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

• Red pitaya shell powder was character-
ized by SEM, XRD and EPR
spectroscopy.

• No significant change in the state of
crystalline cellulose and glucose in the
skin powder, between 500 Gy and 30
kGy.

• Gamma irradiation induced two free
radical centers.

• Pitaya samples can be used in diagnostic
irradiation applications.
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A B S T R A C T

The integral use of some fruits is an alternative for sustainable production from an environmental, social, and
economic point of view, so activities that promote the sustainability of the food production chain, such as fruits
waste irradiation, are being carried out. For control and safety purposes with irradiated products, it is necessary
to use precise and adequate techniques that allow the marking and unequivocal identification of these products.
Among these techniques, electron paramagnetic resonance (EPR) spectroscopy has stood out for its high sensi-
tivity in detecting paramagnetic species generated during irradiation. The pitaya fruit has as its processing
residue its skin, which represents 33 % of its total weight. In addition, studies carried out with pitaya reveal the
presence of bioactive compounds, including phenolic compounds, that contribute to its antioxidant capacity.
With this perspective, in the present work, we investigated the paramagnetic centers induced by gamma irra-
diation in powdered red pitaya skin products by means of the EPR technique, with the purpose of using them as
indicators and/or dosimetric material for the determination of the absorbed dose in irradiated pitaya skin
products. EPR experiments indicate the presence of at least three paramagnetic species. One of the centers
(center I) exhibits six hyperfine lines with g = 2.0050 and is attributed to the Mn2+ ion. Center II has
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contributions from at least two radicals, and the dominant radical displays hyperfine interaction with one α-type
and two nearly equivalent β-type protons with g = 2.0042. Center III has g = 2.0029 and results from the
cellulosic part of the pitaya fruit. The intensity of centers II and III increases linearly with increasing gamma
irradiation doses in the dose range from 500 Gy to 30 kGy. In addition, the fading results with storage time at
room temperature of centers II and III show a 20 % decay in the first 21 days and then stabilize. Also, com-
plementary studies of the morphology and degree of crystallinity of the pitaya skin powder were carried out by
scanning electron microscopy (SEM) and X-ray diffraction (XRD), respectively.

1. Introduction

Nowadays, socioeconomic development and environmental sus-
tainability are fundamental aspects of any society, and it is urgent to
combine increased food production with the fulfillment of the Sustain-
able Development Goals (SDGs) [1], through the use of technologies that
reduce losses and waste, and that allow reaching new markets. Data
indicate that 1.3 billion tons are lost, which is equivalent to one-third of
the food produced, even before reaching the consumer, due to failures in
the production, conservation, storage, and transport chain [2].

Agro-industrial wastes include a wide variety of materials with the
potential to generate subproducts. Among them, we have stalks, seeds,
molasses, barks, and skins [3]. In addition to the great diversity of these
agro-industrial wastes, there is growing concern about the rising amount
of agro-industrial waste and the methods used for its disposal, which can
negatively impact the environment. Therefore, several studies are being
developed to transform these wastes into products with high-added
value to be reused, either for consumption or for a specific application
[4].

The process of reutilization of agro-industrial wastes allows the
development of by-products with high aggregate value of the material
that would be discarded in principle [5]. In addition, in the reutilization
process, it is necessary to treat the waste to reduce the microbial charge
to ensure its safety and reduce its perishability without losing its
nutritional properties. In this regard, irradiation with ionizing radiation
stands out as a well-established technique for food preservation. Among
the main advantages of ionizing radiation are: reduction of the general
microbial charge, disinfestation of insects, eggs, and larvae, inhibition of
sprouting, delayed ripening of fresh fruits and vegetables, and increased
shelf life of various foods. Depending on the dose of ionizing radiation
the organoleptic and nutritional characteristics of the product can be
preserved [6,7]. Therefore, it is necessary to control the amount of ra-
diation dose to which a given product or agro-industrial subproduct is
subjected.

Distinguishing an irradiated food from non-irradiated foods and
measuring the radiation dose to which it was exposed are important data
to guarantee the quality and safety of a given food product or by-product
and, as a consequence, increase the acceptability of irradiated foods. For
this purpose, it is necessary to have precise techniques that allow
identifying irradiated foods and measuring the radiation dose used.

