be

used as an effective tool for the at-line or on-line monitoring of
food systems.10

Several studies have documented the determination of adulter-
ation in pistachio nuts. Rigano et al. (2019) developed an iknife
(intelligent knife)-coupled REIMS (rapid evaporative ionization
mass spectrometry) method for determining the authenticity of
pistachio nuts based on geographical origin.13 Boukid et al.
(2019) utilized the physical and chemical features of pistachio
nuts (Pistacia vera L.) for geographical origin discrimination.14

Cavus et al. (2018) developed a methodology for the determina-
tion of green-pea adulteration in pistachio nuts (Pistacia vera L.)
by using liquid chromatography-mass spectrometry combined
with chemometrics.9 In another previous study, Sezer et al.
(2019) successfully detected green pea and spinach adulteration
in pistachio nuts using laser-induced breakdown spectroscopy.8

The current study has created a new, rapid, effective, reliable
and low-cost methodology for the determination of green-pea
adulteration in pistachio nuts using a portable Raman spectrome-
ter combined with classifications such as hierarchical cluster anal-
ysis (HCA) and principal component analysis (PCA) in conjunction
with two multivariate calibration methods: partial least squares
regression (PLSR) and genetic algorithm-based inverse least
squares (GILS).

MATERIALS AND METHODS
Apparatus and reagents
A Raman Progeny X2 spectrometer (Rigaku Analytical Devices,
Wilmington, MA, USA) was used for spectral acquisition. All mea-
surements were obtained in the 200–2000 cm−1 spectral range.
Instrument control and data acquisition were accomplished by
using Xantus V3.0.0.0 software. Benzonitrile standard solution
was used for verification prior to the Raman measurements.

Sample preparation for the Raman analysis
Samples of raw pistachio nuts (n = 12) were obtained from local
producers from Gaziantep and Siirt (Turkey). Green pea samples
(n = 2) were obtained from well-known producers in Turkey and
were freeze-dried prior to the analysis. The dried green peas and
raw pistachio nuts were ground using a coffee grinder machine
(Fakir Hausgeräte, Stuttgart, Germany). The average particle sizes
of the pistachio nut and green pea samples were 212 μm and
180 μm, respectively. Ground raw pistachio nuts were homoge-
nously mixed with ground green peas at ratios of between 5%
and 60%. They were mixed manually perfectly for 5 min and
placed in glass vials (5 cc) prior to the Raman measurements.
The green pea content of the adulterated pistachio nut samples
(n = 108) employed in this study are presented in Table 1. Three
replicates of each sample were prepared.
In the present study, 21 commercial ground pistachio nut sam-

ples were obtained from Turkish dessert producers (İstanbul) and
pistachio nut producers (Gaziantep) in Turkey. These samples
were used as test samples for confirmation of the identification
results from the Raman method. Five of the 21 samples (Table 2)
were obtained from reputable pistachio nut producers and used
as authentic test samples (numbered as 3,10,14,18 and 21). The
remaining commercial samples (n= 16) were obtained from Turk-
ish dessert producers in Istanbul to evaluate the models.

Raman measurements
Raman measurements were performed using a portable Raman
spectrometer, Progeny (Rigaku Analytical Devices, Wilmington,
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MA, USA), equipped with 1064 nm yttrium aluminium garnet
(YAG) laser. A Peltier cooled indium gallium arsenide (InGaAs)
detector was used for the detection of the scattered Raman light.
All spectra were recorded in the 2000–200 cm−1 spectral range.
Laser power and exposure time were selected as 0.25 watts and
0.851 s, respectively. The spectrum acquisition of each sample
was repeated three times in identical conditions, and the average
spectrumwasmeasured. Measurements were performed through
glass vials. The same procedure was applied for all samples.

