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Gamma irradiation is used as a food preservation method. It is known that high-dose irradiation causes several structural and
functional damages. &erefore, the detection of high-dose irradiated food samples is a critical issue in international trade. &e
objective of this work is to evaluate the potential of Fourier transform infrared (FTIR) spectroscopy for the differentiation of
c-irradiated hazelnuts at higher doses (3 kGy and 10 kGy) from the lower (1.5 kGy) and nonirradiated ones using multivariate
statistical analysis, namely, principal component analysis (PCA) and hierarchical cluster analysis (HCA). &is study showed that
high-dose irradiated hazelnut samples can be clearly differentiated from the low-dose irradiated samples using unsupervised
methods based on the spectral differences. Furthermore, dose-dependent discrimination was also achieved. In conclusion, FTIR
spectroscopy combined with multivariate statistical analysis has potential for the development of a reliable and fast methodology
for separation of high-dose irradiated food samples.

1. Introduction

Hazelnut (Corylus avellana L.) has importance in human
nutrition and health because of its unique fat (mainly oleic
acid) and nonfat (protein, natural sterols, dietary fiber, to-
copherols, and phenolic antioxidants) composition, which
affects human health positively [1, 2]. &e role of hazelnut in
reducing the cardiovascular disease, diabetes, and cancer has
been reported [3]. In addition to its protective health effects,
it has also economic importance [4, 5]. Hazelnut and its
processed products are used in food, pharmaceutical, and
cosmetic industry [6]. &ey can also be added in various
products as ingredients. One of the main problems in
hazelnut industry is to keep quality maintenance during
storage due to insect disinfection and food-borne pathogens
[7]. Moreover, quality of nuts can be affected during the
storage period due to the changes in the physiology and
biochemistry of the nut after harvesting [8]. &erefore, clear

understanding of the physiological and biochemical changes
of plants during the postharvest period will contribute to
improve storage conditions and thus preserve the quality of
food samples. To prevent the postharvest loss of hazelnut
and other crops, food irradiation is recognized as an effective
technology [9].

&e application of ionizing radiation in food industry
has been recognized as beneficial to improve the safety and
quality of food by increasing hygienic quality and extending
shelf life as a postharvest food preservation method. Albeit
benefits of food irradiation and approvals from the Food and
Drug Administration (FDA), consumer acceptance of ir-
radiated food has been progressing slowly [10]. Public has
some concerns about induced radioactivity, formation of
toxic byproducts, and nutrient losses in food due to irra-
diation treatment [10].

Irradiation can lead to some structural, functional, and
nutritional alterations in foods depending on the applied
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dose [11]. It has been reported that irradiation may lead to
the appearance of toxic chemical compounds due to sec-
ondary effects or generate volatile substances that can affect
organoleptic properties of the final product. In addition, the
components of foods are chemically altered to some extent
after irradiation [12, 13]. In particular, some changes in
protein and fat contents occur as ionizing radiation gen-
erates free radicals that may induce lipid peroxidation,
colour, and odour alteration [14–16]. &erefore, convenient
and reliable methods are required to detect irradiation and
estimate the applied dose to prevent the lack of confidence.
Various physical and chemical methods have been proposed
for the identification of irradiation such as mass spectros-
copy (MS), gas chromatography (GC), photo-stimulated
luminescence (PSL), thermoluminescence (TL), and elec-
tron spin resonance (ESR) [17]. However, these methods are
rather labor-intensive and expensive and provide limited
information [18].

Fourier transform infrared (FTIR) spectroscopy has
been applied widely in food research to characterize food
components [19], detect different treatment effect to food
such as heating and irradiation [13, 20], evaluate food quality
[21], determine food fraud [22], and investigate food/
packaging interactions [23]. FTIR spectroscopy has several
advantages over other techniques. For example, it provides
specific information about the studied system at the mo-
lecular level, which allows investigation on structure and
composition of the material. It has potential to probe
samples without disturbing molecular structure and integ-
rity. It is fast, reproducible, easy to perform, and capable of
simultaneously detecting multiple parameters, including
biomolecules, ingredients, and chemicals. &e FTIR spec-
trum consists of numerous characteristic spectral features,
which are correlated with the molecules present in the
sample. However, the spectra generally contain overlapped
absorption bands, which make it difficult to interpret the
spectra. Multivariate statistical analysis enables to extract
information from complicated spectra of samples. Appli-
cations of IR spectroscopy on food research coupled with
multivariate analyses have been described for the quanti-
tative determination of compounds [24], detection and
differentiation of bacteria in food [25], characterization and
classification of oils [26], authentication [27], and differ-
entiation [28] of food samples. Hierarchical cluster analysis
(HCA) and principal components analysis (PCA) are two
multivariate analyses that could be coupled with FTIR
spectroscopy to facilitate robust and reliable extraction of
information, biomarkers, and discrimination within and
between samples [29].

