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Abstract:

Sorghum (Sorghum bicolor L. Moench) grain is prone to microbial and insect infestation. This study evaluated some quality
properties of sorghum grain irradiated with low energy electron beam (LEEB), high energy electron beam (HEEB), and gamma
rays.

The experimental samples were sorghum grain irradiated at 2, 4, 6, 8, and 10 kGy, while the unirradiated sample served as
a control. The experiments with LEEB and HEEB involved accelerators ILU-6 (250 keV) and ELEKTRONIKA 10-10 (9 MeV),
respectively. A Chamber 5000 Co-60 device provided gamma irradiation. The phytochemical, physicochemical, and functional
properties were defined by standard methods.

The study revealed significant (p < 0.05) reductions in the total phenolic, flavonoid, and tannin contents, although they were
not dose-dependent. The total phenolic contents reduced from 6.15 (control) to 3.13 GAE/g (gamma rays), 2.74 (HEEB), and
3.47 GAE/g (LEEB). The total flavonoid content reduced from 3.55 (control) to 1.83 QE/g (gamma), 1.78 (HEEB), and 1.59 QE/g
(LEEB). The tannin content reduced from 11.96 (control) to 5.19 TAE/g (gamma rays), 2.58 (HEEB), and 6.17 TAE/g (LEEB).
The HEEB treatment and gamma rays reduced the pasting properties whereas the LEEB method caused no significant changes.
Irradiation did not change the A-type starch crystals but affected its relative crystallinity. The bulk density, oil absorption
capacity, solubility index, and swelling power changed significantly after irradiation.

The low energy electron beam treatment demonstrated a good potential as an alternative irradiation source for sorghum grain
because it had no adverse effect on its physicochemical and functional properties.
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INTRODUCTION

Sorghum (Sorghum bicolor L. Moench) is an ancient
cereal grain that originated over 8000 years ago in
Northern Africa [1]. Sorghum grain is stored in many

greener alternative. They include low gamma radiation,
electron beams, and X-rays [2].

As a physical method of food decontamination, ioni-
zing radiation has been accepted by The Codex Alimen-

different ways to reduce its susceptibility to microbial
and insect-pest infestation. Chemicals are the most com-
mon disinfesting method. However, chemicals are ex-
pensive and unsustainable. Physical techniques offer a

tarius and many countries globally [3]. The method
relies on gamma rays from radionuclide sources rather
than on electron beams or X-rays because gamma rays
possess a higher penetration power [4]. However, the use
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of gamma rays may become problematic in the future
due to the increasing cobalt-60 prices, transportation
risk, and license issues [4]. The food industry is looking
for more sustainable solutions to enhance the safety
and quality of food while reducing the environmental
impact, i.e., carbon footprint, high energy consumption,
inefficient use of water, chemical waste, etc. [5]. This
approach results in a new method of food irradiation that
involves low-energy beams. It requires relatively small
devices that generate ionizing radiation with energies of
hundreds keV [5]. This technology also makes it possible
to relocate food irradiation processes to the production
line in food factories or packing facilities because low-
energy beams do not require heavy shielding [5].

Sugar content in Fuji apples and Niitaka pears was
not affected by gamma ray and electron beam irradiation
at a 0.2-1 kGy [6]. Gamma ray and electron beam irra-
diation (2-10 kGy) had no effect on the capsaicinoid
content of pepper [7]. The extraction yield of polysac-
charides from tamarind seed increased after gamma
(0.5 kGy) and electron (10 kGy) irradiation [8]. Dried
apricot and quince irradiated with gamma ray and elec-
tron beam maintained most of their physicochemical qua-
lities and even enhanced their antioxidant potential [4].

One of our previous studies featured the effects of
low energy electron beams, high energy electron beams,
and gamma rays on the microbial load and aflatoxin
levels in sorghum grain. The irradiation either signifi-
cantly reduced or totally eliminated the microbial loads
on sorghum grain [9]. However, the research did not
cover the effects of these radiation sources on the
physicochemical and functional properties of sorghum
grain and powder. This study, therefore, sought to eva-
luate some quality properties of sorghum grain as affec-
ted by low and high energy electron irradiation in
comparison with gamma rays (cobalt-60).

STUDY OBJECTS AND METHODS

Preparing the samples and irradiating the sorg-
hum grain. Red sorghum grain (Sorghum bicolor L.
Moench) was purchased on a local market in Ghana. The
grain was thoroughly sorted to remove foreign materials
and then kept in 13x21 cm zip-lock bags. The samples
underwent standard irradiation at the Institute of Nuc-
lear Chemistry and Technology, Warsaw, Poland [9].
The samples were separately irradiated with low energy
electron beam, high energy eclectron beam, and gamma
rays. The irradiation doses were 2, 4, 6, 8, and 10 kGy.
Unirradiated sorghum grain served as a control.