Chemometric analysis
Classification and discrimination
Hierarchical cluster analysis and PCA were conducted utilizing the
OPUS Version 7.2 software (Bruker, Germany). Hierarchical cluster
analysis was performed in order to reveal the intrinsic relationship
between the authentic pistachio nut samples and the green-pea
adulterated ones using their Raman spectra. Clusters and sub-
clusters in which pistachio nut, green pea, and adulterated sam-
ples scattered were displayed using OPUS Version 7.2 software.
Raman spectra were preprocessed in the 1790–283 cm−1 spectral
range through vector-normalization, and first derivatization
(25 smoothing points) was carried out prior to the hierarchical
cluster analysis and PCA. The PCA was employed to observe the
classification pattern of the authentic pistachio nuts, the green
pea, and the adulterated samples in a three-dimensional PCA plot.
Dendrograms were obtained by HCA analysis, with factorization
being selected as the appropriate algorithm. Three-dimensional
cluster analysis plots were achieved by using the identity test
method of the OPUS Version 7.2 software.

Multivariate calibration (PLSR and GILS)
Multivariate calibration models were generated with PLSR and
GILS methods applied to the Raman data of the pistachio nuts,
the adulterated samples, and the green peas. Calibration set, val-
idation set, and prediction set were created by using theMicrosoft
Excel (MS Office 2010, Microsoft Corporation) program. Multivari-
ate calibration models were developed by using calibrations set
where leave one-out cross validationwas applied in order to avoid
overfitting of the models and also to determine the optimum
number of PLSR components. In addition, the predictive capabil-
ity of the developed calibration models was determined through
independent validation sets. The GILS and PLSR methods were

both coded in the MATLAB programming language (MATLAB
R2016a-MathWorks Inc., Natick, MA, USA). The GILS algorithm
was set to run with 30 genes, where each gene represented ran-
domly selected Raman spectral data points from the whole spec-
tral range used in this study. The length of each gene (the
maximum size) depended on the number of calibration samples,
as GILS would be over-fitted if the spectral data point exceeded
the calibration samples. The genes were selected from the whole
spectral range, with an initial selection criterion of R2 having a
value of at least 0.50, meaning that any initial gene that was used
to build an GILS model was not accepted if the R2 value of the

Table 1. Green pea contents of 12 different pistachio nut samples used in the present study

Green Pea (GP) Content (%)
Sample Name Sample Code 1 2 3 4 5 6 7 8 9 10
Pistachio Nut 1 P1 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 2 P2 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 3 P3 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 4 P4 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 5 P5 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 6 P6 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 7 P7 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 8 P8 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 9 P9 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 10 P10 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 11 P11 5 10 15 20 25 30 40 50 60 0
Pistachio Nut 12 P12 5 10 15 20 25 30 40 50 60 0

Table 2. Test samples of different product types employed for vali-
dation of Raman methodology

Number
of test
samples Product type

Raman identification (HCA
analysis, PLSR, GILS)

1 Decoration on Kadayıf Adulterated Pistachio Nut
2 Original Pistachio Nut Pistachio Nut
3 Original Pistachio Nut Pistachio Nut
4 Original Pistachio Nut Pistachio Nut
5 Decoration on Baklava Adulterated Pistachio Nut
6 Original Pistachio Nut Pistachio Nut
7 Decoration on Baklava Adulterated Pistachio Nut
8 Decoration on Baklava Adulterated Pistachio Nut
9 Original Pistachio Nut Pistachio Nut
10 Decoration on Kunefe Pistachio Nut
11 Decoration on Baklava Pistachio Nut
12 Grinded Pistachio Nuts Adulterated Pistachio Nut
13 Decoration on Pudding Adulterated Pistachio Nut
14 Decoration for Ice

