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Spe cial high-pro tein foods suit able for di a bet ics must be treated to en sure the com plete ab -
sence of mi cro or gan isms and bac te ria. It is also im por tant to achieve that this treat ment does
not change the nu tri tional value of the prod uct. Among the new de con tam i na tion tech nol o -
gies, low-en ergy elec tron-beam treat ment has proven to be an ef fec tive tech nique for in ac ti -
vat ing bac te ria with min i mal im pact on food qual ity. The pa per aims to an a lyze the in flu ence
of low-en ergy elec tron-beam ir ra di a tion on the mi cro bi o log i cal prop er ties and nu tri tional
value of high-pro tein foods.
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IN TRO DUC TION

There are about 60 mil lion peo ple with di a be tes
in Eu rope [1]. This is about 10.3 % of men and 9.6 % of 
women aged 25 years and over [2]. Ac cord ing to the
Ser bian Di a be tes Reg is try, over 710 000 peo ple in Ser -
bia suf fer from di a be tes [3]. They need a spe cial diet,
with the low est pos si ble car bo hy drate con tent [4].
Also, it is well known that proper and healthy food is a
pre req ui site for good health.

In co-op er a tion with a lo cal food man u fac turer,
we are de vel op ing high-en ergy prod ucts that would be 
ideal not only for di a bet ics but also for ath letes, in di -
vid u als on cer tain di ets, and any one who cares about
health. Some of the high-pro tein prod ucts de vel oped
as part of this col lab o ra tion are orig i nal pro tein eve -
ning bread, pro tein ham burg ers, pro tein crack ers, pro -
tein chips, pro tein bis cuits, co coa cream with out
added sugar, pro tein ba gels and scones, and pro tein
tor ti llas and pan cakes, pro tein pizza. These prod ucts
are pro duced us ing in no va tive meth ods be cause they
are not made with tra di tional raw ma te ri als, but with
spe cially de signed high pro teins based on whey. Whey 
is a by-prod uct of the dairy in dus try with high nu tri -
tional value. It is ob tained dur ing the cheese pro duc -
tion pro cess. Once the milk passes qual ity tests, en -
zymes are added to sep a rate the curds from the liq uid
whey. The liq uid whey is then pas teur ized, and the
pro tein is con cen trated and iso lated [5].

All the prod ucts are sugar-free. Firstly, the prod -
ucts were treated with gamma ra di a tion, which guar -

an tees the ab so lute ab sence of all mi cro or gan isms and
harm ful sub stances in said prod ucts [6] and sig nif i -
cantly ex tends the shelf-life span [7]. Nev er the less, it
has been de ter mined that treat ment with ion iz ing ra di -
a tion can af fect the change in the nu tri tional val ues of
the prod uct [8]. To avoid changes in nu tri tional value
af ter ir ra di a tion, a low-en ergy elec tron-beam (LEEB)
was used for the pres er va tion of high-pro tein prod ucts
[9]. Re cent de vel op ments in LEEB tech nol ogy have
rev o lu tion ized asep tic pack ag ing [10]. Ad vance ments 
in elec tron-beam tech nol ogy are shrink ing the foot -
print of the de vices used to gen er ate ion iz ing ra di a tion. 
With the rel a tively re cent de vel op ment of re li able,
com pact, cost-ef fec tive, LEEB a new class of in-line
ap pli ca tions is now pos si ble. The ben e fits of high-
speed, high-ef fi cacy treat ments, with no chem i cals
and at room tem per a ture, are now re al ized across a va -
ri ety of pack ag ing ap pli ca tions. Such de vel op ments
are also at trac tive to the food in dus try [11].

The pa per aims to an a lyze the in flu ence of LEEB 
on the phys i cal and chem i cal pa ram e ters of the pres er -
va tion of high-pro tein foods suit able for di a bet ics.

MA TE RI ALS AND METH ODS

Sam ple col lec tion

Sam ples of high-pro tein food (pro tein crack ers
and chips, eve ning pro tein bread, pizza base, and pan -
cake mix) were col lected by the man u fac turer and de -
liv ered to the Ra di a tion Unit at the Vin~a In sti tute of
Nu clear Sci ences in Bel grade, Ser bia, fig. 1. All these
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prod ucts are low in car bo hy drates and high in pro tein,
and all are based on whey pro tein.