The high energy electron beam irradiation experi-
ment involved 300 g of sorghum grain and an ELEK-
TRONIKA 10-10 accelerator (9 MeV) with a dose rate
of 10° Gy/s. The gamma irradiation was performed using
a Gamma Chamber 5000 Co-60 at a dose rate of about
2 kGy/h. Alanine pellets (Aerial) were used to determine
the delivered doses for the samples irradiated with high
energy electron beam and gamma rays. They were
measured at the INCT Laboratory for Measurements of
Technological Doses, Poland (5% uncertainty). All the
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dose measurements were traceable to the NPL standard.
The dose uniformity ratio (DUR) was evaluated as the
ratio of maximal and minimal dose in the sample and
equaled 1.1.

The low energy electron beam irradiation experiment
involved 150 g of sorghum grain irradiated in a cylinder
with an ILU-6 accelerator. The system for loose sample
irradiation with low energy electron beam [10] provided
a uniform dose distribution on each grain surface and
made it possible to control the dose by the irradiation
time. The dose rate to the grain surface was 2.5 kGy/min.
The electrons had 250 keV energy; the layer under the
surface of each grain was 150 um thick. B3 dosimetric
foil and the RISOSCAN software made it possible to
determine the dose and penetration ability of electrons.
The dose variability was 15% because of the irradiation
conditions and the approximated dose measurements.
All the experiments were triplicated, and the irradiated
samples were sent back to Ghana for further analysis.

Powdering the irradiated and unirradiated sorg-
hum grain. The irradiated and unirradiated sorghum
samples were milled separately in a Waring CB15 blen-
der (USA) and then sieved through a 500-pum sieve. The
powder samples went to low-density zip-lock polyethy-
lene bags to be analyzed within four weeks.

Determining the phytochemical properties. Prepa-
ring the extracts and determining the total phenolic con-
tent. The sorghum samples were subjected to extraction
to measure the total phenolic content [11, 12]: 1 g of pow-
der was extracted twice with water and methanol (40 mL)
at a volume of 20:80 for 2 h. The supernatants were
removed after centrifuging. The extracts were pooled,
dried by evaporation at 50°C, and reconstituted in 10 mL
of methanol to be refrigerated until further analysis.

The Folin-Ciocalteu spectrophotometric technique [13]
made it possible to define the total phenolic content in
the control and experimental sorghum grain. The test
was conducted in triplicate using 10-mL test tubes.
About 100 pL of diluted grain extract (1 mg/mL) was
mixed with 50 uL of Folin-Ciocalteu’s reagent (1M), fol-
lowed by adding 1.85 mL of distilled water. After incuba-
tion in the dark at 25°C for 5 min, we added 1.0 mL of
Na,CO, (20% w/v) to the mix and shook it slowly with
intermittent agitation. After 1 h, each seed extract under-
went spectrophotometry using a Jasco V530 UV-VIS spec-
trophotometer (Japan) at a wavelength of 725 nm against
the blank (without extracts) to check the absorbance va-
lue. The results were expressed as gallic acid equivalents
(GAE) per 1 g of dry sample.

Preparing the extracts and determining the total
favonoid content. After adding 1 g of powder to the
methanol/HCI (1%, v/v) solution, the mix was stirred in
a water bath at 180 rpm for 120 min. The centrifugation
of the supernatant lasted 5 min at 2790 g. Acidified me-
thanol was added to the collected supernatants until a to-
tal volume of 20 mL. The extract was stored at —20°C
until further use [14].

The colorimetric method [15] made it possible to
quantify the total flavonoid content of the control and
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irradiated sorghum grain. We mixed 250 pL of grain ex-
tract (I mg/mL) with 100 uL of 10% AINO, and 100 pL
of potassium acetate (IM). After adding 4.3 mL of 80%
ethanol to achieve a final volume of 5 mL, the mix was
shaken and permitted to react for 10 min. A Jasco V530
UV-VIS spectrophotometer (Japan) measured the absor-
bance in triplicate at a wavelength of 410 nm. Quercetin
served as the standard curve. The total flavonoid content
of each extract was expressed in terms of quercetin
equivalent (QE) per 1 g of dry sample.

Determining the tannin content. The tannin content
was quantified as in [16]. Approximately 0.1 g of each
sample was measured into Erlenmeyer flasks. After pi-
petting 10 mL of HCI (4%) in methanol, the flasks were
sealed by parafilm, shaken for 20 min, and centrifuged
at 4500 rpm for 10 min. The supernatants were transfer-
red to 25-mL volumetric flasks, followed by the second
extraction of residue using 1% HCI (5 mL) for 600 s.
Both extracts (first and second) were combined and top-
ped up to 25 mL using methanol.

The Folin-Denis reagent [17] made it possible to mea-
sure the tannin content. Using the standard calibration
curve, we estimated the absorbance against the con-
centration of tannins at a specific wavelength as fol-
lows. Suitable aliquots of the tannin-containing extract
(initially 0.05, 0.2, and 0.5 mL) were pipetted in test tu-
bes. The volume was made up to 1.00 mL with distilled
water, followed by adding 2.5 mL of sodium carbonate
reagent. After shaking, the absorbance was read in a
Jasco V530 UV-VIS spectrophotometer (Japan) at 725 nm
after 40 min. Finally, we calculated the total phenolics
as tannic acid equivalent from the standard curve and ex-
pressed it as mg/g.