Cream
Pistachio Nut

15 Decorative pea nuts Adulterated Pistachio Nut
16 Decoration on Baklava Adulterated Pistachio Nut
17 Decoration on Kunefe Adulterated Pistachio Nut
18 Original Pistachio Nut Pistachio Nut
19 Decoration on Kunefe Adulterated Pistachio Nut
20 Decoration on Baklava Adulterated Pistachio Nut
21 Decoration on Kunefe Pistachio Nut
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model was not at least 0.50 and was thrown out. Once the initial
genes were selected, the program was set to run 50 iterations so
that the genes were put into a single point cross over 50 times,
with the best gene with the lowest standard error of cross

validation (SECV) being selected to build the final model of the
run. As GILS is heavily governed by random processes, there will
always be different results whenever the program is rerun. As a
result, the program was set to run 100 times, with the number

Figure 1. (a) Raman spectra of pistachio nut and green pea samples. (b) Overlapped Raman spectra of green pea, adulterated pistachio nut and pistachio
nut samples (2000–200 cm−1). (c) Adulteration level (0%, 20%, 30%, 40%, 50%, 60%, 100%) related Raman spectra of samples.
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of genes and iterations being set to 30 and 50 respectively, in each
run. At the end, there was a total of 100 best models, and the aver-
age predictions of these models were used to predict an indepen-
dent validation set, and the standard error of prediction (SEP) was
determined. In addition, the same average prediction approach
was used to predict the additional test set given in Table 2.

RESULTS
Characterization of the Raman spectra of pistachio nuts
and green peas
The Raman spectra of all the samples were obtained in the spec-
tral range of 200–2000 cm−1. Spectral bands are associated with
the chemical groups of components present in the chemical
structure of the pistachio nuts and green peas. The Raman spectra
of the pistachio nuts and the green peas are presented in Fig. 1(a).
Significant vibrational bands were observed at 1740, 1651, 1526,
1444, 1303, 1272, 1077 and 456 cm−1 in the characteristic Raman
spectrum of the pistachio nuts. The band with peak point at
1740 cm−1 corresponds to C O stretching vibrations of lipids in
the composition of the pistachio nuts.15,16 The strong band at
1651 cm−1 results from the Amid I vibrations of proteins.17,18

The strongest band is observed at 1444 cm−1 and is associated
with the vibrations arising from the CH2 functional group of lipids
in the composition of the pistachio nuts.15,18

According to the Turkish Food Composition Database (Turkish
FCDB), TürKomp, raw pistachio nuts include 511.5 g.kg−1 fat,
176.4 g.kg−1 protein and 105.5 g.kg−1 carbohydrates in their com-
position.19 Lipids are major compounds in pistachio nuts. Conse-
quently, the bands at 1301, 1272 and 1077 cm−1 correspond to
the CH scissoring, =C-H scissoring and CH3 bending vibrations
of lipids, respectively.15,18

Clear vibrational bands were observed at 1657, 1526, 1455,
1338, 1125, 932, and 853 cm−1 in the characteristic Raman spec-
trum of the green peas. According to the Turkish FCDB, the major

constituents are carbohydrates (429.8 g.kg−1), fiber (236.5 g.kg−1),
protein (198.2 g.kg−1) and lipids (11.5 g.kg−1) in the composition
of dried green peas.19 The strong band at 1657 cm−1 corresponds
to the Amid I vibrations of proteins.17,18 Additionally, the band
with a peak point at 1526 cm−1 may be attributed to the Amid II
in protein structure.20,21 The spectral range between 1200 and
1500 cm−1 may include spectral bands arising from carbohy-
drates.21,22 The band at 1455 cm−1 corresponds to the CH, CH2,
and COH deformation vibrations of carbohydrates.21,22 The starch
content of the peas has been reported to be quite high in previ-
ous studies.23 The bands at 1338, 1125, 932, and 853 cm−1 result
from the ν(C O) & ⊐(C-O-H), ν (C O) + ν(C C) + ⊐(C-O-H), ⊐(C-
O-C) + ⊐(C-O-H) + ν(C O), and ⊐(C-C-H) + ⊐(C-O-C) stretching
and bending vibrations of starch molecules, respectively.[22,24]