Gamma ir ra di a tion

Ir ra di a tion was per formed in the Ra di a tion Unit, us -
ing gamma rays from ra dio ac tive iso tope 60Co. Ra di a tion
doses of 1 kGy, 3 kGy, 5 kGy, 7 kGy, and 10 kGy were
used. The av er age ir ra di a tion dose rate was 10 kGy h–1.
The de liv ered ra di a tion dose's ac cu racy is con trolled us ing 
the ECB/os cil lo scope dosimetric sys tem [12, 13]. Since
the oscillotitrator's mea sure ment [14] is highly tem per a -
ture-de pend ent [15], all mea sure ment of the ab sorbed ra -
di a tion dose was per formed at 20 °C. The ho mo ge ne ity of
prod uct ir ra di a tion in side the pack age was ver i fied by
dose map ping [16].

The LEEB ir ra di a tion

For ir ra di a tion of pro tein prod uct sam ples with
LEEB, the Laatu ma chine from pro ducer Bühler Group
was used. Laatu of fers a chem i cal-free so lu tion with re -
duced run ning costs thanks to its low en ergy con sump -
tion and min i mal or no prod uct waste. Ta ble 1 shows the 
spec i fi ca tion of the Laatu elec tron-beam. The ir ra di a -
tion dose was 10 kGy, which is the max i mum al lowed
dose for food ir ra di a tion [17].

Mi cro bi o log i cal anal y sis

In the ac cred ited mi cro bi ol ogy lab o ra tory, the ini -
tial con tam i na tion and the num ber of mi cro or gan isms,

to tal molds, and bac te ria in the sam ples were ex am ined.
The method used to de ter mine these pa ram e ters was Ph. 
Eur. 7.0 (2.6.12. – Mi cro bi o log i cal ex am i na tion of
nonsterile prod ucts (to tal vi a ble aer o bic count), and
2.6.13. – Mi cro bi o log i cal ex am i na tion of non-ster ile
prod ucts (test for spec i fied mi cro-or gan isms)) [18]. Mi -
cro bi o log i cal anal y ses were per formed be fore ir ra di a -
tion and af ter gamma ir ra di a tion with dif fer ent ra di a tion 
doses. Also, anal y ses were done af ter ir ra di a tion with
LEEB. The used dil u ent (buf fered peptone wa ter) and
nu tri ent me dia for the de vel op ment of mi cro or gan isms
(tryptone soy agar, Rose Ben gal agar, iron sul fide agar)
are fol low ing in ter na tional stan dard ISO 11737-1: 2018 
[19].

Nu tri tional prop er ties

The sam ples of high pro tein prod ucts were an a -
lyzed to de ter mine their con tent of to tal fat, pro tein,
car bo hy drates, sug ars, and di etary fi ber af ter gamma
and LEEB ir ra di a tion. These anal y ses were per formed 
be fore ir ra di a tion and af ter gamma ir ra di a tion with the 
high est used ra di a tion dose of 10 kGy, and af ter LEEB
ir ra di a tion with a dose of 10 kGy.

De ter mi na tion of to tal fat con tent in
high pro tein prod ucts

De ter mi na tion of to tal fat con tent in the high
pro tein prod ucts sam ples was per formed by Weibull-
Stoldt-Stan dard ap pli ca tion [20]. The sam ple was hy -
dro lyzed us ing the Hy dro ly sis Unit E-416. The Soxh -
let ex trac tion was per formed with the Ex trac tion Unit
E-816. The cal cu la tion of the sam ples' to tal fat was re -
al ized by the gravimetric method af ter the ex tract has
dried to reach per ma nent weight. This ap pli ca tion was
fol low ing of fi cial meth ods (EN 98/64/EG, AOAC
963.15, §64 /§35 06.00-6).

De ter mi na tion of car bo hy drates and
sug ars con tent in high pro tein prod ucts

De ter mi na tion of to tal car bo hy drates and sug ars
pres ent in high pro tein prod ucts was per formed us ing
the phe nol sulphuric acid method [21]. This method is
of ten used to de ter mine the car bo hy drate con tent of
food [22]. The method is based on the de hy dra tion of
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Fig ure 1. Sam ples of
the high-pro tein food

Ta ble 1. Tech ni cal spec i fi ca tions of Laatu

Parameter Value

Voltage

With supply
frequency 50 Hz 400Y/230 VAC*

With supply
frequency 60 Hz

400Y/230
VAC + 460 VAC

Power £ 30 £ 30 kW

Prod uct through put
(prod uct de pend ent) Up to 1 000 kg h–1

Air ex haust
(de pend ing on
in stal la tion)

Up to 8 000 m3

Am bi ent tem per a ture From +5 to +40 °C

Relative humidity,
non-condensing

(during operation)
From 10 % to 70 %



glu cose to hydroxymethyl furfural in a hot acidic me -
dium. A yel low prod uct with phe nol is formed, which
has a max i mum ab sorp tion at 490 nm [23, 24].

