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Special high-protein foods suitable for diabetics must be treated to ensure the complete ab-
sence of microorganisms and bacteria. It is also important to achieve that this treatment does
not change the nutritional value of the product. Among the new decontamination technolo-
gies, low-energy electron-beam treatment has proven to be an effective technique for inacti-
vating bacteria with minimal impact on food quality. The paper aims to analyze the influence

of low-ener
value of high-protein foods.

electron-beam irradiation on the microbiological properties and nutritional
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INTRODUCTION

There are about 60 million people with diabetes
in Europe [1]. This is about 10.3 % of men and 9.6 % of
women aged 25 years and over [2]. According to the
Serbian Diabetes Registry, over 710 000 people in Ser-
bia suffer from diabetes [3]. They need a special diet,
with the lowest possible carbohydrate content [4].
Also, itis well known that proper and healthy food is a
prerequisite for good health.

In co-operation with a local food manufacturer,
we are developing high-energy products that would be
ideal not only for diabetics but also for athletes, indi-
viduals on certain diets, and anyone who cares about
health. Some of the high-protein products developed
as part of this collaboration are original protein eve-
ning bread, protein hamburgers, protein crackers, pro-
tein chips, protein biscuits, cocoa cream without
added sugar, protein bagels and scones, and protein
tortillas and pancakes, protein pizza. These products
are produced using innovative methods because they
are not made with traditional raw materials, but with
specially designed high proteins based on whey. Whey
is a by-product of the dairy industry with high nutri-
tional value. It is obtained during the cheese produc-
tion process. Once the milk passes quality tests, en-
zymes are added to separate the curds from the liquid
whey. The liquid whey is then pasteurized, and the
protein is concentrated and isolated [5].

All the products are sugar-free. Firstly, the prod-
ucts were treated with gamma radiation, which guar-
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antees the absolute absence of all microorganisms and
harmful substances in said products [6] and signifi-
cantly extends the shelf-life span [7]. Nevertheless, it
has been determined that treatment with ionizing radi-
ation can affect the change in the nutritional values of
the product [8]. To avoid changes in nutritional value
after irradiation, a low-energy electron-beam (LEEB)
was used for the preservation of high-protein products
[9]. Recent developments in LEEB technology have
revolutionized aseptic packaging [10]. Advancements
in electron-beam technology are shrinking the foot-
print of the devices used to generate ionizing radiation.
With the relatively recent development of reliable,
compact, cost-effective, LEEB a new class of in-line
applications is now possible. The benefits of high-
speed, high-efficacy treatments, with no chemicals
and at room temperature, are now realized across a va-
riety of packaging applications. Such developments
are also attractive to the food industry [11].

The paper aims to analyze the influence of LEEB
on the physical and chemical parameters of the preser-
vation of high-protein foods suitable for diabetics.

MATERIALS AND METHODS
Sample collection

Samples of high-protein food (protein crackers
and chips, evening protein bread, pizza base, and pan-
cake mix) were collected by the manufacturer and de-
livered to the Radiation Unit at the Vinca Institute of
Nuclear Sciences in Belgrade, Serbia, fig. 1. All these
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products are low in carbohydrates and high in protein,
and all are based on whey protein.

Gamma irradiation

Irradiation was performed in the Radiation Unit, us-
ing gamma rays from radioactive isotope ®*Co. Radiation
doses of 1 kGy, 3 kGy, 5 kGy, 7 kGy, and 10 kGy were
used. The average irradiation dose rate was 10 kGy h!.
The delivered radiation dose's accuracy is controlled using
the ECB/oscilloscope dosimetric system [12, 13]. Since
the oscillotitrator's measurement [14] is highly tempera-
ture-dependent [15], all measurement of the absorbed ra-
diation dose was performed at 20 °C. The homogeneity of
product irradiation inside the package was verified by
dose mapping [16].

The LEEB irradiation

For irradiation of protein product samples with
LEEB, the Laatu machine from producer Biihler Group
was used. Laatu offers a chemical-free solution with re-
duced running costs thanks to its low energy consump-
tion and minimal or no product waste. Table 1 shows the
specification of the Laatu electron-beam. The irradia-
tion dose was 10 kGy, which is the maximum allowed
dose for food irradiation [17].

Microbiological analysis

In the accredited microbiology laboratory, the ini-
tial contamination and the number of microorganisms,

Table 1. Technical specifications of Laatu

Parameter Value
With supply *
Voltane frequency 50 Hz 400Y/230 VAC
g With supply 400Y/230
frequency 60 Hz |VAC + 460 VAC
Power <30 <30kW
Product throughput -1
(product dependent) Up to 1000 kgh
Air exhaust
(depending on Up to 8 000 m*
installation)

Ambient temperature From +5 to +40 °C

Relative humidity,
non-condensing
(during operation)

From 10 % to 70 %

Figure 1. Samples of
the high-protein food

total molds, and bacteria in the samples were examined.
The method used to determine these parameters was Ph.
Eur. 7.0 (2.6.12. — Microbiological examination of
nonsterile products (total viable aerobic count), and
2.6.13. — Microbiological examination of non-sterile
products (test for specified micro-organisms)) [18]. Mi-
crobiological analyses were performed before irradia-
tion and after gamma irradiation with different radiation
doses. Also, analyses were done after irradiation with
LEEB. The used diluent (buffered peptone water) and
nutrient media for the development of microorganisms
(tryptone soy agar, Rose Bengal agar, iron sulfide agar)
are following international standard ISO 11737-1:2018
[19].

