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Abstract: This work investigates the effects of gamma irradiation (0.1–10 kGy) on four
Italian wheat matrices, such as durum, conventional soft, integrated soft, and biological soft
wheat, by coupling Raman, FTIR-ATR and EPR spectroscopies to provide complementary
insights into the structural, conformational, and radical-based transformations occurring
in starch, the primary polysaccharide in wheat. As a general trend, gamma irradiation up
to 10 kGy does not induce drastic degradation or depolymerization of wheat components.
However, deeper investigations reveal that wheat composition is crucial in modulating the
effects of gamma irradiation on structural and conformational rearrangements of starch
units. Raman and FTIR-ATR spectroscopy analyses showed an increase in random coil
fractions, with the most significant changes observed in durum wheat, plausibly attributed
to its higher protein content. EPR analyses confirmed a dose-dependent increase in free
radicals, with different recombination kinetics between wheat types influenced by their
intrinsic composition and molecular organization. The proposed spectroscopic approaches
allow for rapid and non-destructive analyses of molecular structure, chemical composition,
and free radical content in irradiated wheat matrices with minimal sample preparation.
These approaches can be extended in the development of screening methods for a wide
range of polysaccharides in a variety of crops.

Keywords: gamma irradiation; starch; food irradiation; spectroscopic methods

1. Introduction
Wheat is one of the most economically significant crops worldwide due to its cen-

tral role in human nutrition and food production. In the last decades, the exportation of
wheat experienced significant growth, nearly doubling from 101 million tons in 2000 to
199 million tons by 2020 [1]. Projections for the 2030 marketing year indicate even higher
exports, reaching an estimated 220 million tons [2]. Wheat is composed mostly of polysac-
charides (mainly starch), proteins (primarily gluten), and lipids [3,4]. On the basis of the
constituents’ amount, wheat grains are typically classified into two main types: soft wheat
(Triticum aestivum), primarily used for making bread, cakes, and pastries due to its lower
protein content and higher starch content; and durum wheat (Triticum durum), which has
higher protein content and is commonly used in pasta production [5,6]. Both soft and
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durum wheat can be cultivated by using a variety of farming practices, including con-
ventional, biological (organic), and integrated methods. The choice of farming practice
depends on factors like environmental concerns, market demand, regulatory requirements,
and the specific goals of the farmer. In conventional farming, soft and durum wheat are
cultivated by using synthetic fertilizers, pesticides, and herbicides to maximize yield and
minimize the impact of pests and diseases. On the other hand, biological (organic) wheat
strictly adheres to natural processes and ecological principles, while integrated wheat
employs a more flexible, mixed strategy that reduces but does not eliminate the use of
synthetic inputs [7].

In this scenario, the constantly increasing worldwide demand for wheat and
wheat-based products triggered both industry and research into various preservation
methods to ensure food safety, extend shelf life, and maintain nutritional quality [8,9].
Among the possible approaches, gamma irradiation has, so far, demonstrated great po-
tential to sterilize food and agricultural products [10–12]. Unlike conventional methods
that may involve chemical treatments, fumigants, or thermal processes, gamma irradiation
offers a clean, non-polluting alternative for improving food safety and shelf life [13]. Specif-
ically, gamma irradiation involves the exposure of items to gamma rays, typically emitted
by radioisotopes such as cobalt-60 or cesium-137, that deeply penetrate products, effectively
destroying pathogens, insects, and microorganisms [14]. In addition, this approach can
treat large quantities of products in a single batch without generating significant waste
or requiring intensive energy consumption. Considering the remarkable demand and the
sensitivity to microbial contamination, wheat is a perfect candidate for gamma irradiation
treatment. Although it is widely acknowledged that gamma exposure is a winning strategy
to remove biodeteriogens from organic matrices, the investigation of the effects produced
on wheat chemical composition and structural properties after irradiation is still a pending
milestone for the scientific community. In particular, one of the main concerns is whether
gamma irradiation may induce side effects on the macromolecular structures of the wheat
products, compromising the nutritional qualities.