Some techniques have been used to detect irradiated foods satisfac-
torily for control purposes and to determine the amount of dose to which
a food was subjected [8,9]. Among the spectroscopic techniques that
stand out is electronic paramagnetic resonance (EPR) for its high
sensitivity for the detection of free radicals generated in irradiated foods
[10].

EPR is a technique that detects ions or molecules with unpaired
electrons, such as free radicals [11]. When foods are treated with
ionizing radiation, free radicals can be formed, so the EPR technique can
be applied to monitor and quantify the radiation dose to which a food
was subjected [12]. The concentration of free radicals formed during
irradiation is directly proportional to the intensity of the EPR signal
[11].

The exploration of the micromorphological characteristics of food
products by scanning electron microscopy (SEM) is one of the best high-
resolution technologies to understand the morphological characteristics

of the surfaces of freeze-dried and crushed food product grains. In
addition, it is possible to study the size distribution of particles that are
useful for use in conventional and healthy products, such as ingredients
in food formulas [13]. On the other hand, X-ray diffraction (XRD) is
another important technique that has been used to characterize and
evaluate the presence of crystal structures in dehydrated foods and to
detect any changes in the crystallinity of the pattern of these structures
due to different processing techniques [14,15].

Pitaya fruit (dragon fruit) has nutritional and functional character-
istics that make its cultivation promising [16]. Both the pulp and skin of
the fruit are a source of fiber with attractive digestive attributes [17–19].
Its physical and chemical characteristics may vary from species to spe-
cies due to the high genetic diversity of this fruit [20–22]. In addition,
research on pitaya reveals the presence of bioactive compounds,
including phenolic compounds such as flavonoids, which contribute to
the antioxidant capacity of this fruit [23–25]. The beneficial effects of
these compounds are related to the prevention of degenerative diseases
such as colon cancer, and diabetes mellitus, and the reduction of bac-
terial infections and cardiovascular diseases [26,27]. Particularly, red
pitaya possesses the betalain group of phenolic compounds, which are
divided into betaxanthins (yellow color) and betacyanins (violet color)
[28].

European Committee of Normalization standards exist for the use of
the EPR technique for the detection of radiation in specific food products
and by-products containing stone, cellulose and crystalline sugar
[29–31]. However, recent studies show that depending on the way a
product is prepared, such as the method of dehydration of a fruit, the
EPR spectrum may have different results [32,33].

There are no studies on the identification of paramagnetic centers
and their behavior with gamma radiation dose in dehydrated pitaya skin
samples. Therefore, the present work reports the identification and
behavior of paramagnetic centers in pitaya skin subjected to different
doses of gamma radiation in order to make feasible the use of EPR as a
technique to control and determine the radiation dose to which the
pitaya was subjected. In addition, complementary studies of the struc-
ture and morphology were carried out using X-ray diffraction (XRD) and
scanning electron microscopy (SEM) techniques, respectively, in order
to identify the presence of crystalline phases and the uniform distribu-
tion of the pitaya skin powder.

2. Material and methods

2.1. Sample and sample’s preparation

Fig. 1(a) shows red pitaya fruits of variety Hylocereus costaricensis,
produced in the interior of the State of São Paulo and purchased at the
CEAGESP (Companhia de Entrepostos e Armazéns Gerais de São Paulo)
supply center in the city of São Paulo, Brazil. The pitaya fruits were
transported to the Laboratory for Analysis and Detection of Irradiated
Foods (LADAI) of the Radiation Technology Center (CTR) of the Nuclear
and Energy Research Institute (IPEN/CNEN-SP).

The red pitaya fruits were selected in relation to their physical
appearance, which was free of external lesions on their skin. All fruits
were first washed to remove surface impurities and rinsed under running
water, then submerged for 10 min in a sodium hypochlorite solution at
100 μl/L and further rinsing with running water.
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Once hygienized, the red pitaya fruits were pulped (Fig. 1(b)), and
the skins of the fruits (Fig. 1(c)) were packed in polyethylene plastic
bags of 200 g each and stored in a cold room at a freeze temperature of
− 80 ◦C to preserve their physicochemical properties. The dehydration
process of the skin was carried out by the lyophilization method (Fig. 1(d
and e)).