In 1980, the FAO/IAEA/WHO Joint Expert Committee
on Food Irradiation reported that irradiated food with a dose
up to overall average dose of 10 kGy does not require further
testing [30]. According to FDA’s standards and regulations,
the permissible dose for insect disinfestation is 1 kGy and for
reduction of microbial load for elimination of pathogens is
5 kGy for nut, oil, seed, and dried fruits [31]. In a previous
mid-infrared spectroscopic study, we did detailed spectral
characterization studies and determined radiation-induced
global structural and contextual changes in biomolecules of

hazelnut samples at two different radiation doses (1.5 kGy
and 10 kGy) [13] and reported that irradiation at 10 kGy-
induced molecular damages in hazelnut tissues.

In the present study, in order to contribute to the quality
control mechanism used in food industry, we tested the
power of mid-infrared spectroscopy coupled with chemo-
metric analysis as a novel approach in dose-dependent
differentiation of irradiated hazelnut samples from the
nonirradiated ones. For this purpose, 1.5, 3, and 10 kGy
irradiation were applied to hazelnuts. Hierarchical cluster
analysis (HCA) and principal components analysis (PCA)
were applied to the spectra.

2. Materials and Methods

2.1. Sample Preparation for FTIR. Hazelnut samples, which
were not exposed to irradiation previously, were obtained
from local producers and irradiated with the dose of 1.5, 3,
and 10 kGy using gamma radiation from a cobalt-60 source
(ISSLEDOVATELJ (Gamma-cell)) at the Turkey Atomic
Energy Authority Food Irradiation Unit as described in
detail by Dogan et al. [13].

Hazelnut samples (n� 8) were cut into four pieces, three
of which were irradiated with the doses 1.5, 3, and 10 kGy
and the last one was used as control. To obtain nut tissue
powder, all samples were ground and dried in a MAXI dry
lyo freeze dryer for overnight. &en, the ground samples
mixed with potassium bromide (KBr) in a 1/100 ratio. &is
powder was compressed into a thin KBr disk under a
pressure of ∼100 kg/cm2 for 8 minutes for FTIR spectro-
scopic investigation. &is process was repeated three times
for each control and irradiated samples, and the average
spectrum was obtained for each sample using OPUS Soft-
ware Programme.

2.2. FTIR Data Collection. Infrared spectra were generated
in absorbance mode using a BOMEM MB157 FTIR (&e
Michelson Series, Bomem, Inc., Quebec, Canada) spec-
trometer equipped with a DTGS (deuterated triglycine
sulphate) detector. &e sample compartment was continu-
ously purged by dry air to reduce water vapor and carbon
dioxide interference.

&e FTIR spectra of samples were recorded in the
4000–1000 cm−1 region at room temperature. Each inter-
ferogram was collected by co-adding 400 scans at 4 cm−1

resolution. &ree different KBr disks obtained from each
sample were scanned.&ey revealed almost identical spectra.
&en, a mean FTIR spectrum was obtained for each sample
and these average spectra were used in further analysis.

2.3.DataPreprocessing. A spectral quality test was applied to
all FTIR spectra. &is test included tests for residual water
vapor bands and the signal-to-noise ratio. All spectra that
have passed these tests were subsequently unit vector nor-
malized. Vector normalization was performed over the
investigated spectral region of interest separately, namely,
the 4000–1000 cm−1, 3050–2800 cm−1, and 1800–1000 cm−1

regions, using “&e Unscrambler X” software, version 10.3.
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2.4. Chemometrics. In order to compare the spectra of
hazelnut samples irradiated with different doses with those
of the control samples in terms of some underlying struc-
tural differences, two multivariate molecular spectral ana-
lyses methods, HCA and PCA, were used.