Starch, being a major constituent of wheat, has been extensively studied in isolated
and pure forms to evaluate the molecular, structural, and functional modifications induced
by gamma exposure [15–19]. The pioneering study of Raffi et al. disclosed that irradiation
can lead to depolymerization, fragmentation, and rearrangement of starch molecules due
to the generation of free radicals and their subsequent reactions [20]. These changes are
often dose-dependent: low doses primarily affect the amorphous regions of starch, while
higher doses disrupt crystalline structures [21]. Key findings in the literature indicate that
irradiation can alter the molecular weight distribution of polysaccharides, reduce viscosity,
and enhance solubility [21]. In addition, gamma irradiation has been reported to promote
the conversion of double-helical structures into random coil conformations, resulting in
a reduction in crystallinity and an increase in the susceptibility of starch to enzymatic
hydrolysis [22,23]. This has been particularly evident in isolated starch granules irradiated
under controlled conditions, where the degree of alteration was directly correlated with the
absorbed dose and the hydration state of the matrix.

Despite these insights into isolated starch systems, in recent years, many studies have
focused on investigating the effects of gamma irradiation on complex, multi-component
matrices such as wheat grains, where starch interacts with proteins, lipids, and other
biomolecules [24–27]. The presence of these additional components introduces a layer
of complexity, as they can modulate the radiation-induced changes through secondary
interactions. For example, gluten and other proteins in wheat may contribute to the
stabilization or destabilization of starch structures by forming networks or by generating
reactive species that interact with neighboring molecules [28,29].
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Current research progress on wheat irradiation mainly regards microbial load reduc-
tion and hygienic safety, often overlooking the secondary molecular effects on structural
components such as starch and proteins [30–32]. Despite the widespread use of irradiation
as a preservation method, there is a lack of systematic and integrated analyses that investi-
gate the molecular-scale effects of irradiation. In particular, a limit given by the absence of
rapid and non-invasive screening tools also limits the large-scale industrial applicability
of this technology. Furthermore, a crucial challenge in the field of food irradiation is the
low acceptance among consumers [33,34]. Studies that demonstrate the safety of irradiated
foods at both the molecular and nutritional levels could play a key role in overcoming this
barrier and promoting broader adoption.

In this context, this study aims to explore the effects induced by gamma radiation on
the chemical composition, molecular structure, and radical content of the starch fraction in
four different wheat matrices, such as soft wheat, durum wheat, integrated soft wheat, and
biological soft wheat. For this purpose, a series of non-destructive spectroscopic techniques,
namely, Fourier-Transform InfraRed (FTIR) spectroscopy, Raman spectroscopy, and Electron
Paramagnetic Resonance (EPR) spectroscopy, were used. The gamma irradiation tests
described in this paper were performed by using a cobalt-60 source at doses ranging from
0.1 kGy to 10 kGy at a dose rate of around 0.5 kGy/h. In agreement with the Food and
Agriculture Organization (FAO), International Atomic Energy Agency (IAEA), and World
Health Organization (WHO) guidelines, these irradiation conditions were selected by
considering that doses up to 10 kGy are safe and effective for eliminating pathogens while
maintaining the chemical integrity of cereal products [35,36].

This research is part of the METROFOOD-IT project.
We emphasize that gamma irradiation, in the dose range of 0.1–10 kGy, is a safe

and effective method for treating wheat-based food samples without causing significant
structural damage. The differences observed among the wheat matrices underline the
role of their intrinsic composition in modulating the effects of gamma irradiation on the
structural, conformational, and radical-based transformations occurring in starch.

The comprehensive analysis described in this paper is of paramount importance for
the characterization of polysaccharide-based matrices, as it provides critical insights into
their structural and chemical stability under irradiation. The novelty of our research lies in
the combined use of non-destructive spectroscopic techniques (FTIR-ATR, Raman, and EPR)
to investigate secondary molecular effects of gamma irradiation in various types of wheat
(soft, durum, integrated, and biological). This integrated approach allows us to detect
and compare changes in starch conformation, radical formation, and molecular stability
without compromising the sample integrity. An additional innovative aspect of this work is
that the combination of these spectroscopic techniques offers a straightforward yet effective
analytical framework that can be easily implemented by operators and researchers for the
characterization of complex food matrices rich in polysaccharides. These protocols require
minimal sample preparation and are non-destructive, making them particularly suitable
for routine quality assessment and safety monitoring in the agrifood sector.

These findings emphasize the potential of gamma irradiation as a reliable, non-
destructive treatment for food preservation, laying the groundwork for innovative screen-
ing and preservation methods for a wide range of polysaccharide-rich crops.

2. Materials and Methods
Four types of wheat matrices, such as soft wheat (Triticum aestivum), durum wheat

(Triticum durum), soft integrated wheat, and soft biological wheat, were processed via ball
milling to achieve a fine, uniform powder. These milled wheat samples were used as
received for further analysis without additional modifications. Each matrix differs in its
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chemical composition and agricultural origin. The specific details of the wheat samples,
including names and descriptions, are summarized in Table 1.