Nutritional properties

The samples of high protein products were ana-
lyzed to determine their content of total fat, protein,
carbohydrates, sugars, and dietary fiber after gamma
and LEEB irradiation. These analyses were performed
before irradiation and after gamma irradiation with the
highest used radiation dose of 10 kGy, and after LEEB
irradiation with a dose of 10 kGy.

Determination of total fat content in
high protein products

Determination of total fat content in the high
protein products samples was performed by Weibull-
Stoldt-Standard application [20]. The sample was hy-
drolyzed using the Hydrolysis Unit E-416. The Soxh-
let extraction was performed with the Extraction Unit
E-816. The calculation of the samples' total fat was re-
alized by the gravimetric method after the extract has
dried to reach permanent weight. This application was
following official methods (EN 98/64/EG, AOAC
963.15, §64 /§35 06.00-6).

Determination of carbohydrates and
sugars content in high protein products

Determination of total carbohydrates and sugars
present in high protein products was performed using
the phenol sulphuric acid method [21]. This method is
often used to determine the carbohydrate content of
food [22]. The method is based on the dehydration of
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glucose to hydroxymethyl furfural in a hot acidic me-
dium. A yellow product with phenol is formed, which
has a maximum absorption at 490 nm [23, 24].

Determination of dietary fiber in
high protein products

An enzymatic-gravimetric method was used to
determine the content of dietary fiber in high protein
product samples. The samples were degreased and then
treated with enzymes that mimic the process of diges-
tion in the human small intestine. Digestible carbohy-
drates were then broken down into simple sugars,
which were removed by precipitation and filtration. Af-
ter that, only dietary fiber remains in the sample [25].

Determination of protein content

Protein content before and after irradiation was
determined using a standard ISO procedure, ISO
1871:2009 [26]. This standard provides general guide-
lines for the determination of nitrogen by the Kjeldahl
method. The standard applies to food and feed prod-
ucts containing nitrogen compounds that can be di-
rectly determined by the Kjeldahl method [27].

RESULTS AND DISCUSSION

Effects of gamma irradiation on
microbiological properties

To eliminate microorganisms, total molds, and
bacteria from special high-protein products, samples
were treated with different doses of gamma irradiation,
from 1 kGy to 10 kGy. Table 2 shows the microbiologi-
cal results after treatment with different radiation doses.

Fromtab. 2, one can see that the radiation dose of
10 kGy is enough to eliminate the total number of mi-
croorganisms and molds below the permitted limit. On
the other hand, a treatment of 3 kGy is enough to re-
move all bacteria from the sample.

Effect of gamma irradiation on
nutritional values of samples

To determine the influence of gamma radiation
on the nutritional properties of the samples, an analy-
sis of the nutritional values was performed in the
non-irradiated sample and the sample irradiated with
the highest used dose of 10 kGy which guarantees the
complete absence of microorganisms. The data are
presented in tab. 3.

From tab. 3, it has been determined that treat-
ment with ionizing radiation can affect the change in
the nutritional values of the product. A decrease in fat
content could be due to the action of high-energy radi-
ation on lipid molecules causing lipid peroxidation
[28]. The biggest problem is that the proportion of car-
bohydrates increases and the proportion of protein de-
creases after exposure to gamma radiation at a dose
rate of 10 kGyh™'. Anincrease in carbohydrate content
was due to the breakdown of oligosaccharides when
samples were irradiated [29].

A decrease in protein content with a gradually
higher irradiation dose is because of a high rate of met-
abolic activities [30].

The measurement uncertainty was calculated
based on 5 separate measurements.

Figure 2 shows the changes in the nutritional
value of the product Protein evening bread depending
on the radiation dose to which the samples were ex-
posed.

Table 3. Nutritional values of samples before irradiation
and after 10 kGy irradiation

Irradiated |Measurement|
Parameter  |Non-irradiated| with a dose | uncertainty

of 10 kGy [%]
Total fat [%] 14.5 9.2 3.0
Carbohydrate [%] 31.3 32.0 5.8
Sugars [%] 3.9 4.0 5.8
Dietary fiber [%] 17.9 18.0 2.5
Protein [%] 40.0 41.3 4.0

Table 2. Total number of microorganisms, the total number of molds and different bacteria before and after the influence

of different doses of gamma irradiation

D kG

Parameter 0 N 3 ose [kGy] 5 - 10 Permissible value

Total “umbe(f: f‘;fgrf‘l‘)imorga“‘sms 56100 | 25107 | 410° 8-10° 210° | <1000 <1000