As mentioned previously, although lipids are the major ingredi-
ent of pistachio nuts, carbohydrates are the major ingredient of
green peas. The compositional disparity between pistachio nuts
and green peas creates spectral differences because Raman scat-
tering provides an intrinsic fingerprint in terms of chemical com-
position.25 The Raman spectrum provides a unique fingerprint in
terms of molecules.26 As can be seen from Fig. 1(b), there are
spectral differences between pistachio nuts and adulterated pis-
tachio nuts in the whole spectral range of 200–2000 cm−1. Most
of the spectral differences arise from the starch content of the
green peas, and themajor ones (themost significant) were shown
using red arrows at 1338, 1125, 932, and 853 cm−1 (Fig. 1(b)). The
intensity of these bands increases slightly with increases in
the green pea content of the adulterated samples (Fig. 1(b)). The
intensity of starch-related vibrational bands clearly increases at
the spectral ranges of 1090–1160 cm−1 and 1330–1360 cm−1 in
relation to the increase in the green pea content of the adulter-
ated samples. The spectral ranges mentioned above were marked
with red rectangles in Fig. 1(b). These regions were not the only
regions in which adulteration-related alteration was observed.
Spectral changes were observed in many Raman spectra

Figure 2. Dendrogram of HCA analysis (Ward's algorithm) of Raman spectra from a total of 84 different samples of pistachio nuts, green peas and adul-
terated samples.
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frequencies. However, the most visually significant ones were
marked for clear presentation.

Discrimination and classification of pure and adulterated
samples
The main goal of the current study was to discriminate authentic
pistachio nuts from adulterated ones involving green peas using
Raman spectroscopy combined with chemometrics multivariate
classification and clustering methods such as HCA and PCA. The
overlapped Raman spectra of green peas, adulterated pistachio
nuts (30%), and pistachio nuts are presented in Fig. 1(b). Slight
spectral differences were observed between all samples in the
spectral range of 200–2000 cm−1. However, the most significant
distinction was observed in the spectral range between 800 and
1500 cm−1. This spectral range mostly includes vibrational bands
arising from the starch ingredient of the green peas. Explicit
regions were marked with a red arrow in Fig. 1(b). The spectral
bands and their assignments were described in the previous
section.
A number of studies reported that the spectral region between

400 and 2000 cm−1 has been known as the fingerprint region, and
this region includes the very specific and characteristic spectral
properties of the investigated compounds.[27–29] It has also been
reported that the window between 900 and 600 cm−1 is referred
to as the true fingerprint region with very specific spectral pat-
terns.30 The HCA and PCA cluster analyses were performed by tak-
ing first the derivative spectra with vector normalization
preprocessing. Hierarchical cluster analysis is an algorithmic
approach that is used for the observation of a hierarchy of clus-
ters. In hierarchical cluster analysis, clusters and sub-clusters are
visualized definitively in dendrogram graphs.26 Hierarchical was
performed on the 1790–283 cm−1 spectral region. The dendro-
gram was constructed using Ward's algorithm. Known as the min-
imum variance method, the Ward’s method joins at each stage of
the cluster pair whose merger minimizes the increase in the total
within group error sum of squares. In other words, Ward's method
minimizes the increase in the total within-cluster sum of the
squared error. This increase is proportional to the squared Euclid-
ean distance between cluster centers.31