Table 1. Details of the wheat samples, including names and descriptions.

Sample Name Crop Typology Variety Origin Region

S M02 Soft Taylor Italy Piemonte

D M05 Durum Colombo Italy Piemonte

S_int M26 Soft
integrated Italy Toscana

S_bio M31 Soft bio Italy Toscana

Gamma irradiation tests were performed at the Calliope gamma irradiation facility, a
pool-type irradiation facility equipped with a cobalt-60 radio-isotopic source array emitting
two photons in coincidence with a mean energy of 1.25 MeV [14,37–40]. Wheat samples
were irradiated at 0.1, 1, 4.5, and 10 kGy absorbed dose at a dose rate value of 0.5 kGy/h.
All absorbed dose and dose rate values are referred to as water. The dose rate values
were experimentally determined by the alanine–EPR system. The irradiation tests were
performed in air at room temperature.

Optical microscope images and Raman spectra were acquired by means of a “Horiba
XploRA Plus” spectrometer. The photos were acquired through a microscope at a 5X
objective in transmittance mode. Raman spectra were recorded using a 785 nm laser
excitation for 20 s with a 50 mW laser power and a diffraction grating of 1200 gr/mm at a
10X objective magnification. Prior to analysis, the Raman spectra were baseline-subtracted.

FTIR-ATR spectra were recorded using a Spectrum 100 Perkin-Elmer FT-IR spec-
trometer (PerkinElmer Scientifica Italia S.r.l.) equipped with a horizontal attenuated total
reflectance (HATR) accessory, featuring a zinc selenide (ZnSe) crystal, in the range between
700 and 4000 cm−1 before and after irradiation. The wheat powders were carefully placed
along the ZnSe crystal surface. A metal pressure plate was then positioned on top of the
sample, applying a constant force of 75 N to ensure proper contact and reproducibility
during the measurement. For each sample, three independent spectra were recorded, and
the mean values of the analyzed peaks’ parameters were used. The analysis of each spec-
trum was carried out by subtracting the background (air) and applying baseline correction.
The deconvolution of the FTIR-ATR spectra was carried out in the 1200–870 cm−1 region
using seven Gaussian line functions, allowing for the determination of peak positions,
amplitudes, and integrated intensity values.

EPR spectra were obtained using an EPR Bruker e-scan spectrometer operating in
the X-band, with a frequency of 9.4 GHz, microwave power of 0.14 mW, and magnetic
field in the range 3390–3580 G. The samples were positioned in a conventional quartz tube.
All the spectra and the EPR data were normalized to the sample mass (approximately
100 mg). To investigate the EPR signal decay, each sample was analyzed immediately after
the irradiation, and the measurements were repeated at regular intervals after the end of
the irradiation.

3. Results and Discussion
3.1. Wheat Samples Before Irradiation

The evaluation of morphological and molecular structural properties of the wheat ma-
trix samples is accomplished through micro-Raman spectroscopy analysis. Representative
pictures, optical microscope images, and deconvolved Raman spectra of S, D, S_int, and
S_bio samples before irradiation are shown in Figure 1.
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Figure 1. Representative (a) pictures, (b) optical microscope images, and (c) deconvolved Raman
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are highlighted with dashed lines to guide the reader’s interpretation.

As shown in Figure 1a, the milled wheat samples exhibit distinct aspects and coloration.
The milled durum wheat (D samples) has a characteristic yellow coloration due to its high
content of carotenoid pigments [41,42]. Conventional Soft Wheat (S samples) exhibits a
brownish hue, likely resulting from the presence of bran particles in the milled product.
Similar brown coloration is shown by both integrated and biological soft wheat (S_int and
S_bio samples), though slight variations may occur due to differences in farming practices
and grain composition.