Determining the physicochemical properties. Pas-
ting profile. The pasting profile analysis involved a Bra-
bender Viscograph-E (Germany). We prepared about 9.5%
powder slurry by suspending 40 g (dry basis) powder
in 420 mL of distilled water. The starch-containing sus-
pension was thoroughly mixed and poured into a mea-
suring bowl. The test mode had a 700 cmg measuring
range at 75 rpm. The heating process started at 50°C
at the rate of 3°C/min and continued until 92°C. After
15 min at 92°C, the samples were cooled down to 55°C
at the rate of 3°C/min. This temperature remained con-
stant for 15 min. The resulting pasting properties inclu-
ded time, temperature, and viscosity. The test was trip-
licated for each sample.

X-ray diffraction and relative crystallinity. The
X-ray diffraction revealed the crystal patterns and the
relative crystallinity of the sorghum grain in the sorg-
hum powder. It involved a PAN analytical Empyrean dif-
fractometer (Netherlands). The experimental conditions
presupposed the 95% relative humidity and 22% glyce-
rol solution [18]. The samples were equilibrated at 25°C
for 5 days. The operating conditions were 45 kV, 40 m A,
and Cu Kal (0.154 nm). The samples underwent scan-
ning from 5° to 40° (20) at a step size of 0.20° and a step
time of 10 s. By plotting relative intensity peaks against
20 peaks, we calculated the relative crystallinity as the
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integrated area of crystalline peaks to the total integra-
ted area above a straight baseline as a percentage [19].
pH. The pH test on sorghum powder was conducted
in triplicate: 5 g of dry basis was mixed with 20 mL of dis-
tilled water, stirred for 5 min, and left to settle for 10 min.
The pH of the water phase was measured using a cali-
brated Edge HI2002pH meter (Hanna Instruments) [20].

Titratable acidity. The procedure relied on the m-
ethod described in [20]. We weighed 10 g of the pow-
der sample in triplicate and mixed it with 100 mL of boi-
led distilled water at 25°C. The resulting suspension was
stirred and allowed to digest for 30 min with frequent
shaking. After 10 min of settling, the decanted superna-
tant was put in a 250-mL flask and immediately titra-
ted with NaOH (0.1 N) using 0.3 mL of phenolphthalein.
The lactic acid was calculated in %.

Functional properties. Bulk density. After weig-
hing, an empty graduated tube was filled with powder
to the 5-mL mark and tapped until the volume remained
constant. After weighing the tube with its content, we
divided the difference in weight (g) by the volume of
the sample (5 mL) to obtain bulk density.

Water and oil absorption capacities. The water/oil
absorption capacity of sorghum grain was determined
as in [21, 22]. We mixed 1 g of powder with 10 mL of
distilled water/oil in a centrifuge tube and allowed the
mix to stand at ambient temperature (25 +2°C) for 1 h.
After centrifuging in a Universal 320 centrifuge (Ger-
many) at 2000 rpm for 30 min, we measured the volume
of water/oil in the sediment. The water/oil absorption
capacity was calculated as 1 mL of water/oil absorbed
per 1 g of sorghum powder.

Solubility index and swelling power. The modified
method described in [23] made it possible to estimate
the solubility and swelling power of sorghum powder.
We added 1 g of sorghum powder and 40 mL of distilled
water into a centrifuge tube (50 mL) of pre-established
weight. The suspension was gently stirred to prevent
the starch granules in the powder from rapturing. An
OLS200 Grant thermostatically controlled water bath
(England) heated the suspension at 85°C for 30 min
with constant stirring. Then, the tube was taken out
of the water bath, wiped, and allowed to dry and cool
to ambient temperature. After that, we poured the su-
pernatant into a pre-weighed crucible and allowed it to
dry at 105°C in a Gallenkamp oven (United Kingdom).
The weight of the dried supernatant and the sediment
paste measured after cooling made it possible to calcu-
late the solubility and swelling power, respectively.

Data analysis. The mean values were compared
using a one-way analysis of variance (ANOVA, Tukey-
Kramer HSD, p < 0.05) and the Minitab 20 software.

RESULTS AND DISCUSSION

Phytochemical properties as affected by irradiation
dose levels and radiation sources. Table 1 shows the to-
tal phenolic content. It decreased significantly (p < 0.05)
after irradiation with gamma rays, low energy electron
beam (LEEB), and high energy electron beam (HEEB).
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Table 1 Effects of radiation source and dose on phytochemical properties of sorghum grain

Phytochemical property Irradiation dose,

Irradiation source

kGy Gamma High energy electron beam  Low energy electron beam
Total phenolic content, GAE/g  Control 6.15+0.154 6.15+0.154 6.15+0.15%

2 3.13+£0.03 2.74 + 0.04"¢ 5.96 + 0.094

4 4.61 £0.13% 3.98 £0.01¢ 4.60 £ 0.07%

6 4.42 +0.00% 3.81 +£0.01¢° 3.47 £ 0.00%

8 3.28 £0.07 3.00 £ 0.03"¢ 3.96 +0.02™

10 6.21 +£0.214 4.29 +0.08" 5.55 +0.09%°
Total flavonoid content, QE/g ~ Control 3.55 4+ 0.05% 3.5540.05% 3.55+0.054