Pitaya skin dehydration experiments were conducted in a pilot-scale
freeze dryer (Freeze dryer Dura-Top/Dura Stop MP, Dura Dry MP, FTS
Systems™, Stone Ridge). Pitaya skins were frozen at − 35 ◦C and held for
2 h to achieve ice crystallization, then dried at a storage temperature of
− 40 ◦C, and the final product temperature was set at 30 ◦C. Completely
dried pitaya skin samples were ground for 4 h at 250 rpm with a hori-
zontal cylindrical mill, brand Quimis, model Q2932, of 18 cm radius and
26 cm height containing 2 cm-diameter alumina balls, and then sieved
using a standard stainless-steel mesh to obtain pitaya particles with a
size less than 200 μm (Fig. 1(f)). Subsequently, the powdered pitaya skin
samples were weighed, stored in hermetically sealed aluminum foil bags
using a vacuum sealer, and stored at room temperature.

2.2. Instrumentation

2.2.1. Scanning electron microscope (SEM)
Morphological analysis of the fine grains of dried red pitaya was

performed with a scanning electron microscope (SEM), Hitachi, model
TM 3000, of the Center of Science and Technology of Materials (Centro
de Ciência e Tecnologia de Materiais - CCTM) of IPEN. Prior to SEM
analysis, all samples were coated with a thin layer of gold particles by
sputtering in high vacuum in order to make them electrically conduc-
tive. SEM images were recorded at 300 and 1200 magnification.

2.2.2. X-ray diffraction (XRD)
XRD measurements to determine the formation of crystalline and/or

amorphous phases in freeze-dried pitaya skin with and without gamma
irradiation dose were recorded using an X-ray diffractometer Rigaku,
model Miniflex 300, with CuKα radiation, with a voltage of 40 kV and a
current of 25 mA. The powdered sample was lightly pressed on a glass
sample holder using a glass slide and then scanned for a region of
diffraction angles (2θ) between 10◦ and 60◦, with an increasing step of
0.02◦.

2.2.3. Electron paramagnetic resonance (EPR)
EPR spectra were recorded at room temperature with a Bruker

spectrometer using the X-band microwave frequency. The recording
parameters of the EPR spectra were: a center field of 337 mT, a modu-
lation amplitude of 0.2 mT, a modulation frequency of 100 kHz and
microwave powers between 0.002 and 80 mW. Samples of pitaya
powder with a mass of 150.0 ± 0.1 mg, irradiated with gamma rays at
room temperature, were placed in quartz tubes with an internal diam-
eter of 4 mm, which in turn were placed inside the EPR cavity. To
discriminate and identify the paramagnetic centers responsible for the
EPR signals, the EPR spectra of an irradiated sample subjected to
different annealing temperatures in the range 50–140 ◦C with 10 ◦C
steps were recorded. The EPR intensity was measured by the peak-to-
peak amplitude.

2.3. Irradiation

Irradiations of powdered pitaya samples for doses in the region of
500 Gy to 30 kGy were carried out at IPEN’s Radiation Technology
Center (CTR − Centro de Tecnologia das Radiações) using a gamma-cell
Co-60 source with a dose rate of 0.64 kGy/h. All gamma irradiations
were performed at room temperature.

3. Results and discussion

3.1. Scanning electron microscopy (SEM)

The SEM images in Fig. 2 show the microstructure of the red pitaya
skin at a magnification scale of x300 and x1200. This morphological
study reveals the presence of slight wrinkles with irregular geometry on
the surface of red pitaya particles. Similar results were found by Chia
and Chong [34] on crushed pitaya skin samples. Meanwhile, in a recent
study, Taharuddin et al. [35] stated that the presence of irregular
wrinkles on the surface of pitaya is due to the drying process as well as
the physical process of crushing. During the grinding process carried out
with alumina spheres in this work, they produce friction and shearing
randomly on the lyophilized pitaya skin, which causes a rough and
irregular surface.

3.2. X-ray diffraction (XRD)

X-ray diffraction (XRD) is a technique used to analyze the crystalline
and/or amorphous state of organic and inorganic materials in powder
form. A crystalline material presents sharp peaks in the XRD spectrum.
On the other hand, materials with amorphous structures present a
pattern in the form of a broad band. This is because the constituents
(whether atoms or molecules) of the material do not form any regular
repeating pattern in its structure.