In more detail, from Figure 1b, it is possible to observe that the microscopic images of
the four wheat matrices reveal globular and multilayered structural textures, respectively,
attributable to endosperm and bran components of wheat grains. The different amounts of
these textures can be likely due to differences in the composition and physical arrangement
of components in the wheat grains [43]. The morphology of durum wheat exhibits a
combination of dense globular starch granules interspersed with more rigid, layered
structures indicative of protein-rich regions [44,45]. On the other hand, the microscope
images of soft wheat matrices display a higher proportion of small, spherical starch granules,
which is attributed to their higher starch content [46]. This occurrence, particularly notable
for S_bio samples, can be tentatively imputable to the genetic variety of this wheat typology
and to environmental factors such as soil quality, water availability, and climate conditions
during growth.
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Raman spectra of wheat samples are shown in Figure 1c. In perfect agreement with
other works, the Raman spectra exhibit signals typical of amylose and amylopectin polysac-
charides included within wheat and other starch-rich materials [47–52]. Key spectral
regions include skeletal breathing modes below 500 cm−1, CC and CO symmetric stretch-
ing modes 950–1200 cm−1, and CH deformation modes between 1200 and 1500 cm−1.
The most prominent band at 478 cm−1 (starch line) is attributed to ring stretching, while
other signals peculiar to starch macromolecules are those at around 860 and 940 cm−1,
respectively assigned to the bending modes of C–O–C at chain linkages and to α-D-glucose
(1→4) linkage stretching vibrations [53–55]. Other notable signals appear at 1051, 1086,
and 1131 cm−1, corresponding to glycosidic link stretching and bending. CH and CH2OH
bending modes occur at 1267, 1339, 1378, and 1462 cm−1 [53,55]. The band at around
1650 cm−1 is assigned to C=C vibrations of gluten and protein content. This peak is
particularly evident in D samples due to the high protein content of durum wheat [55,56].

On the basis of other studies [47,53], the relative area ( Ra) between the starch line and
the COC band is a helpful parameter for the evaluation and comparison of the molecular
structural order of the starch units contained within the investigated wheat matrices. In
this context, the Ra parameter was calculated as the ratio between the integrated intensity
values of the starch line and the COC band according to Equation (1):

Ra =
Istarch line

ICOC
(1)

where Istarch line and ICOC are the integrated intensity values of the starch line at 478 cm−1

and the COC band at 860 cm−1, respectively.
Ra values of 1.8, 1.8, 1.9, and 2.2 were respectively derived for S, D, S_int, and S_bio

samples before irradiation. Analogously to the morphological analysis, the slight difference
among these values is plausibly due to the different nature and origin of the wheat matrices.
In particular, the highest Ra value disclosed for S_bio samples suggests the presence of
entangled starch units with a remarkable molecular organization for this typology of
wheat matrix.

To evaluate and compare the chemical compositions of the various wheat samples,
FTIR-ATR spectra are shown in Figure 2, along with signals attribution.
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The FTIR spectra of S, D, S_int, and S_bio samples show the signals typical of starch-
containing products. Specifically, each spectrum of wheat exhibits six absorption fre-
quency regions corresponding to O–H (3000–3700 cm−1) and C–H (2800–3000 cm−1) moi-
eties stretching vibrations, amide bands (1550–1800 cm−1), modes of C–H/CO bonds
(1200–1500 cm−1), the carbohydrate fingerprint area (grey box between 800 and 1200 cm−1)
and the vibrations of pyranose rings in glycosidic units (<800 cm−1) [57–64]. To deeply
investigate the chemical composition of the samples, a qualitative estimation and compari-
son of the protein content were achieved by analyzing the amide band region. Specifically,
the protein index (PI) parameter was derived by the ratio between the absorbance of the
amide II band and the CH peaks. In addition, the carbonyl (CI) and hydroxyl (OI) indices
were derived for each wheat matrix (for details, see the Supplementary Materials) [64,65].
Corroborating the Raman spectroscopy analysis, Table S1 shows that D samples exhibit the
highest PI, reasonably due to the bigger gluten content of durum wheat. On the other hand,
the CI and OI values are strictly close for all the samples, suggesting a similar starting
oxidation level.