2 2.16 £ 0.04% 1.78 £ 0.03¢¢ 3.25+0.028

4 3.02 +0.048 2.35+0.018 2.21+0.01P¢

6 2.37+0.05 2.39+0.028 1.82+£0.01%

8 2.61+0.03¢ 1.82 +0.02¢ 1.59 +0.00%¢

10 1.83 £ 0.01% 2.38+0.01% 2.81+0.01¢
Tannin content, TAE/g Control 11.96 £ 0.394 11.96 £ 0.394 11.96 £ 0.394

2 11.74 £0.62%* 541 +0.08"¢ 9.07 + 1.08"°

4 8.36 + 0.69" 3.01 +£0.62<° 7.48 +0.3]8¢Ps

6 5.74 +£0.39% 4.54 +£0.778% 6.17 £0.23P

8 5.19+£0.23 4.16 + 0.465¢ 6.39 +0.15P

10 5.58 £ 0.62 2.58 +£0.62¢ 8.41 +£0.318¢

Means with different superscripts (lower case) in the same row that concern the irradiation source are significantly different (p < 0.05) from each
other. Means with different superscript (upper case) in the same column that concern the dose of a particular irradiation type are significantly

different (p < 0.05) from each other

The total phenolics reduced from 6.15 (control) to 3.13,
2.74, and 3.47 GAE/g for the samples treated with gamma
rays, HEEB, and LEEB, respectively. However, at 10 kGy
the total phenolic content was similar to that of the con-
trol for the gamma-irradiated sorghum grain. The reduc-
tions were not dose-dependent. The samples exposed to
HEEB had the lowest values at each dose level in terms
of total phenolics. The total phenolic content in the untrea-
ted samples exceeded the values reported in [24]. Howe-
ver, they stayed below the values reported in [13], which
ranged from 8 to over 500 mg/g (8000 to 500 000 mg/kg)
of total phenolics in other varieties.

Table 1 also shows the total flavonoid content of the
control and experimental (irradiated) samples. It decrea-
sed significantly (p <0.05) with irradiation across the
sources and doses. The total flavonoid content reduced
from 3.55 QE/g in the control sample to 1.83, 1.78, and
1.59 QE/g in the samples treated with gamma rays, HEEB,
and LEEB, respectively. The decrease was not dose-
dependent. Flavonoids are one of the several sources of
natural antioxidants needed by humans and are mostly
consumed as supplements [13]. In our case, the total fla-
vonoid content was higher than the values reported
in [13]. However, our total flavonoid content in the
unirradiated sample (control) also exceeded some pre-
vious findings [25]. In addition, the values of some of
the irradiated sorghum samples recorded in the present
study compared favorably with those described in [25].

Table 1 summarizes the tannin (condensed tannin)
contents of the unirradiated (control) and irradiated sorg-
hum grain. Irradiation with gamma rays, LEEB, and
HEEB reduced the tannin content in sorghum grain
(p £0.05) from 11.96 (control) to 5.19 (gamma rays),
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2.58 (HEEB), and 6.17 TAE/g (LEEB). In terms of tannin
content, the HEEB irradiated samples had the lowest
values at each dose level. However, the reduction was
not dose-dependent. The tannin contents recorded in the
present study were lower than those reported in [25] but
higher than in [26]. Tannins in food facilitate glucose
uptake, as well as possess anticancer, anti-allergic, and
anti-diabetic properties [27].

The total phenolic, flavonoid, and tannin contents
that we observed in the unirradiated (control) sorghum
samples differed from the values reported by other
authors. The phenomenon could be attributed to the va-
rietal differences, as well as some edaphic and climatic
factors. Generally, irradiation dose and source had a sig-
nificant effect on the phenolic, flavonoid, and tannin con-
tents of sorghum grain. Some reports are quite conflic-
ting, when it comes to the effect of gamma irradiation,
as well as low and high energy electron beam treatments,
on the total flavonoid, phenolic, and tannin contents of
various crops [28]. Some authors reported that gamma
irradiation increased the total flavonoid, phenolic, and
tannin contents in some instances while reducing them
under other conditions. In the present study, we obser-
ved a general reduction in the total flavonoid, phenolic,
and tannin contents of sorghum grain, as previously
reported in [29]. The reductions could be attributed to
the degradation effect of gamma rays, LEEB, and HEEB
on the components of total flavonoids, phenols, and
tannins [29].

Physicochemical properties as affected by irradia-
tion dose levels and radiation sources. Pasting profile.
The pasting profile included such variables as pasting
temperature, peak viscosity, viscosity at 92°C, setback
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viscosity, and breakdown viscosity (Table 2). The gene-
ral trend suggests that LEEB treatment did not alter
the pasting parameters even at 10 kGy compared to the
control. This observation was not different from those
reported by other researchers: although the LEEB treat-
ment was more energy efficient than HEEB or gamma
rays, it was effective for surface decontamination with-
out irradiating the bulk food [5, 10]. Gamma rays and
HEEB irradiation caused significant changes in some
pasting profiles (p < 0.05) (Table 2). With the exception
of breakdown viscosity, which was not observed for both
the irradiated and unirradiated grain, the other variables
demonstrated some changes. Unlike LEEB, HEEB and
gamma rays irradiated the bulk food [5], thus causing
the abovementioned changes.