De ter mi na tion of di etary fi ber in
high pro tein prod ucts

An en zy matic-gravimetric method was used to
de ter mine the con tent of di etary fi ber in high pro tein
prod uct sam ples. The sam ples were degreased and then
treated with en zymes that mimic the pro cess of di ges -
tion in the hu man small in tes tine. Di gest ible car bo hy -
drates were then bro ken down into sim ple sug ars,
which were re moved by pre cip i ta tion and fil tra tion. Af -
ter that, only di etary fi ber re mains in the sam ple [25].

De ter mi na tion of pro tein con tent

Pro tein con tent be fore and af ter ir ra di a tion was
de ter mined us ing a stan dard ISO pro ce dure, ISO
1871:2009 [26]. This stan dard pro vides gen eral guide -
lines for the de ter mi na tion of ni tro gen by the Kjeldahl
method. The stan dard ap plies to food and feed prod -
ucts con tain ing ni tro gen com pounds that can be di -
rectly de ter mined by the Kjeldahl method [27].

RE SULTS AND DIS CUS SION

Ef fects of gamma ir ra di a tion on
mi cro bi o log i cal prop er ties

To elim i nate mi cro or gan isms, to tal molds, and
bac te ria from spe cial high-pro tein prod ucts, sam ples
were treated with dif fer ent doses of gamma ir ra di a tion,
from 1 kGy to 10 kGy. Ta ble 2 shows the mi cro bi o log i -
cal re sults af ter treat ment with dif fer ent ra di a tion doses.

From tab. 2, one can see that the ra di a tion dose of 
10 kGy is enough to elim i nate the to tal num ber of mi -
cro or gan isms and molds be low the per mit ted limit. On 
the other hand, a treat ment of 3 kGy is enough to re -
move all bac te ria from the sam ple.

Ef fect of gamma ir ra di a tion on
nu tri tional val ues of sam ples

To de ter mine the in flu ence of gamma ra di a tion
on the nu tri tional prop er ties of the sam ples, an anal y -
sis of the nu tri tional val ues was per formed in the
non-ir ra di ated sam ple and the sam ple ir ra di ated with
the high est used dose of 10 kGy which guar an tees the
com plete ab sence of mi cro or gan isms. The data are
pre sented in tab. 3.

From tab. 3, it has been de ter mined that treat -
ment with ion iz ing ra di a tion can af fect the change in
the nu tri tional val ues of the prod uct. A de crease in fat
con tent could be due to the ac tion of high-en ergy ra di -
a tion on lipid mol e cules caus ing lipid peroxidation
[28]. The big gest prob lem is that the pro por tion of car -
bo hy drates in creases and the pro por tion of pro tein de -
creases af ter ex po sure to gamma ra di a tion at a dose
rate of 10 kGyh–1. An in crease in car bo hy drate con tent 
was due to the break down of oli go sac cha rides when
sam ples were ir ra di ated [29].

A de crease in pro tein con tent with a grad u ally
higher ir ra di a tion dose is be cause of a high rate of met -
a bolic ac tiv i ties [30].

The mea sure ment un cer tainty was cal cu lated
based on 5 sep a rate mea sure ments.

Fig ure 2 shows the changes in the nu tri tional
value of the prod uct Pro tein eve ning bread de pend ing
on the ra di a tion dose to which the sam ples were ex -
posed.
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T able 2. To tal num ber of mi cro or gan isms, the to tal num ber of molds and dif fer ent bac te ria be fore and af ter the in flu ence
of dif fer ent doses of gamma ir ra di a tion

Pa ram e ter
Dose [kGy]

Per mis si ble value
0 1 3 5 7 10

To tal num ber of mi cro or gan isms
(cfu g–1)* 5.6·107 2.5·107 4·104 8·103 2·103 < 1000 < 1000

To tal num ber of molds (cfu g–1) 5.4·104 3.5·104 5.6·103 130 < 100 < 100 < 100

Sal mo nella sp. (cfu g–1) not pres ent not pres ent not pres ent not pres ent not pres ent not pres ent must not con tain

E. coli (cfu g–1) 350 300 20 not pres ent not pres ent not pres ent must not con tain

Staph y lo coc cus aureus (cfu g–1) 150 90 15 not pres ent not pres ent not pres ent must not con tain

Pseu do mo nas aeruginosa (cfu g–1) not pres ent not pres ent not pres ent not pres ent not pres ent not pres ent must not con tain

Ba cil lus ce reus (cfu g–1) 5500 2100 300 < 100 < 100 < 100 < 100

Sul fite-re duc ing clostridia (cfu g–1) 10 not pres ent not pres ent not pres ent not pres ent not pres ent must not con tain