Further information on the starch units’ organization is obtained through the analysis
of the carbohydrate fingerprint region, which contains starch-related bands sensitive to
changes in the assembly of starch molecules. Representative deconvolved FTIR-ATR spectra
recorded between 1200 and 870 cm−1 for S, D, S_int, and S_bio samples are reported in
Figure 3.
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The absorption bands at 1150, 1100, and 1080 cm−1 are respectively associated with
asymmetric stretching vibrations of the COC bond and the vibrational modes of CO and
COH bonds, while the peak at about 930 cm−1 is attributed to the skeletal vibrations of the
α-COC glycosidic bond [63,64]. The strong peak centered at 996 is due to COH bending
vibrations (also in hydrogen bonds) and is particularly sensitive to water content in starch
associated with the combination of bending and stretching vibrations of the glucosidic
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bonds. Finally, the absorption bands at 1040 and 1020 cm−1 are generally recognized to
be sensitive to starch crosslinking and transition from helix to random coil [57,59]. In
more detail, the band at around 1040 cm−1 is attributed to amilose and amilopectine units
entangled in a double helical configuration (Helix band, Figure 3), while the signal at
1020 cm−1 is attributed to molecules arranged in amorphous domains (Random coil band,
Figure 3). In this view, the ratio between the integrated intensity values of the random
coil and helix bands (RH = IRandom coil/IHelix) reasonably provides an indication of the
short-range crystalline order of the double helical structure in starch or starch-containing
products [57,59]. RH values of 0.23, 0.16, 0.14, and 0.14 were respectively derived for S,
D, S_int, and S_bio samples before irradiation. As a general trend, RH values lower than
0.25 suggest that double helix structures incorporated within the wheat matrices are densely
packed. In particular, starch domains with moderate crystalline order are responsible for
the remarkable swelling and hydration properties, which are crucial to evaluating starch
quality [57,59]. Moreover, starches with more ordered structures tend to be digested more
slowly, which results in a lower glycemic index [33,34]. However, it is interesting to note
that soft wheat produced through conventional methods (S samples) exhibits a higher initial
RH compared to the other types of wheat. Given that all wheat samples underwent the
same milling and storage treatments, this difference likely stems from the native properties
of conventionally cultivated soft wheat. Specifically, this type of wheat may have inherently
less compact starch chains, which could lead to a higher proportion of random coil entities.

3.2. Wheat Samples After Irradiation

The aspect of S (grey box), D (red box), S_int (blue box), and S_bio samples (green box)
of wheat samples after irradiation at absorbed doses of 0.1, 1, 4.5, and 10.0 kGy is shown in
Figure 4.
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As depicted in Figure 4, gamma irradiation up to 10 kGy produces no visible changes
in the appearance or coloration of wheat samples, corroborating that gamma treatment,
within these dose limits, is a non-destructive process for wheat matrices. This stability
is consistent with findings in other starch-based products, where gamma irradiation at
low to moderate doses primarily affects microorganisms while preserving the color and
appearance of the treated materials.

Investigations on the side effects produced by gamma irradiation on the molecular
structural properties of the wheat samples are accomplished through micro-Raman spec-
troscopy analysis. Representative spectra of S, D, S_int, and S_bio samples before and after
irradiation at absorbed dose values of 0.1, 1, 4.5, and 10 kGy are shown in Figure S1 in
the Supplementary Materials. At first glance, the Raman spectra of the wheat samples are
rather indistinguishable before and after irradiation, even at 10 kGy. To better appreciate
the effect of irradiation on the samples, Figure 5 presents the Raman spectroscopy data
in terms of the Ra parameter and the percentage variation in the Ra “∆(Ra)%” calculated
with respect to the Ra value of the unirradiated samples.
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Note that the scale in (b) is expressed as a logarithmic function. The error bars were calculated as the
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each investigated condition.

As a general trend, Figure 5a shows that the Ra parameter monotonically decreases as
a function of the absorbed dose, corroborating the predicted relationship between dose and
molecular changes. Notably, the most pronounced decrease in Ra values occurs between
0 and 1 kGy, after which the decline becomes more gradual. This finding points out the
dose-dependent nature of the structural alterations in wheat starch, particularly at lower
irradiation doses.

To evaluate and compare the behavior of the investigated samples, Figure 5b shows
the linear fitting curves of the ∆(Ra)% as a function of the absorbed dose, expressed on a
logarithm scale. The parameters derived from the fitting process for each wheat sample,
which quantitatively describe this behavior, are summarized in Table 2.

Table 2. Parameters derived from the linear fitting operation of Raman spectroscopy data for each
sample.

Sample Slope Intercept R2

S −12.1 −17.3 0.929
D −13.7 −17.8 0.994

S_int −10.5 −16.3 0.954
S_bio −9.0 −15.1 0.948
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The slope values reported in Table 2 reveal differences in the sensitivity of the various
wheat types to gamma radiation. Durum wheat (D samples) exhibits the greatest absolute
slope value, indicating a higher susceptibility to molecular structure degradation upon
irradiation. This higher sensitivity can probably be attributed to the interplay between the
macromolecules included within durum wheat matrices. As acknowledged, durum wheat
exhibits a denser gluten protein network compared to soft wheat samples. This increased
gluten level may induce the formation of reactive species associated with gluten or other
proteins after irradiation. These intermediates can subsequently interact with nearby starch
molecules, leading to their structural degradation or rearrangement.