2.5. Hierarchical Cluster Analysis. HCA calculates the simi-
larities between the spectra of samples by using distance cal-
culation and classification algorithms. &e results are presented
in the form of a dendrogram which shows clustering in two
dimensions by graphical means. &e measure of similarity is
heterogeneity, where increasing heterogeneity corresponds to
increasing dissimilarity. In our study, hierarchical cluster
analysis was performed for the bands in the 4000–1000cm−1,
3050–2800 cm−1 and 1800–1000 cm−1 regions. &e analyses
were performed on unit vector-normalized spectra. &e het-
erogeneity calculations were done using Ward’s algorithm [32].
Ward’s algorithm clusters as much homogeneous objects as
possible by combining the spectra that form a within-cluster
variance with the smallest squared Euclidean distance [33].

2.6.PrincipleComponentAnalysis. PCA is used to reduce the
dimensionality of the data by projecting the data using a
linear transformation onto a new space consisting of or-
thogonal vectors. &e transformation matrix consists of the
eigenvectors of the autocorrelation matrix of the whole set of
spectra [34]. For an FTIR spectral input, this corresponds to
the reduction of hundreds of absorbance values at corre-
sponding spectral wavenumbers into a single point in a low
dimensional space. &e coordinates are the principle
components (PC), and the plot obtained is called the scores
plot [35]. Each PC describes the variations among samples in
decreasing order. &us, the first principle component, i.e.,
PC-1 expresses most of the variance in the data, PC-2 ex-
presses the second largest variance in the data, and so on. As
a result, information about the class separation is obtained
by clustering similar samples from the scores plot. An in-
crease in the spatial separation between the two points in a
scores plot corresponds to an increase in the dissimilarity
between these two samples, i.e., the absorbance spectra in the
case of FTIR spectra as the input. Since PCs are orthogonal
to one another, their interpretation can be done
independently.

In the current study, PCA were carried out for the
4000–1000 cm−1, 3050–2800 cm−1, and 1800–1000 cm−1

bands as in the HCA. &e analyses were performed on unit
vector-normalized spectra. PCA was implemented using
“&e Unscrambler X” software, version 10.3. NIPALS
(Nonlinear Iterative Partial Least Squares) algorithm was
used with full cross validation.

3. Results and Discussion

In the current study, we focused on FTIR spectroscopy
coupled with multivariate analysis, which is used to monitor
the differentiation of hazelnut samples in response to
gamma irradiation treatment. &e power and sensitivity of
FTIR spectroscopy together with a multivariate spectral

analysis, namely, cluster and principal component analyses,
were tested. Figure 1 demonstrates average FTIR spectra for
control and irradiated (1.5 kGy, 3 kGy, and 10 kGy) hazelnut
samples in the 4000–1000 cm−1 regions. As seen from these
figures distinct spectral variations in the frequency, signal
intensity, and peak area values are observed among the low-
and high-dose irradiated and control hazelnut samples.
&erefore, it can be clearly seen that intergroup variability is
high.

Major spectral differences are observed particularly in
the CH stretching region (3050–2800 cm−1), where mainly
lipid molecules contributed to the spectral pattern. &e
spectral variations in these regions are due to the changes in
the absorbance bands from olefinic〓CH and asymmetric
and symmetric CH3 and CH2 functional groups. Areas of
these bands were dramatically decreased in 3 kGy and
10 kGy irradiated samples with respect to those of the
control hazelnut spectrum. A similar behaviour in the de-
crease of band areas with irradiation is observed in the
1800–1000 cm−1 region. In this region, the amide bands at
1652 cm−1 and 1546 cm−1 were assigned to protein amide C
〓O stretching and amide N–H bending vibration (60%)
coupled to C–N stretching vibration (40%) mode of the
polypeptide and protein backbone, respectively. In the same
region, the absorption band at 1746 cm−1 is due to C〓O
stretching vibration of ester groups in triacylglycerols and
two bands at 1462 cm−1 and 1378 cm−1 corresponding to the
CH absorption bending vibration of CH2 and CH3 groups,
respectively [36, 37], are also lipid-related bands. &e bands
at 1462 cm−1 are correlated to the content of fatty acid chains
[38]. &e variations in the absorption areas of the bands
mentioned above indicated that irradiation processes lead to
variation in the contents of lipid and protein molecules as
also reported previously in detail by our group for low-dose
(1.5 kGy) and high-dose (10 kGy) irradiated hazelnut sam-
ples. &e present work aims to differentiate the irradiated
(1.5 kGy, 3 kGy, and 10 kGy) and nonirradiated groups
because of its importance in hazelnut trade and to determine
the dose, which does not cause significant compositional
changes in terms of hazelnut quality by using the power of
infrared spectroscopy coupled with chemometrics. For this
purpose, unsupervised multivariate analysis techniques
namely HCA and PCA were performed.