Below 6 kGy, gamma rays and HEEB treatment had
no effect on the pasting temperature. However, the pas-
ting temperature values decreased at 610 kGy, although
not significantly. The pasting temperature of starch or
flour is the temperature at which a sudden rise in vis-
cosity first occurs with concurrent swelling. It indicates
the minimal temperature for cooking starch [30]. High
pasting temperature relates to a restricted swelling
ability [30, 31]. The significant reduction in the pasting
temperature of the sorghum grain irradiated at > 6 kGy
suggests that starch in the irradiated samples would cook
faster than in the unirradiated samples. Kumar et al. [32]

reported a decrease in the pasting temperature in
gamma-irradiated brown rice starch.

In general, the peak viscosity and viscosity at 92°C
for the sorghum grain powder decreased with increa-
sing irradiation dose in the samples treated with gamma
rays and HEEB. Despite the decreases, we recorded no
significant (p > 0.05) changes in the peak viscosity and
viscosity at 92°C across the samples exposed to doses
> 4 kGy. The effects of gamma rays and HEEB were not
significant. Peak viscosity relates to the behavior of flour
and starch paste under varying shear, temperature, and
time [31]. The decrease in peak viscosity and viscosity
at 92°C in the irradiated sorghum grain could be attri-
buted to the depolymerization of sorghum starch mole-
cules through chain scission [33]. Similar outcomes were
reported for irradiated brown rice, lotus stem starch, and
cowpeas [18, 32, 34].

At 4-10 kGy, gamma rays and HEEB affected the
setback viscosity of sorghum grain, although both sour-
ces were not significantly different in effect. Gamma rays
and HEEB treatments caused the setback viscosity to
decrease at all the dose levels, especially at 4—10 kGy,
where they had no significant differences. Setback visco-
sity indicates the inability of amylopectin to hold granules
during water imbibition [18, 32]. It is mostly associated
with polymerization of leached amylose and depolymeri-
zation of long linear amylopectin molecules [34]. They

Table 2 Effects of radiation source and dose on pasting properties of sorghum grain

Pasting parameters

Peak viscosity,  Viscosity Setback viscosity, z
Brabender units  at 92°C, Brabender units g
Brabender 5

units 22

%5

gs

58

122.33 +8.08%

66.33 £ 11.594¢

195.00 + 71.7242

124.50 + 5.464

64.33 £ 10.58*

151.67 +£23.25%

100.00 + 18.19%

58.67 £2.16M

152.33 £ 12.10%

73.00 + 36.598°

44.00 +9.005°

132.67 + 129.00"°

128.67 + 7.2342

60.67 + 5.134¢

159.33 +7.514

72.33 +32.628°

46.33 +£9.29%

107.67 + 35.014°

31.00 + 3.615¢

29.67 + 3.788¢e

39.00 + 12.298¢

112.00 + 12.494

57.33 £12.224

152.67 + 8.084

25.33 +7.238¢

24.33 + 6.355

45.67 + 14.15%

29.33 4 0.585¢

24.00 + 1.008¢

21.33 +£0.585¢

109.67 + 15.894

60.00 + 9.544¢

141.33 £22.374

28.00 + 1.005¢

24.33 +£0.5885¢

26.67 + 3.795¢

30.33 +0.585¢

21.67 +0.588¢

15.33 + 1.538¢

91.33 +£10.60%

41.67 + 14.57

135.00 £ 6.00%2

28.00 £ 2.005¢

20.67 + 1.165¢

14.67 + 3.228¢

29.00 + 0.005¢

19.00 £ 0.00%¢

12.00 + 1.00%¢

104.33 £ 6.114¢

55.33 £ 12.22%

149.00 + 7.2142

5\ Radiation pH Titratable

i source ac?dity, % lactic Pasting

é acid temperature,

8 OC

8

E

= Gamma 6353 £0.006* 0.021 +0.005% 85.73 £2.40

% LEEB 6.353 +£0.006% 0.021 £ 0.005%  85.50 + 0.86%

O HEEB 6.353 £ 0.006* 0.021 £0.005% 87.17 £ 1.674

2  Gamma  6.433 £0.006% 0.024 +0.005% 86.53 + 1.794
LEEB 6.437 +£0.006%® 0.021 £ 0.005% 85.33 +(.32%
HEEB 6.423 £ 0.006%  0.021 + 0.005% 87.27 + 1.10%

4 Gamma 6.447 +£0.01248 0.018 £ 0.000%* 73.47 +20.384
LEEB 6.443 £ 0.006%® 0.018 £ 0.000* 85.60 & 1.324¢
HEEB 6.420+0.010% 0.018 £ 0.000% 88.47 + 1.10%

6 Gamma  6.393 +0.006% 0.021 +0.0054 50.17 +0.065°
LEEB 6.437 £ 0.006% 0.024 £ 0.0054  86.03 £ 0.55%
HEEB 6.380£0.010% 0.024 £0.0054 50.17 £ 0.565°