In contrast, soft wheat varieties show a lower slope, suggesting a greater resistance to
gamma irradiation. In particular, the lowest slope values were derived for soft biological
wheat (S_bio samples). This resilience may likely be related to the lower protein content
and higher starch-to-protein ratio in soft wheat compared to durum wheat. Additionally,
biological farming practices can play a crucial role in producing wheat with a higher content
of entangled starch units with a molecular organization that reduces the accessibility of
reactive sites to the radiolytic species generated during exposure. As a result, the molecular
integrity of starch in biological wheat is better preserved compared to less organized
starch structures, which are more prone to bond breakage and depolymerization under the
same conditions.

Information on the side effects produced by gamma radiation on the chemical compo-
sition and conformation of the wheat samples is obtained through FTIR-ATR spectroscopy
analysis. Representative FTIR-ATR spectra of S, D, S_int, and S_bio samples after irra-
diation at absorbed dose values of 0.1, 1, 4.5, and 10 kGy are shown in Figure S2 of the
Supplementary Materials. In more detail, Table S2 reports the CI and OI values derived
for each typology of sample in each irradiation condition. In perfect agreement with other
studies, both CI and OI parameter values increase as a function of the absorbed dose. This
finding is an unavoidable consequence of the interaction between gamma rays and organic
materials [14–16,24,64,65].

An in-depth investigation of the effects of irradiation on the conformational rearrange-
ment of starch components is accomplished by analyzing the carbohydrate fingerprint
region of irradiated samples. In Figure 6, the trends of the RH parameter and the percentage
variation in RH, “∆(RH)%” (calculated with respect to the RH value of the unirradiated
samples), are shown as functions of the absorbed dose for each sample.
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Note that the scale in (b) is expressed on a logarithmic scale. The error bars were calculated as the
standard deviation of the average values derived from the analysis of three independent spectra for
each investigated condition.
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As a general observation, Figure 6a shows that RH increases after irradiation. The
increase is particularly drastic between 0 and 0.1 kGy, whereas it becomes moderate in
the dose range between 1 and 10 kGy. Analogously to Raman spectroscopy analysis,
this suggests that the conformational changes induced by gamma rays in wheat matrices
are dose-dependent, with the most significant effects occurring at lower doses. These
observations can be better appreciated in Figure 6b, which shows RH variation as a function
of the absorbed dose on a logarithmic scale. The fitting operation of the dose-response
curves reveals distinct behaviors for each type of wheat. The fitting parameters are shown
in Table 3.

Table 3. Parameters derived from the linear fitting operation of FTIR-ATR spectroscopy data for each
sample.

Sample Slope Intercept R2

S 21 50 0.926
D 56 88 0.978

S_int 30 87 0.990
S_bio 27 73 0.991

As reported in Table 3, durum wheat (D sample) exhibits the greatest slope, indicating
the most pronounced conformational changes in its starch structures. Analogously to the
Raman analysis, FTIR results show that durum wheat exhibits the greatest conformational
disruption, which can be tentatively attributed to its native chemical composition. In
particular, the interactions between proteins and gamma rays not only degrade and depoly-
merize starch but also alter its conformational organization, transitioning from ordered
double helices to less-organized random coil structures. Soft wheat varieties (conventional,
integrated, and biological) exhibit more moderate and similar slope values, suggesting
that their conformational changes progress in a comparable manner. This uniformity is
likely due to the lower protein content in soft wheat, which may mitigate the extent of
radical-induced starch degradation and conformational changes.

In view of the overall results, the combination of Raman and FTIR-ATR spectroscopy
investigations clearly indicates that gamma irradiation at the investigated dose range does
not cause dramatic or disruptive effects on the starch fraction in wheat. The absence of
significant degradation or depolymerization suggests that the structural integrity of the
starch is largely preserved under these conditions. This is a critical observation, as it demon-
strates the resilience of wheat’s molecular framework to gamma exposure at the tested
doses, making this technique suitable for applications where maintaining the material’s
chemical and structural stability is essential. Considering that the reduction in the helical
structure of starch is a key factor influencing its digestibility and functional properties in
food applications, the results presented in this study are particularly encouraging from a
nutritional standpoint, as more ordered starch structures are associated with slower enzy-
matic digestion and a lower glycemic index [33,34]. Therefore, these findings support the
safe application of gamma irradiation as a preservation method for starchy foods, ensuring
both food safety and the maintenance of desirable nutritional and functional characteristics.
However, the coupling of Raman and FTIR-ATR spectroscopies also highlights how the
cultivation method, the nature, and the intrinsic composition of wheat play a key role in
the structural and conformational changes observed in starch units after irradiation. While
the overall effects of irradiation are not severe, subtle differences in the starch’s response
can be connected to the specific characteristics of each wheat type.