The XRD analysis is of fundamental importance to demonstrate the
structural state of the red pitaya powders in relation to the radiation
doses to which they were subjected. In addition, it allows to verify the
presence of crystalline phases formed during the drying process of red
pitaya skins by freeze-drying.

Fig. 3 shows the XRD spectra profile of the red pitaya powders
without irradiation and irradiated with gamma radiation with doses of
1, 5, 10, and 20 kGy. For each dose, XRD measurements were taken in
triplicate. All the diffractograms of the irradiated samples are similar to
the spectrum of the non-irradiated sample. This result indicates that
irradiation does not produce significant changes in the crystalline and/
or amorphous structure of the freeze-dried red pitaya skin.

According to the XRD profile in Fig. 3, the red pitaya sample shows
amorphous and crystalline structures. The peaks defined at 14◦, 20◦, 22◦

and 35◦ may be associated with the presence of mainly cellulose
[35–37], which is to be expected since the skins is constituted of

Fig. 1. (a) Red pitaya fruit, (b) pulp of pitaya fruit, (c) red pitaya skin for
dehydration process, (d) freeze dryer used to dehydrate pitaya skin, (e) Freeze-
dried pitaya skin, and (f) dehydrated pitaya skin particles with diameters less
than 200 μm.
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cellulose, and the diffraction peaks at 2θ = 19◦, 24◦ and 28◦ are due to
the presence of sugar in the form of D-glucose [38,39]. Other low in-
tensity diffraction peaks were identified due to the presence of
H12MgN2O12, C21H25NO3S, and SiO2 molecules [40]. The predominance
of crystalline material in the samples can be explained by the fact that,
during the drying process, the product reached the necessary conditions
to produce a large number of organic crystals. A similar situation was
observed by Otálora et al. [40], Harnkarnsujarit and Charoenrein [39],
Pereira et al. [41] when they analyzed XRD plots for freeze-dried yellow
pitaya, manga, and pineapple skin powders, respectively, revealing
amorphous characteristics and presence of crystalline peaks.

3.3. Electron paramagnetic resonance (EPR)

Before performing the study to identify the free radicals (para-
magnetic centers) generated during irradiation and their dependence on
dose, as well as to investigate the fading of each EPR signal with storage
time, the effect of microwave power on the EPR spectrum was investi-
gated. Microwave power is one of the main parameters affecting EPR

measurements, so it is necessary to establish an adequate power to
observe all signals in the EPR spectrum without entering the saturation
region.

Fig. 4 shows the room temperature EPR spectra of red pitaya irra-
diated with a gamma radiation dose of 10 kG for different microwave
powers between 0.002 mW and 40 mW. The EPR spectrum for a power
of 0.2 mW shows well-defined EPR lines (in the region of g = 2.0) with
higher EPR intensity. For microwave powers above 10 mW it is possible
to observe broad signals superimposed on the signals in the region of g=
2.0.

Fig. 5 shows the behavior of the peak-to-peak EPR signal intensity as
a function of the square root of the microwave power for red pitaya
subjected to a gamma radiation dose of 10 kGy. The EPR intensity of
both EPR signals in the region of g = 2.0, referred to here as centers II
and III, increase with the square root of the microwave power up to at
least 1 mW and 1.8 mW, respectively, without saturation. For powers
above these values, the EPR intensity saturates and then decays as the
microwave power increases. Similar results were observed by Jesus et al.
[42], Chiappinelli et al. [43], Paksu et al. [44], and Maghraby et al. [45]
on freeze-dried fruits. In this work, EPR measurements were performed
with a microwave power of 0.02 mW because it is in the linear region
and with this value, we found a good increase in EPR intensity,

Fig. 2. SEM of the surface structure of powdered pitaya skin at 300x (left) and 1200x (right) magnification.

Fig. 3. X-ray diffraction spectrum of dehydrated red pitaya in powder form and
irradiated with gamma radiation doses of 1, 5, 10 and 20 kGy.

Fig. 4. EPR spectra obtained for different microwave powers from 0.002 to 40
mW of the red pitaya sample irradiated with a gamma radiation dose of 10 kGy.
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increasing the signal-to-noise ratio without entering the saturation re-
gion for EPR signals in the region of g = 2.0.