Spectral distances were calculated using the normal- to repro-
level distance. Normal- to repro-level algorithms calculated the
spectral distances separately for each frequency range.32 The
most crucial advantage of hierarchical cluster analysis is its ability
to provide detailed information about the relationship between
clusters and sub-clusters. Hierarchical cluster analysis dendro-
grams of pistachio nuts, adulterated samples, and green pea sam-
ples are presented in Fig. 2. As can be seen from the dendrograms,
pistachio nut samples (n = 12) were clearly discriminated from
adulterated samples and green pea samples by using selected
algorithms and chemometrics parameters. The green pea content
of the pistachio nut samples are presented in detail in Table 1. The
superiority of this methodology (HCA dendrogram) is that it has
the ability to discriminate authentic pistachio nut samples from
adulterated ones and from green pea samples. Well-separated
clusters were observed with a high heterogeneity value of 2000.
Authentic pistachio nut samples clustered on the arm, which is
numbered as 5 in Fig. 2. All the samples were divided into two dis-
tinct clusters (illustrated as 1 and 2 on the dendrogram). While the
arm numbered ‘1’ was divided into two clusters, in which green
pea samples were significantly discriminated from adulterated
samples, arm 2 was divided into two clusters, with the authentic
pistachios being clearly distinguished from the adulterated ones.

Principal component analysis was performed in the same spec-
tral region (1790–283 cm−1). The construction of the PCA 3-D plot
was performed using the factorization method. The PCA plot is
presented in Fig. 3(a). The PCA results show that the successful
and explicit differentiation between the pistachio nut, green
pea, and adulterated samples is possible. All samples were classi-
fied as belonging to three distinct clusters. It is possible to observe
the clear and strong discrimination between the green pea and
the pistachio nut samples in the 3-D PCA plot. Although the dis-
crimination between the pistachio nut and the adulterated sam-
ples was complicated, a distinct classification was accomplished
by using the multivariate chemometrics method. Additionally,
the first derivative and vector normalized Raman spectra (pro-
cessed spectra) of the pistachio nut, the adulterated and the pure
samples are presented in Fig. 3(b). As a result, the classification
and discrimination of all samples were accomplished correctly
by using two different chemometric techniques – HCA and PCA.
The best classification pattern was obtained at an adulteration
level ranging from 20% to 60% (w/w). Below a 20% (w/w) concen-
tration, perfect discrimination could not be obtained by PCA and
HCA analyses using the chemometric software of OPUS Version
7.2. Twenty-one samples (Table 2) were tested using the HCA den-
drogram. The authenticity of the samples was determined

Figure 3. (a) Three-dimensional PCA analysis maps for a total of 84 sam-
ples of green peas, pistachio nuts, and adulterated samples. (b) Overlaid
first derivative Raman spectra of pistachio nut, adulterated, and green
pea samples in the spectral region of 1790–283 cm−1.
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according to the cluster that appears on the HCA dendrogram.
The results are presented as Raman HCA identification in
Table 2. While 11 samples were identified as being adulterated,
ten samples were identified as pistachio nuts. Five samples that
were known to be pure pistachio nuts (numbered 3,10,14,18,
and 21) were determined to be pistachio nuts using the HCA
methodology.

Multivariate calibration results
Two different multivariate calibration models were built to deter-
mine the green pea content of adulterated pistachio nut samples
with regard to the samples given in Table 1–108 adulterated
(12*9 = 108) and 12 pure pistachio nut samples. Among these
120 samples, 80 were used in the calibration set and the remain-
ing 40 were reserved for the independent validation set.

Multivariate calibration models were generated with PLSR and
GILS by using leave-one-out cross validation for both the green
pea and the pistachio nut content of the samples. Here, the PLSR
model was constructed with six principal components (PCs). How-
ever, only the green pea calibration plots were displayed, as the
mixtures were formed from binary components resulting in highly
correlated concentrations of the components. This means that
PLSR would give the same calibration model regardless of the
component being modeled. Inverse least squares (ILS) is a multi-
variate calibration method based on the inverse Beer's law, in
which the concentration of an analyte is modeled as a function
of absorbance.33 The ILS calibration method has capability to
overcome the spectral problems such as collinearities and noise.
GILS being a modified version of the original inverse least squares
method, in which a small set of wavelengths is selected from a full

Figure 4. (a) Actual versus predicted correlation graph of PLSR analysis. (b) Actual versus predicted correlation graph of GILS analysis. (c) Bar graph of
predicted green pea percentage (w/w) in test samples by PLSR. (d) Bar graph of predicted green pea percentage (w/w) in test samples by GILS.