*cfu – col ony-form ing unit

Ta ble 3. Nu tri tional val ues of sam ples be fore ir ra di a tion
and af ter 10 kGy ir ra di a tion

Pa ram e ter Non-ir ra di ated
Ir ra di ated

with a dose
of 10 kGy

Mea sure ment 
un cer tainty

[%]

To tal fat [%] 14.5 9.2 3.0

Car bo hy drate [%] 31.3 32.0 5.8

Sug ars [%] 3.9 4.0 5.8

Di etary fi ber [%] 17.9 18.0 2.5

Pro tein [%] 40.0 41.3 4.0



Ef fect of LEEB ir ra di a tion on mi cro bi o log i cal
prop er ties and nu tri tional val ues of sam ples

To avoid changes in nu tri tional value af ter ir ra -
di a tion, LEEB was used for the pres er va tion of
high-pro tein prod ucts.

The use of LEEB has ad van tages over the use of
gamma rays or higher-en ergy elec trons for the di rect
ir ra di a tion of food. These ad van tages arise from de -
tails of the in ter ac tion pro cesses which are re spon si ble 
for the pro duc tion of phys i cal, chem i cal, and bi o log i -
cal ef fects. The main dif fer ences which fa vor the use
of LEEB are depth of pen e tra tion, dose dis tri bu tion,
irradiation ge om e try, and costs.

Ta ble  4 shows the mi cro bi ol ogy and nu tri tional
val ues of high-pro tein bread be fore ir ra di a tion and af -
ter LEEB treat ment with a dose of 10 kGy.

Ir ra di a tion of the prod uct sur face with a LEEB
ap peared as a pos si ble ideal so lu tion. Such a treat ment
would neu tral ize the mi cro or gan isms. Mi cro or gan -
isms are lo cated on the sur face of the prod uct and are
formed mainly dur ing the han dling of the prod uct.  On

the other hand,  the change in the nu tri tional val ues of
the prod uct un der the in flu ence of high-en ergy ion iz -
ing ra di a tion would be avoided.

CON CLU SIONS

Ad vance ments in elec tron-beam tech nol ogy are
shrink ing the foot print of the de vices used to gen er ate
ion iz ing ra di a tion. With the rel a tively re cent de vel op -
ment of re li able, com pact, cost-ef fec tive LEEB, a new
class of in-line ap pli ca tions is now pos si ble. The ben e -
fits of high-speed, high-ef fi cacy treat ments, with no
chem i cals, and at room tem per a ture, are now re al ized
across a va ri ety of pack ag ing ap pli ca tions. Such de -
vel op ments are also at trac tive to the food in dus try.

The use of LEEB in the treat ment of spe cial
high-pro tein prod ucts for di a bet ics has shown great po -
ten tial for fur ther de vel op ment and ap pli ca tion. A dose
of 10 kGy proved to be suf fi cient for com plete ster il iza -
tion of the tested prod ucts in both cases, with gamma ra -
di a tion, and with LEEB treat ment. How ever, while with 
gamma ra di a tion there are sig nif i cant changes in nu tri -
tional val ues (–37 %, +3 %, +3 % for to tal fat, car bo hy -
drates, and pro tein re spec tively), with LEEB treat ment
these changes are neg li gi ble.
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UPOTREBA  NISKOENERGETSKOG  ELEKTRONSKOG  SNOPA
ZRA^EWA  U  TRETMANU  SPECIJALNIH  PREHRAMBENIH  PROIZVODA

SA  VISOKIM  SADR@AJOM  PROTEINA

Vuk A. GAJI], Nikola R. MIRKOVI], Ivica T. VUJ^I], Slobodan B. MA[I]

Posebna visokoproteinska hrana pogodna za dijabeti~are mora biti tretirana na na~in
da se osigura potpuno odsustvo mikroorganizama i bakterija. Tako|e je va`no posti}i da ovaj
tretman ne uti~e na promenu nutritivnih vrednost proizvoda. Me|u novim tehnologijama
dekontaminacije, upotreba niskoenergetskog elektronskog snopa zra~ewa pokazala se kao
efikasna tehnika za inaktivaciju bakterija sa minimalnim uticajem na kvalitet hrane. Ciq rada
je analiza uticaja niskoenergetskog elektronskog snopa zra~ewa na mikrobiolo{ka svojstva i
nutritivnu vrednost visokoproteinskih namirnica.

Kqu~ne re~i: niskoenergetski elektronski snop, gama zra~ewe, visokoproteinska hrana,
mikrobiolo{ka dekontaminacija, nutritivno svojstvo