&e HCA results are demonstrated as dendrograms
(Figure 2). &e spectra for each irradiated and control
sample were subjected to HCA using the information
contained in the 4000–1000 cm−1, 3050–2800 cm−1, and
1800–1000 cm−1 spectral regions in Figures 2(a)–2(c),
respectively.

&e results of HCA for the 4000–1000 cm−1 region are
shown as a dendrogram in Figure 2(a). As seen from the
figure, there is a cluster of high-dose irradiated samples
consisting of 3 kGy and 10 kGy samples. Control samples
also form clusters with 1.5 kGy samples. Only two 3 kGy
irradiated samples fall into these clusters. Similar results
were also obtained for the cluster analysis performed in the
3050–2800 cm−1 and 1800–1000 cm−1 regions as shown in
Figures 2(b) and 2(c). In the 3050–2800 cm−1 region, two
3 kGy samples and one 10 kGy sample fall into the clusters
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formed by control and low-dose irradiated samples. &e
results of HCA for the 1800–1000 cm−1 region are similar to
those of the whole region. &e HCA results for all of the
three regions analyzed indicate that the class of high-dose
irradiated samples has a relatively high distance from the
control plus low-dose irradiated groups. In addition, relative
distance, or heterogeneity, within the high-dose irradiated
group is much lower than the relative distances within
control plus low-dose irradiated groups, implying that high-
dose radiation removes sharp spectral differences due to the
damages caused by high-level irradiation.

PCA results are shown as scatter plots (Figure 3). PCA
was performed to demonstrate the capability of discrimi-
nation of high-dose irradiated hazelnut samples from
control and low-dose irradiated samples. Figures 3(a)–3(c)
show the score plots for the first two principle components
PC-1 and PC-2 for three regions of the spectrum, namely,
4000–1000 cm−1, 3050–2800 cm−1, and 1800–1000 cm−1 re-
gions, respectively. &ese scatter plots should be considered
as the projection of the multidimensional score values onto
the first two axes (principal components). For all of the three
regions analyzed, explained variance of the first two prin-
cipal components is above 90%. It is obvious that there is a
clear separation of high-dose classes from control class along
PC-1. For the first two PCAs, control class has positive score
values and 10 kGy irradiated samples have negative score
values along PC-1, while for the 3rd PCA, the signs are
opposite. In addition, the spread around the mean value of
the scores of high-dose irradiated classes (3 kGy and 10 kGy)
is much smaller than those of control and 1.5 kGy irradiated
class. &is is in agreement with the HCA results. Hetero-
geneity decreases as the radiation dose is increased. A
measure of separation of classes is the Euclidean distance of
the centroids (center of gravity) of the scores of samples in

each class. Table 1 gives the distance of the centroids of
1.5 kGy, 3 kGy, and 10 kGy irradiated samples from the
centroid of the scores of control samples. &e distances were
calculated using first 7 principal components. As observed
from the PCA scores plots and from the calculated distances,
1.5 kGy irradiated samples are much closer to the control
samples, and therefore, they are much less affected by
irradiation.

PCA, in addition, provides information on the changes
in the chemical composition of the samples at different
irradiation levels. As an example, Figure 4 shows the loading
plots (eigenvectors) for the first two principle components
corresponding to Figure 3(c) (1800–1000 cm−1 region). &e
loading plots of this region were given since it contains
spectral bands belonging to almost all of the molecules in the
system. For high-dose irradiated samples, PC-1 component
scores are positive. Negative loading values in this case are an
indication of a decrease in spectral values, for example, at
wavenumbers 1747 cm−1 and 1463 cm−1. Similar conclu-
sions can be reached by looking at the loading curves at other
regions of the spectrum.