The room temperature EPR spectra of gamma irradiated red pitaya
powder are shown in Fig. 6. Observation of the spectra at different MW
powers along with thermal anneal experiments show that the observed
spectrum has contributions from at least three paramagnetic species.
The three defect centers are labelled in Fig. 6.

Center I is composed of six EPR lines and it is observed that not all six

lines are clearly seen in Fig. 6 (top). This is due to the overlap of the
fourth line with EPR lines around g = 2.0. A similar result was obtained
by Saenjum et al. [46] on the EPR spectra of red and white pitaya. Some
of them are broadened and the intensity of these lines is not high. The g-
value of this species is estimated to be about 2.0050 and the separation
between the successive individual lines is 92 Gauss.

Based on thermal annealing experiments, it is inferred that the lines
of center I belong to a single paramagnetic species. The observed g-value
is close to the free-electron value (2.0023) and the center is observable
at room temperature. The six-line spectrum is more clearly seen in the
red pitaya sample for a microwave power of 20 mW. The spectrum
recorded after high-temperature thermal anneal is shown in Fig. 7.

On the basis of the stability of the center I at high temperatures, it is
inferred that the signal possibly arises from a transition metal ion.
Further, it is assumed that the ion belongs to the iron group. Among the
iron group ions, Fe3+ and Mn2+ ions have a g-value close to 2.0 and it is
possible to observe the EPR spectrum at room temperature. Further, six
fine structure lines are expected for the Mn2+ ion and the ion displays
hyperfine lines (I=5/2) [47]. The six hyperfine lines are due to the
interaction between the electron spin (S=5/2) and the nuclear spin
(I=5/2) of the Mn2+ ion (3d5) and are due to the transitions ΔMS = ±1
and ΔMI = 0. In a powder sample, only the central fine structure line is
observed as the other lines are broadened due to the anisotropy of the
fine structure lines. Based on these observations, the lines of center I are
assigned to the Mn2+ ion. Mn2+ is naturally present in the pitaya fruit
and possibly accumulated from the soil in the pitaya plant where it
participates in the process of photosynthesis [48].

Several lines are observed near the g = 2.0 region (Fig. 6). They have
much higher intensities as compared to the Mn2+ lines. Among these
lines, lines labeled as center II show approximately the same thermal
annealing behavior. The thermal annealing behavior is shown in Fig. 8.
These features indicate that the lines belong to a single paramagnetic
species.

Irradiated fruits have been studied using the EPR technique [49,50].
In addition to several radical species, a common spectrum in different
fruits, is usually observed and is termed a “sugar-like” spectrum [51].
The spectrum observed in dry fruits is very similar to the spectra of D-
glucose, D-fructose, and sucrose. Fruits contain sugars of different kinds
like fructose, glucose, etc. Pitaya, being a fruit, has sugar as one of its

Fig. 5. Variation of EPR intensity vs. square root of microwave power.

Fig. 6. Room temperature EPR spectra of gamma irradiated (dose: 10 kGy) red
pitaya powder. The lines from the center I are shown by the stick lines. These
lines are from the Mn2+ ion. Lines of center II are attributed to the “sugar-like”
spectrum observed in sugar samples and are indicated in the spectrum of the
red pitaya sample. Center III is due to the radical derived from the cellulose part
of the pitaya fruit.

Fig. 7. Room temperature EPR spectrum of red pitaya powder after thermal
annealing at 250 ◦C.
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constituents. In the early work on irradiated sucrose, numerous studies
were carried out to understand and identify the radicals formed in the
system. Shields and Hamrich [52] and Lomaglio [53] inferred that the
observed spectrum can be understood in terms of a doublet of 1:2:1
triplet. The spectrum arises from one α-type and two nearly equivalent
β-type proton couplings. Later, Gräslund and Löfroth [54] indicated the
absence of symmetry in the EPR spectrum and interpreted the spectrum
as due to the overlap of the EPR spectra from two radical species. Each
one of these species was characterized by a hyperfine interaction of the
unpaired electron with one α-type and one β-type proton interaction.
Subsequently, Sagstuen et al. [55] re-examined the EPR spectrum of
irradiated sucrose using EPR measurements at X-band and Q-band fre-
quencies complemented by electron nuclear double resonance (ENDOR)
spectroscopy. Based on this detailed study, particularly with the help of
ENDOR, they inferred the existence of at least two radical species. A
definitive assignment was made for one of the species and this species is
identified as a radical of the type RCOĊHCH2. The second species is
possibly of this type characterized by one α-type and two β-type proton
hyperfine interactions.