8 Gamma 6.403 = 0.006%° 0.024 £ 0.005%* 50.20 £ 0.00%°
LEEB 6.427 £ 0.006%  0.024 + 0.005%  86.10 + 0.794
HEEB 6.387 £0.006° 0.021 +0.0054 50.23 +0.065°

10 Gamma  6.380+0.010% 0.022 + 0.0004B 50.23 + 0.66"°
LEEB 6.457 £ 0.006%  0.021 + 0.005B 85.60 + 0.30%
HEEB 6.377 £0.006% 0.018 +£0.000% 52.30 &+ 0.00%°

29.00 + 1.005¢

20.00 + 0.008¢

14.33 +0.588¢

S|o|o|o|o|o|o|o|o|o|o|o|o|o|o|o|<2 |2 | Breakdown

Means with different superscripts (upper case) in the same column that concern the irradiation source are significantly different (p < 0.05) from
each other. Means with different superscript (lower case) in the same column that concern the dose of a particular irradiation type are significantly
different (p < 0.05) from each other

LEEB — low energy electron beam; HEEB — high energy electron beam
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might have caused the decrease in the setback viscosity.
The decrease in the setback viscosity at cooling might
have resulted in a higher resistance to starch retrogra-
dation [18], thus the inability of amylopectin to hold the
granules during water imbibition. The current results
agree with the earlier findings [18, 34] connected with
irradiated cowpea and lotus stem starch, respectively.

Breakdown viscosity happens when the swelling gra-
nules rupture [34]. Zero breakdown viscosity indicates
that the extent of swelling was extremely low before the
disintegration. The breakdown viscosity value estimates
the susceptibility of cooked starch to disintegration [35];
therefore, the zero values could be linked to the stability
of the pastes during cooling [36].

PH and titratable acidity. Compared to the control,
we detected a significant increase in pH values, although
not in a dose-dependent manner, irrespective of the radia-
tion sources at all the dose levels (Table 2). However,
the titratable acidity values demonstrated no significant
difference across the samples. Despite the appreciable
increase in pH, the pH of the grain samples irradiated

5
22
g2
o @
& 5

3

=

o

with gamma rays and HEEB, unlike those irradiated
with LEEB, were significantly (p < 0.05) lower at all the
dose levels, as compared to the control. At 6—10 kGy,
gamma ray and HEEB treatments reduced the pH level
but not significantly below that of the control. This trend
of increased pH in the irradiated sorghum grain contra-
dicts other findings. For instance, a certain reduction in
pH after gamma irradiation was reported for chickpea
starch [37] and exopolysaccharide [38]. The change in
pH could be attributed to the formation of free radicals
and the cleavage of large starch molecules during irra-
diation [39]. The reduction in pH in the samples irradia-
ted with gamma rays and HEEB at 6—10 kGy could be
associated with the cleavage of starch molecules, as well
as with acetic, formic, glucuronic, and pyruvic acids
formed during irradiation [38§].

X-ray diffraction and relative crystallinity. Figure 1
and Table 3 illustrate the X-ray diffraction patterns
and the relative crystallinity of powders obtained from
sorghum grain irradiated with gamma, HEEB, and
LEEB. Major diffraction peaks were observed at 2 Theta;

Relative
Intensity (AU)

4 8 12 16 20 24 28 32 36 40 4 8 12 16 20 24 28 32 36 40
2 Theta, ° 2 Theta, ©
a b
A
=)
e
sz
2 g
E
4 8 12 16 20 24 28 32 36 40
2 Theta, °
c
10kGy — 8kGy —— 6kGy — 4kGy —— 2kGy —— Control

Figure 1 X-ray diffractograms of powder from sorghum grain irradiated with gamma rays (a), low energy electron beam (b),

and high energy electron beam (c)

Table 3 Effects of radiation source and dose on relative crystallinity of sorghum grain

Irradiation source

Irradiation doses, kGy

0 2 4 6 8 10
Gamma rays 15.96 £0.00% 16.31£0.00%* 16.06+0.00%° 1593 £0.00% 15.67 +0.00° 14.69 + 0.00"
High energy electron beam  14.84 £0.05% 1543 £0.008¢ 16.41 £0.00"* 18.28 +£0.00* 15.69 +0.00% 14.55 £ 0.00“"
Low energy electron beam  15.64 +0.00% 15.38 +0.00 14.95+0.00° 16.38 +0.00% 16.11 +0.00** 15.60 + 0.00*¢

Means with different superscripts (upper case) in the same column that concern the irradiation source are significantly different (p < 0.05) from
each other. Means with different superscript (lower case) in the same row that concern the dose of a particular irradiation type are significantly

different (p < 0.05) from each other
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Table 4 Effects of radiation source and dose on some functional properties of sorghum grain