Rapid detection of green-pea adulteration in pistachio nuts using Raman spectroscopy and chemometrics www.soci.org

J Sci Food Agric 2021; 101: 1699–1708 © 2020 Society of Chemical Industry wileyonlinelibrary.com/jsfa

1705

http://wileyonlinelibrary.com/jsfa


spectral data matrix and evolved to an optimum solution using a
genetic algorithm.33

In GILS, the models are formed with randomly selected set of
Raman intensities from the range of given spectra and therefore
dependencies of the models to each other are somewhat
waived. In addition to the independent validation set, the stabil-
ity of the calibration models was tested by using a separate pre-
diction test, to demonstrate the performance of the models with
regard to real samples. In the current research, the GILS algo-
rithm was set to run 100 times with 50 iterations and 30 genes
for each component of the mixture. The success (performance)
of the models were evaluated using standard error of cross-
validation (SECV) and standard error of prediction (SEP) and also
R2 values. Statistical indices SECV and SEP are defined as follows:

SECV=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
m

i=1
ci – ĉið Þ2

m–2

vuuut
ð1Þ

SEP=

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
m

i=1
ci –̂cið Þ2

m

vuuut
ð2Þ

where ci is the reference and ĉi is the predicted concentration
values of ith sample, m is the number of samples. Degree of free-
dom ism − 2 because, when a linear model is assumed, there are
only two parameters to be extracted, which are the slope of the
actual versus reference concentration plot and the intercept.34

The resulting SECV and SEP values are presented on the actual
green pea versus predicted green pea graphs in Fig. 4 for both
the PLSR (Fig. 4(a)) and the GILS (Fig. 4(b)) models. The regression
R2 values were determined as 0.91 and 0.94 for the PLSR and GILS
models, respectively, and less than 5% SECV and SEP values were
obtained by using the GILS model. These are quite good model
errors as the dynamic range of the model covers the values from
0% to 60% green pea content. In addition, 12 different pistachio
nut samples were used to prepare the same composition of adul-
terated samples, and this also brings an additional variability
because each of the pistachio samples is somewhat different from
the others, as can be seen in the PCA score plot.
The bar graphs for the predicted green pea content of the com-

mercial test samples given Table 2 are presented in Fig. 4(c) and
Fig. 4(d), for the PLSR and GILS models, respectively. Twenty-one
samples (Table 2) were evaluated using PLSR and GILS models.
While 11 samples were identified as being adulterated, ten sam-
ples were identified as pistachio nuts. Five samples, which were
known to be pure pistachio nuts (numbered 3,10,14,18, and 21),
were determined to be pistachio nuts using PLSR and GILS
models. The PLSR and GILS results for 21 samples (Table 2) were
quite compatible those obtained by HCA identification. In other
words, similar identification results were obtained by HCA, PLSR,
and GILS models (Table 2).
The findings from the present study showed that the slightly

better prediction results for the green pea content in pistachio
nuts were obtained by using the GILS algorithm when the R2,
SECV and SEP values of the PLSR and the GILS models were com-
pared. Previous studies reported that the GILS algorithm yields a
better prediction of adulterants in complex food matrixes.33,35

The results obtained in the present research are quite compatible
with those of previous reports. As can be seen from the bar plots,

16 of the industrial test samples had various amounts of green-
pea adulteration, ranging from 10% to 80% by mass, whereas
the results with regard to the five samples that were known to
be pure pistachio nuts gave reasonably low green pea content
of less than 5% for all. These results are in agreement with the
SECV and SEP model values. Twenty-one samples (Table 2) were
evaluated using PLSR and GILS models. While 11 samples were
identified as being adulterated, ten samples were identified as
pistachio nuts. Five samples, which were known to be pure pista-
chio nuts (numbered 3,10,14,18, and 21) were determined to be
pistachio nuts using the HCA methodology.