By carrying out a statistical analysis of the irradiated sucrose powder
along with EPR, ENDOR, and ENDOR-induced EPR (EI-EPR) results on
sucrose single crystals, Vanhaelewyn et al. [56] concluded that three
similar radicals (S1, S2, and S3) are the major contributors to the
observed spectra. S1 radical is most probably the RCOĊHCH2 radical
identified by Sagstuen et al. [55]. S2 and S3 are likely to be the second
species assigned in the study of Sagstuen et al. [55]. They also mention
that the statistical method indicates the presence of at least three more
minor components (radicals).

Center II observed in the present study (Fig. 6) on pitaya fruit is
characterized by a g-value of 2.0035. The spectrum appears to be
composed of two triplets with a 1:2:1 intensity ratio and with Aα = 28.4
G and Aβ = 25.7 G. These are approximate values as there is an overlap
of lines from other low-intensity radicals. Based on the observed features
of the radicals in sucrose studied previously, in particular, the study by
Sagstuen et al. [55], the center II spectrum is considered as a “sugar-like”
spectrum with a dominant contribution coming from a radical of the
type RCOĊHCH2. An EPR spectral simulation has been carried out and
the parameters used for center II simulation are: g = 2.0035, Aα = 28.4
G, and Aβ = 25.7 G. This simulated spectrum is shown in Fig. 9. An
additional isotropic single line with a g-value equal to 2.0029 along with
the satellite lines is superposed to obtain a good fit with the experi-
mentally observed spectrum. This additional line is center III observed in

the present study.
The stability of center II was determined using the pulse-thermal

annealing method. The sample was heated to a specific temperature
and held at that temperature for three minutes before being cooled to
room temperature for EPR measurements. Fig. 8 shows the thermal
annealing behavior of center II. Center II becomes unstable around 60 ◦C
and undergoes decay in the temperature range of 60 ◦C to 140 ◦C
(Fig. 8).

Gamma-irradiated fruits, in general, display a triplet spectrum
arising from a radical induced in the cellulosic part of the fruit [57]. It
has been mentioned that it can be observed in all fruits, more specifically
in their achenes, pips, or stones [49]. The spectrum is designated as a
“cellulose-like” EPR signal and consists of an intense singlet line and two
weak satellite lines situated at about 30 G left and right of it. The triplet
is characterized by a g-value that varies in the range of 2.0032 to 2.0044.
The spacing with the weak satellite lines varies from 30 to 34 G
depending on the origin of the cellulose. The radical associated with the
triplet structure probably results from the dehydrogenation of cellulose
main chains [58,59]. Based on the previous observations on irradiated
fruits mentioned above and the likely radicals that can form in pitaya
fruit, center III is tentatively assigned to the radical associated with the
triplet spectrum (cellulose-derived radical). It was difficult to identify
the triplet structure in the present study as there is an overlap from the
high-intensity lines of center II radical. The center line of the triplet is
quite intense and can be seen in the spectrum (Fig. 6). The satellite lines
are very weak, the intensity of each one of the lines is about 3 % of the
high-intensity center line [51]. Attempts based on thermal annealing
experiments did not show the observance of weak lines. The results of
the thermal annealing experiments are shown in Fig. 8. It is seen that the
radical becomes unstable at about 50 ◦C and undergoes decay in the
temperature range of 50 ◦C to 120 ◦C.

The time dependence of the EPR signals induced by radiation is one
of the most important parameters for the correct evaluation of the
amount of radiation dose to which the pitaya fruit was subjected. The
stability of the free radicals induced by ionizing radiation depends on
the environmental and storage conditions of the product obtained from

Fig. 8. Thermal annealing behavior of different lines of center II and center III
in red pitaya powder.