Total number of molds (cfug™) 5.4-10* 3510 | 5.6-10° 130 <100 <100 <100
Salmonella sp. (cfug™) not present | not present | not present | not present | not present | not present | must not contain
E. coli (cfug™) 350 300 20 not present | not present | not present | must not contain
Staphylococcus aureus (cfug™) 150 90 15 not present | not present | not present | must not contain
Pseudomonas aeruginosa (cfug™) | not present |not present | not present | not present | not present | not present | must not contain

Bacillus cereus (cfug ') 5500 2100 300 <100 <100 <100 <100
Sulfite-reducing clostridia (cfug™) 10 not present | not present | not present | not present | not present | must not contain

*ctu — colony-forming unit
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Figure 2. Changes in the nutritional value of the product
Protein evening bread, depending on the radiation dose of
gamma irradiation

Effect of LEEB irradiation on microbiological
properties and nutritional values of samples

To avoid changes in nutritional value after irra-
diation, LEEB was used for the preservation of
high-protein products.

The use of LEEB has advantages over the use of
gamma rays or higher-energy electrons for the direct
irradiation of food. These advantages arise from de-
tails of the interaction processes which are responsible
for the production of physical, chemical, and biologi-
cal effects. The main differences which favor the use
of LEEB are depth of penetration, dose distribution,
irradiation geometry, and costs.

Table 4 shows the microbiology and nutritional
values of high-protein bread before irradiation and af-
ter LEEB treatment with a dose of 10 kGy.

Irradiation of the product surface with a LEEB
appeared as a possible ideal solution. Such a treatment
would neutralize the microorganisms. Microorgan-
isms are located on the surface of the product and are
formed mainly during the handling of the product. On

Table 4. Microbiological properties and nutritional values
of high-protein bread before irradiation and after LEEB
treatment

Parameter Non-irradiated I{g%%a(tfg kwét;l)
Microbiological properties
mcroorganioms | 52000 cfug’ 0
Molds 420 cfug™ 0
Nutritional values

Fat 14.5 [%] 14.3 [%]

Carbohydrates 4.9 [%] 5.0 [%]

Sugars 1.6 [%] 1.6 [%]

Dietary fiber 13.3 [%] 13.3 [%]

Protein 26.5 [%] 26.4 [%]

ing radiation would be avoided.

CONCLUSIONS

Advancements in electron-beam technology are
shrinking the footprint of the devices used to generate
ionizing radiation. With the relatively recent develop-
ment of reliable, compact, cost-effective LEEB, a new
class of in-line applications is now possible. The bene-
fits of high-speed, high-efficacy treatments, with no
chemicals, and at room temperature, are now realized
across a variety of packaging applications. Such de-
velopments are also attractive to the food industry.

The use of LEEB in the treatment of special
high-protein products for diabetics has shown great po-
tential for further development and application. A dose
of 10 kGy proved to be sufficient for complete steriliza-
tion of the tested products in both cases, with gamma ra-
diation, and with LEEB treatment. However, while with
gamma radiation there are significant changes in nutri-
tional values (—37 %, +3 %, +3 % for total fat, carbohy-
drates, and protein respectively), with LEEB treatment
these changes are negligible.
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YIIOTPEGA HUCKOEHEPIETCKOTI EJEKTPOHCKOI CHOIIA
SPAYEIbA Y TPETMAHY CIIEIINJA/IHUX IIPEXPAMBEHUX ITPOU3BOJA
CA BUCOKUM CAJPXKAJOM ITPOTEMHA

Byk A.T'AJU'h, Hukona P. MUPKOBWh, UBuna T. BYJUU'h, Ciodogan b. MAIINThH

IToceGHa BECOKONIPOTENHCKA XpaHa MOTOAHA 3a AujabeTHIape Mopa OUTH TpeTHpaHa Ha HAaUnH
lla ce ocurypa MOTIYHO OJICYCTBO MUKpoopraHusama u 0akrepuja. Takobe je BaxkHO moctuhu fa oBaj
TpeTMaH HE yTHYE Ha MPOMEHY HYTPUTUBHHX BPEAHOCT INpousBofa. Meby HOBUM TexHOJIOrHjaMa
JIeKOHTaMHHaluje, YnoTpeba HUCKOEHEPreTCKOr eNEeKTPOHCKOI CHOMNA 3pauera IoKa3zalla ce Kao
e(mkacHa TeXHUKA 32 MHAKTUBANNjy OaKTeprja ca MUHIMAJIHAM yTHI[AjeM Ha KBanuTeT XpaHe. Llywsb pajga
je aHanm3a yTHIaja HICKOGHEPreTCKOT eJIEKTPOHCKOT CHOMA 3padera Ha MUKPOOMOJIONIKA CBOjCTBA M
HYTPHUTHUBHY BPEJHOCT BUCOKONPOTEUHCKIX HAMUPHUIIA.

Kwyune peuu: Huckoenepzeilicku eAeKiipOHCKU CHOl, 2ama 3padere, 8UCOKOUPOUeUHCKA XPaHd,
MUKPOOUOAOUIKA OeKOHIUAMUHALYU]A, HYIUPUTLUBHO CBOJCIL8O