Turkey has the world’s leading position in the hazelnut
sector by providing 70% of total production. Hazelnut has
beneficial effects to human health due to its valuable oil
(56–68%), protein (11–20%), and carbohydrate (10–22%)
contents [3, 5]. Most of lipid contents are triacylglycerols
and phospholipids. Saturated fatty acids (SFA), monoun-
saturated fatty acids (MUFA, which is mainly oleic acid), and
polyunsaturated fatty acid (PUFA) contribute to fatty acid
profile of hazelnut approximately as 6.63%, 82.45%, and
10.92%, respectively [29]. Free fatty acid content affects the
quality and taste of hazelnuts [40]. It is known that radiation
treatment can cause changes in the molecules depending on
the applied dose level. Application of radiation generates

10
12

11
03

11
97

12
92

13
86

14
80

15
74

16
68

17
63

18
57

19
51

20
45

21
39

22
33

23
28

24
22

25
16

26
10

27
04

27
96

28
93

29
87

30
81

31
75

32
69

33
63

34
58

35
52

36
46

37
40

38
34

39
28

0.04

0.03

0.02

0.01

C_avg
IRN1.5kGy

IRN3kGy
IRN10kGy

Figure 1: &e average FTIR spectra of 1.5 kGy, 3 kGy, and 10 kGy irradiated and control hazelnut samples in the 4000–1000 cm−1 region.
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Figure 2: Continued.
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Figure 2: Hierarchical clustering of control and irradiated hazelnut groups using unit vector normalized spectra in the spectral range of (a)
4000–1000 cm−1, (b) 3050–2800 cm−1, and (c) 1800–1000 cm−1.
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hydroxyl radicals [41], which initiates lipid oxidation [42].
Particularly, nuts rich in unsaturated fatty acids are prone to
oxidation when irradiated [14]. Furthermore, Golge and Ova
[43] reported that irradiation leads to oxidation, decar-
boxylation, dehydration, and polymerization reactions,
giving rise to lipid oxidation in fat molecules. &is process
also produces antioxidants, which can scavenge free radicals
and esters, ketones, sulfur compounds, and aldehydes as a
result of radiolysis [14]. On the other hand, it is known that
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Figure 3: PCA score plots for control, 1.5 kGy irradiated, 3 kGy irradiated, and 10 kGy irradiated hazelnut samples in the (a) 4000–1000,
(b) 3050–2800, and (c) 1800–1000 cm−1 spectral regions.

Table 1: Distances of the centroids of 1.5 kGy, 3 kGy, and 10 kGy
irradiated classes from the centroid of control samples.

Regions
Classes

IRN1.5 kGy IRN3kGy IRN10 kGy
4000–1000 cm−1 31.1 77.7 90.5
3050–2800 cm−1 12.2 28.7 31.3
1800–1000 cm−1 17.6 38.1 43.7
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not only lipid but also protein content is affected by irra-
diation treatment. In our previous study [13], we have re-
ported that 10 kGy high-dose irradiation treatment leads to
changes in the protein structure by decreasing the α-helical
structure and increasing the content of random coil that
indicates aggregation and denaturation. Similar to our
previous study, Guler et al. [44] have also reported that there
was no difference in protein content between control and
1.5 kGy low-dose irradiation treatment, which supports our
findings.

4. Conclusions

Combination of ATR-FTIR spectroscopy with chemometric
methods such as HCA and/or PCA successfully discriminate
hazelnut samples according to the applied irradiation doses.
&e results revealed that 1.5 kGy irradiated samples cannot
be discriminated from the control samples, indicating that
irradiation at this dose did not significantly alter hazelnut
composition and is suitable for irradiation of hazelnut
samples. &e alterations in the spectroscopic parameters
such as signal intensity and frequency indicated that the
irradiation process leads to global changes in the contents
and structures of lipids and proteins. Based on these spectral
changes, multivariate analyses provide robust and sensible
methods for classification of irradiated samples. Both che-
mometric methods, HCA and PCA, have clustered the low-
and high-dose irradiated samples independent from the
chosen spectral region. &e results of the present study
revealed the capability of application of FTIR spectroscopy
combined with multivariate analyses to make differentiation
between low- and high-dose irradiated hazelnut samples.
Present study is a demonstration of the applicability of the
technique presented here, as a rapid, operator-independent,
sensitive, and cost-effective technique in the field of food
industry. Further studies using a larger number of samples
will allow for the creation of a database and the adaptation of
the mid-infrared spectroscopy for on-site application.
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