DISCUSSION AND CONCLUSIONS
|The findings from this study show that Raman spectroscopy com-
bined with chemometrics classification and clustering methods
such as PCA and HCA have a strong ability to identify green-pea
adulteration in pistachio nuts. The methodology developed can
be successfully applied for discriminating authentic pistachio nuts
from adulterated ones, and green pea samples. In particular, HCA
analysis provides a deeper understanding of the relationship
between clusters, as Ward's algorithm is applied in the case of
HCA analysis. Ward's algorithm is quite effective in that it can han-
dle a large amount of information, and its use is not limited to
classification problems.30 For this reason, Ward's algorithm has
been applied successfully in many previous studies in which
vibrational spectroscopy combined with chemometrics methods
were implemented as a solution for important adulteration
problems.[36–38] A perfect classification pattern was obtained
using the HCA and PCA methods when the green-pea adultera-
tion was implemented in the range of 20–60% (w/w). Adulterated
pistachio nut, green pea, and pure pistachio nut samples were
correctly discriminated in detailed hierarchical cluster analysis
based on their fingerprinting Raman spectra.
While the PCA and the HCA classificationmethods were demon-

strated to accurately separate the classes and clusters of the pure
pistachio nut and green pea samples, in addition to the adulter-
ated samples with 20% and higher adulterant contents, the mul-
tivariate calibration methods (PLSR and GILS) showed the
existence of successful models which can distinguish green-pea
adulteration levels as low as the 5% (w/w) range. The R2 value of
the PLSR model was 0.91, while the GILS model produced a
slightly higher R2 of 0.94. In addition, the standard error of cross
validation (SECV) for the calibration set and the standard error of
prediction (SEP) for the independent validation set results were
5.96 and 5.67 from the PLSR model and 4.87 and 4.77 from the
GILS model. The developed methodology was tested using vari-
ous test samples, and favorable results were obtained. Compati-
ble results were obtained by all the HCA, PLSR, and GILS
chemometrics.
Several studies have involved the determination of green-pea

adulteration in pistachio nuts. Cavus et al. (2018) developed a
methodology for the detection of green-pea adulteration in pista-
chio nuts by using liquid chromatography-mass spectrometry
(LC–MS) combined with chemometrics. This methodology was
successful, but it was not low cost, rapid, applicable in the field
and easy to operate. Expensive and toxic chemicals were also
needed for this approach. Infrared spectroscopy combined with
chemometrics has been shown to have a high potential for rapid,
strong, effective, and reliable detection of adulterants in complex
food matrices. In addition, IR techniques (MIR, NIR, Raman, hyper-
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spectral imaging) are sensitive, green, non-destructive and com-
paratively low cost.11 In the current study, the perfect classifica-
tion pattern was observed for adulterated samples with 20% (w/
w) or higher adulterant contents. Adulteration levels as low as
the 5% (w/w) range were detected by the multivariate calibration
methods (PLSR and GILS). These findings may help other
researchers to design methods for the detection of suspicious
materials in terms of food safety. The method also opened a
research gate for the online determination of food adulteration
using deep learning approaches. The Raman spectroscopy tech-
nique developed in this research is cost-effective, rapid, easy to
operate, and non-destructive. It can be thought of as a ‘green ana-
lytical technique’ because no solvents and reagents were used
during the study. The findings from this study contribute in sev-
eral ways to our understanding of the effectiveness of Raman
spectroscopy combined with chemometrics multivariate data
analysis, with regard to adulteration problems in food. Raman
spectroscopy, using hand-held or portable options, can be used
as an effective tool for at-line or on-line analysis of adulteration
in fields such as agriculture and food production.10 The method
developed in the present study could be easily adapted for the
quality control of pistachio nuts in the field (in an industrial set-
ting) because a portable Raman spectrometer was used.
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