Further considerations on the effects of gamma irradiation on the wheat samples
were derived from EPR analyses, which provide information on the radical species content.
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Figure 7 shows the EPR spectra for S, D, S_int, and S_bio samples before and after irradiation
and the trend of the EPR signal area as a function of the absorbed dose values.
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As shown in Figure 7a–d, the EPR signals’ intensity increases with the absorbed dose
across all sample types, disclosing a direct relationship between irradiation dose and the
concentration of radiation-induced free radicals within the wheat matrices. On the basis of
other studies, the EPR peak positions indicate the organic nature of the radiation-induced
radicals [20,21]. In particular, it is generally acknowledged that gamma irradiation induces
free radicals at the C1 position on the glucose molecule of starch polysaccharides [20,66,67].
However, by considering the complex chemical composition of wheat matrices, the presence
of organic radicals associated with proteins and other carbohydrates cannot be disregarded.
In more detail, the comparison between the spectra in Figure 7a–d discloses a distinction in
the EPR spectra profiles between soft and durum wheat samples. While the EPR spectra
for soft wheat samples (S, S-int, and S_bio) are similar in shape, the spectrum profile for
durum wheat (D) is slightly different in the relative intensities and signals’ fine structure.
This discrepancy can plausibly be attributed to the higher protein content in durum wheat,
which may lead to the formation of radical species and reactive intermediates in varying
proportions during irradiation [68,69]. These observations are in agreement with the
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findings from FTIR and Raman spectroscopy, emphasizing the role of the native chemical
composition of wheat in modulating the behavior of free radical formation in wheat samples
after gamma irradiation.

Further information on the radical formation behavior is obtained from the
dose-response curves in Figure 7e. The EPR signal area values, proportional to the num-
ber of radicals present in the samples, were derived by integrating twice the spectra
reported in Figure 7a–d. As shown in Figure 7e, the signal area, normalized to the sam-
ple mass, exponentially increases as a function of the adsorbed dose (for details, see the
Supplementary Materials) [70]. The highest exponential coefficient value disclosed for the
D sample suggests that a higher number of free radicals is generated within the durum
wheat matrices, plausibly due to the protein species content that offers sites available for
the formation of radical species [68,69].

Additionally, insights into the post-irradiation stability of the wheat matrices were ob-
tained by monitoring the time-dependent recombination behavior of free radicals through
EPR spectroscopy analysis over time. Figure 8 shows the EPR spectra for the wheat samples
at 0, 5, 7, 14, 21, and 120 days after irradiation at 10 kGy and the decay curves for S, D,
S_int, and S_bio samples as a function of the time after irradiation.
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As illustrated in Figure 8a–d, the intensity of the EPR signals decreases progres-
sively over time after irradiation, indicating the recombination and transformation of
radiation-induced free radicals. This trend aligns with the mechanisms proposed by
Bertolini et al. [21], which suggest that the highly reactive radicals are gradually destroyed
through reactions involving oxygen and water molecules infiltrating the starch granules.
These reactions lead to an exponential decay of the radicals over time.

Figure 8e depicts the decay kinetics of the radiation-induced free radicals, showing
distinct patterns of radical disappearance across the different wheat matrices. These
differences reflect variations in the molecular arrangement of starch, particularly between
its crystalline and amorphous regions. The fitting parameters for the decay curves are
provided in the Supporting Information, offering quantitative insights into the kinetics of
radical disappearance.

To better compare the behavior of each sample, the τ decay parameter, calculated
as the time at which the radical population reaches 1/e of its initial value, is shown in
the inset of Figure 8e. The derived τ values are 3.1, 2.4, 3.7, and 4.1 for S, D, S_int, and
S_bio samples, respectively. These values highlight significant differences in the stability of
radicals between durum wheat and the various types of soft wheat.