Parameters  Radiation Irradiation doses, kGy

source 0 2 4 6 8 10
Bulk Gamma  0.841 £0.039% 0.764 =0.0424* 0.812+0.012% 0.855+0.0374* 0.776 £ 0.027%* 0.821 +0.04142
density, HEEB 0.806 +0.039%  0.746 + 0.0244%® 0.682 +£0.023%° 0.720 = 0.057% 0.703 £ 0.063*° 0.773 £ 0.004A®
g/mL LEEB 0.841 +£0.039%  0.766 + 0.048* 0.759 £ 0.0434 0.823 £0.017%* 0.775+0.040% 0.775 + 0.009%2
Water Gamma  1.720 £ 0.1174% 1.790 £ 0.0074%® 1.794 + 0.005%* 1.856 = 0.110*® 1.924 +0.064® 1.920 & 0.1144®
absorption, HEEB 1.720 £ 0.1174  1.726 £ 0.1114*  1.860 £ 0.1154* 1.720 £0.1144% 1918 £0.1144 1,723 +0.11142
mL/g LEEB 1.720 £0.1174  1.656 £ 0.120%* 1.728 £ 0.113%* 1.722 £0.110% 1.721 £0.116%* 1.656 +0.116*
Oil Gamma  1.196 £0.002¢ 1.592 £0.1954 1.542 +0.1154 1.660+0.1214* 1.659 £0.121% 1.661 = 0.115%
absorption, HEEB 1.196 £ 0.0024°  1.658 £ 0.116** 1.524 +0.1174* 1.726 £0.1134 1,722 +£0.1124 1,723 £0.114*°
mL/g LEEB 1.196 £ 0.0024¢  1.388 £0.001%¢ 1.458 £0.1154% 1.488 +0.0014* 1.591 +0.002® 1.720 +0.1174
Solubility Gamma  7.19 + 0.08A" 7.79 £ 0.024¢ 8.35+0.08"d 8.53+£0.31% 9.40 + 0.16"° 9.90+0.318
Index, % HEEB 7.21 £0.024¢ 7.35+0.018¢ 7.16 £0.138¢ 10.82+£0.18%  10.77 £0.14%  11.21 £0.334

LEEB 7.28 +£0.054 5.42 +£0.02¢ 6.22 + 0.42¢ 5.19£0.12¢ 6.53 £0.45 5.25+0.65
Swelling Gamma  8.53+0.01* 7.03 +£0.56° 6.52 +0.08% 5.59 +0.57¢ 6.01 £0.39¢ 6.62 +£0.27"
power HEEB 8.54£0.014 7.58 £ 0.098b 7.21 £0.05% 5.86 £ 0.085f 6.33 £0.328¢ 6.64 £0.4184

LEEB 8.53 £ 0.004¢ 8.76 £ 0.154° 8.51 £0.094¢ 8.96 + 0.06* 8.13 £0.1544 8.16 £ 0.054¢

Means with different superscripts (upper case) in the same column that concern the irradiation source are significantly different (p < 0.05) from
each other. Means with different superscript (lower case) in the same row that concern the dose of a particular irradiation type are significantly

different (p < 0.05) from each other

LEEB — low energy electron beam; HEEB — high energy electron beam

they approximately equaled 15, 17, 18, and 23° for both
the unirradiated control sample and the powders from
sorghum grain irradiated with gamma rays, LEEB, and
HEEB (Fig. 1). These major peaks could be attributable
to the presence of A-type crystal [33]. Similar patterns
for sorghum powder from different sorghum hybrids
cultivated in Argentina were reported in [40]. The X-ray
diffraction patterns of the sorghum powder samples did
not depend on the sources and doses. A similar finding
was reported for rice [33].

The relative crystallinity values were significantly dif-
ferent across the samples (Table 3). Gamma irradiation
doses from 6 to 10 kGy significantly decreased the rela-
tive crystallinity of the starch in the sorghum powder
samples. However, a non-dose-dependent increase was re-
corded for 2 and 4 kGy. The effect of high and low energy
electron irradiation had no pattern. Ocloo et al. [33] re-
ported no significant difference in the relative crystal-
linity of some local rice cultivars after gamma irradia-
tion doses of 0.25, 0.5, 0.75, 1.0, and 1.5 kGy.

Functional properties as affected by irradiation
dose levels and radiation sources. Table 4 shows the
bulk density, water absorption capacity, oil absorption
capacity, solubility index, and swelling power of the
sorghum grain samples under study. The bulk density
decreased at 4 and 6 kGy in the samples subjected to
high energy electron beam tretament. On the contrary,
the samples irradiated with gamma ray and low energy
electron beam retained the same bulk density from 2 to
10 kGy (Table 4). Compared with the control, gamma ray
and LEEB did not significantly alter the bulk density.
However, HEEB irradiation caused significant reduc-
tions in the bulk density at 4, 6, and 8 kGy. A previous
study reported that gamma irradiation had no effect on
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the bulk density of cowpea flour [18]. Similarly, gamma
irradiation had no significant effect on rice flour [33].
Bulk density is a function referred to the particle size
of the samples. In the food industry, it is important for
determining the packaging requirements, material hand-
ling, and application in wet processing [36]. The dispari-
ties in the bulk density values in the present study could
be due to the differences in doses and radiation sources.