Fig. 9. Simulated and experimental EPR spectra in red pitaya sample. The
experimental spectrum is labeled as (a). The simulated spectrum of center II and
center III are labeled as (c) and (d) respectively. The combined simulated
spectrum of centers II and III is labeled as (b).
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the fruit. The radiation energy absorbed by the sample and its stability
with storage time is called fading.

To evaluate the fading of the red pitaya skin powder sample previ-
ously irradiated with a dose of 10 kGy was preserved in Pyrex tubes
under normal laboratory storage conditions. Free radical fading was
investigated by monitoring the change in EPR signal intensities at time
intervals over a period of approximately 114 days. For a correct evalu-
ation of the fading, we ensured that the experimental conditions and the
positions of the samples in the resonant cavity of the EPR spectrometer
always remained the same for each measurement.

The variation of EPR signal intensities as a function of the storage
time of red pitaya skin powder irradiated with a dose of 10 kGy is shown
in Fig. 10. The EPR signal intensities of the red pitaya sample decrease
by about 20 % in the first 21 days, after day 30, the trend is invariant, i.
e., the stability of free radicals does not depend on storage time. A
similar result was observed by Paksu et al. [44] for the powdered
oleaster fruits. This result shows that the EPR signal of red pitaya does
not fade after prolonged storage, and demonstrates the stability of EPR
signals after 30 days of storage. In addition, the stability of the EPR
signals at various temperatures (Fig. 8) corroborates the fading result of
red pitaya.

Once the stability studies with heat treatment and fading of EPR
signals were performed, the gamma radiation dose–response of red
pitaya centers II and III was investigated.

The effect of different doses of ionizing irradiation on the EPR
spectra of powdered red pitaya skin was investigated by irradiating with
gamma irradiation doses in the range of 500 Gy to 30 kGy. Fig. 11 shows
the EPR spectra of powdered pitaya for different gamma exposure doses,
presenting EPR spectra with similar formats. Furthermore, the intensity
of the EPR signals due to centers II and III increase uniformly with
increasing gamma dose, resulting in the generation of free radicals
corresponding to centers II and III proportional to the absorbed dose.

Fig. 12 shows the behavior of the peak-peak EPR intensity of the red
pitaya skin as a function of the absorbed gamma dose. In this figure, it is
observed that the intensity of the EPR signals of both centers (centers II
and III) increase linearly with the absorbed dose in the range of 500 Gy
and 30 kGy, given that, on a logarithmic scale, the linearity is repre-
sented by the straight line with slope 1. This result and the fading result

suggest that pitaya can be used for radiation control and dosimetry
applications in the investigated dose range, that is, in the determination
of the amount of dose to which the material was subjected.

4. Conclusions

SEM images evidenced the presence of pitaya grains with rough,
irregular aspects and different dimensions. The structural analysis by
XRD showed the presence of crystalline phases due to cellulose, glucose,
and other organic and inorganic molecules, in addition to the presence

Fig. 10. EPR signal fading under the same storage conditions of red pitaya skin
powder. Room temperature (23 ± 2 ◦C) and relative humidity (about 35 %).

Fig. 11. EPR spectra of freeze-dried and pulverized red pitaya skin for different
gamma radiation doses between 500 Gy and 30 kGy.

Fig. 12. Dependence of the peak-to-peak EPR intensity with an absorbed dose
of centers II (red square) and center III (blue sphere) of red pitaya skin. Dashed
orange line indicates linear behavior. Five replicate samples for each dose.
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of an amorphous phase. From the XRD results, we can conclude that the
crystalline and amorphous structures are unalterable with the gamma
radiation dose. The presence of Mn2+ ion in the studied pitaya powders
is detected from its EPR spectrum. Gamma irradiation induces multiple
centers and their EPR signals overlap. The intensity of the six hyperfine
lines of the Mn2+ ion remains constant with irradiation. One of the
centers (center II) is due to the sugar constituent in the pitaya fruit while
the cellulosic part produces center III. The lines associated with centers
II and III, which are only produced by radiation, showed a linear
behavior as a function of dose in the range 500 Gy and 30 kGy. The
paramagnetic center associated with cellulose shows a 20 % fading in its
EPR intensity during the first 21 days, remaining constant for periods
longer than this time. These results suggest that the paramagnetic cen-
ters produced by radiation in pitaya skin can be used for the control and
identification of irradiated products in a wide range of doses.
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