The τ value for durum wheat (2.4) is the lowest among all samples, suggesting that
radicals in this matrix have the shortest lifespan. This behavior may be attributed to the
higher protein content in durum wheat, particularly gluten. Glycoproteins within the
matrix are likely to participate in radical recombination processes, reducing the lifetime
of radiation-induced radicals. This finding is consistent with the above-described results
(EPR, Raman, and FTIR analyses) that linked the high reactivity of proteins in durum
wheat to structural changes in starch molecules induced by radicals. Among the soft wheat
samples, the τ values vary significantly. Conventional soft wheat (S) exhibits the shortest
radical lifetime (τ = 3.1), while biological soft wheat (S_bio) shows the longest (τ = 4.1).
This trend is in agreement with the FTIR and Raman spectroscopy results, where S_bio
demonstrated a higher degree of molecular organization in its starch units. Specifically, the
greater prevalence of double-helical structures in S_bio starch appears to stabilize radicals,
extending their lifetimes compared to the less ordered random-coil fractions found in S.
These findings reinforce the idea that the intrinsic composition and molecular organization
of wheat matrices play a crucial role in the formation, stability, and decay of radiation-
induced radicals. The relatively short τ of durum wheat reflects the role of protein content
in promoting radical recombination, while the longer τ of biological soft wheat suggests
that its more organized starch structure resists degradation processes, stabilizing radicals
for extended periods [68,69].

The coupling of EPR data with Raman and FTIR analyses provides a comprehensive
understanding of how gamma radiation interacts with wheat components at a molecular
level. By integrating these results, this study highlights the importance of wheat type
and cultivation methods in determining the molecular effects of gamma exposure. These
findings could have significant implications for optimizing irradiation treatments based on
the specific characteristics of different wheat varieties.

4. Conclusions
This work provides compelling evidence that gamma irradiation, in the dose range of

0.1–10 kGy, is a safe and effective method for treating wheat-based food samples without
causing significant damage to their molecular structures. By integrating complementary
spectroscopic techniques such as FTIR-ATR, Raman, and EPR, we conducted a comprehen-
sive investigation into the structural, conformational, and radical formation behaviors of
four wheat matrices (soft, durum, soft integrated, and soft biological).
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The Raman and FTIR-ATR analyses revealed that gamma irradiation induces minor
structural and conformational changes, such as an increase in the random coil fraction
of starch molecules. These changes, however, are not drastic and do not compromise
the functional integrity of the wheat matrices. EPR spectroscopy demonstrated a direct
relationship between absorbed dose and radical formation, with the molecular composition
and intrinsic organization of the wheat samples modulating this behavior. Interestingly,
the decay kinetics of radiation-induced radicals showed that recombination and neutral-
ization processes effectively mitigate the radicals over time, with no evidence of severe
post-irradiation degradation. Durum wheat displayed the fastest radical decay, likely due
to its higher protein content, which promotes recombination, while soft biological wheat
exhibited the highest radical stability, correlating with its more organized starch structure.

These findings highlight the significant role of the intrinsic composition of wheat in
determining its response to gamma irradiation. The higher protein content of durum wheat
makes it more reactive under irradiation, leading to greater structural and conformational
changes in its starch molecules. On the other hand, soft wheat, regardless of cultivation
method, appears to undergo less dramatic changes, likely due to its lower protein content
and inherently less reactive molecular composition.

These results underscore the suitability of gamma irradiation as a non-destructive,
reliable treatment for food matrices rich in polysaccharides. The methodologies and find-
ings presented in this study can serve as a foundation for developing advanced screening
and treatment approaches for a wide variety of polysaccharides in diverse crops, ensuring
food safety and preservation while maintaining nutritional and structural integrity. In
addition, understanding the interplay between molecular composition and irradiation
effects is demonstrated to be crucial for tailoring gamma treatments to specific wheat types
while minimizing unwanted structural degradation. Moreover, the dose range explored
in this study (0.1–10 kGy), which complies with international food irradiation guidelines,
may serve as a useful reference for future investigations aiming to define optimal irra-
diation parameters for industrial applications tailored to different wheat varieties and
production needs.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/polysaccharides6020039/s1, Table S1: Parameters derived by
FTIR-ATR analysis for samples before irradiation. Figure S1: Representative spectra of S, D, S_int
and S_bio samples before (0 kGy) and after irradiation at absorbed dose rate of 0.1, 1, 4.5 and 10 kGy
along with main signals attribution. Figure S2: Representative FTIR-ATR spectra of S, D, S_int and
S_bio samples before (0 kGy) and after irradiation at absorbed dose rate of 0.1, 1, 4.5 and 10 kGy
along with main signals attribution. Table S2: Parameters derived by FTIR-ATR analysis for samples
after irradiation. Table S3: Parameters derived by the dose-response curves. Table S4: Parameters
derived by the dose-response curves.
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