The water absorption capacity demonstrated no signi-
ficant changes at all the dose levels across all irradiation
sources (Table 4). Water absorption capacity explains the
interaction between the product and water, with water
being the limiting factor. Water absorption capacity helps
preserve freshness and mouthfeel [41]. Other studies
reported contrary findings. For instance, water absorp-
tion capacity increased in gamma-irradiated cowpea [18]
and rice protein irradiated with high energy electron
beam [41]. The fact that water absorption capacity re-
mains the same after irradiation indicates that irradia-
tion did not affect the freshness and mouthfeel.

The oil absorption capacity demonstrated no signifi-
cant differences between the irradiation sources at 2—
10 kGy (Table 4). However, oil absorption capacity in-
creased in all the irradiated grain compared to the con-
trol. Greater increments in oil absorption capacity were
observed at 6—10 kGy for the gamma-irradiated samples
and at 10 kGy for the samples subjected to low energy
electron beam treatment.

Oil absorption capacity is important in flavor reten-
tion, shelf-life improvement, and palatability [18]. Sur-
face hydrophobicity, physical entrapment of oil, and mac-
romolecule size could affect oil absorption capacity [41].
During irradiation, the partial unfolding of proteins
causes the exposure of non-polar protein residues inside



Ocloo F.C.K. et al. Foods and Raw Materials. 2026,14(1):148—158

the molecules, thus enhancing protein and oil interac-
tions [41], which might result in the increment in oil ab-
sorption capacity. The outcomes of this study agree with
a previous study that reported an increased oil absorp-
tion capacity of rice protein after irradiation with high
energy electron beam [41]. Therefore, the increment in
oil absorption capacity could improve shelf stability, pa-
latability, and flavor.

The solubility index increased in the grain irradiated
with gamma rays and HEEB. However, it decreased in the
samples subjected to LEEB irradiation (Table 4). In the
gamma-irradiated samples, the solubility index increased
together with the dose. In the HEEB samples, the in-
crease was not dose-dependent, and the highest solubility
index was obtained at 10 kGy. In the LEEB samples, the
decrease in solubility index did not depend on the dose
either. The effect of radiation source on the solubility in-
dex was significant across the three sources, with LEEB
being the lowest. At 2 and 4 kGy, the gamma-irradiated
samples had a significantly higher solubility index than
those irradiated with HEEB. However, a reverse trend
was obtained at 6—10 kGy. Our results corresponded with
the dose-dependent increase in solubility index reported
for gamma-irradiated cowpea and potato starch [42].

An increase in the solubility of some rice cultivars
with increasing irradiation dose was described in [33].
Solubility is mostly associated with the presence of so-
luble molecules, e.g., amylose, sugars, and albumins [35].
Irradiation could lead to depolymerization and break-
down of the polysaccharide (amylopectin), thus causing
the formation of low molecular weight or shorter frag-
ments [38], e.g., soluble molecules. The increase in solu-
bility index could be related to the increased depolymeri-
zation of starch chains resulting in enhanced hydration
of powder particles [2]. A comparative increase in solu-
bility index renders irradiated sorghum grain the capa-
bilities of a bio-thickener or stabilizing agent.

A reduction in the swelling power was observed in
the grain samples irradiated with HEEB and gamma
rays but it was not dose-dependent. In the LEEB irradia-
ted grain, the swelling power increased at 2 and 6 kGy
before decreasing at 8 and 10 kGy, as compared with the
control. This trend shows the inconsistent effect of LEEB
on swelling power. The three sources had significantly
different effects on the swelling power.

At 2-8 kGy, the gamma-irradiated samples exhibi-
ted a lower swelling power followed by HEEB and
then LEEB treatments, except at 10 kGy, where gamma
rays and HEEB irradiation had a comparable effect.
A similar decrease in swelling power was previously
reported in the study of gamma-irradiated cowpea and

potato starch [42]. Similarly, electronirradiated yam
flour demonstrated a decrease in swelling power [43].
Ocloo et al. [33] also reported a decrease in the swelling
power of some rice cultivars with increasing irradiation
dose. Swelling is the ability of starch molecules (amylo-
pectin) to trap and retain water within its structure [34].
In our case, the decrease in the swelling power in the irra-
diated samples could be linked to the reduced ability of
starch (amylopectin) to imbibe water since the starch mo-
lecule might have been depolymerized by the irradiation.

CONCLUSION

In this study, the source of irradiation significantly
(p £0.05) affected the phytochemical parameters of sorg-
hum grain. Irradiation with low energy electron beam
(LEEB) had the least effect on most components, as
compared with the other treatments. Except for LEEB,
the irradiation sources had a different effect on most
pasting parameters. The alteration (reduction) in the pas-
ting parameters was not dose-dependent. The functional
properties were significantly altered or remained un-
changed after irradiation with gamma rays, high energy
electron beam (HEEB), and LEEB. Different irradiation
sources had different effects on some functional parame-
ters, which usually depended on the increasing dose.
The data obtained suggest that LEEB treatment proved
to be an effective alternative to gamma rays and HEEB
in sorghum grain production as the method had no sig-
nificant effect on the physicochemical and functional pro-
perties of sorghum powder.
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