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Abstract

Introduction. This review analyses current studies on biologi
preservatiorstrategiedor meat products, with particular emphasis
cooked sausages, and examines the key factors influencing the saft
shelf life of sausage products.

Material and methods. A comprehensive literature search w
conducted using international scientific databases, including Sct
Web of Science, and PubMed, as well as epasess sources such
Google Scholar and ResearchGate.

Results and discussionExtending the shelf & of cooked sausage
through the implementation of biological protective hurdles reduce:
proportion of spoiled products, thereby lowering economic losse:
producers and supporting the principles of sustainable developmen
incorporation of lact acid bacteria (LAB) into cooked sausa
production represents an effective preservation strategy, as
microorganisms exhibit antagonistic activity against pathoge
opportunistic, and spoilage microflora, improving microbiologi
safety and prolaging shelf life. Through their natural mechanisms
action, LAB establish a protective barrier by competing for nutrie
producing organic acids, antimicrobial peptides, and other bioa
metabolites, and by regulating microbial interactions via gmo
sensing

Food culture manufacturers face the challenge of selecting L
strains characterized by low acidification capacity, strong antagor
activity against undesirable microflora, and the ability to prese
acceptable sensory properties of thmalf product. For cooked sausa
producers, difficulties extend beyond strain selection to include
development of effective methods for LAB application, particule
during postheattreatment stages such as vacuum packaging
modified-atmosphere paelging. The use of LAB therefore requir
thorough investigation and experimental validation to confirm tl
efficacy in inhibiting pathogenic and spoilage microorganisms u
real industrial conditions and within specific product formulations.

The implenentation of effective biological hurdles is consistent w
current trends in the food industry and growing consumer deman
healthier products, as it enables the partial or complete replaceme
significant reduction of additives, particularly sadiuwitrite and certain
preservatives.

Conclusions. Biological protection using lactic acid bacteria is
effective strategy to enhance the safety and shelf life of cooked sau
Future research should focus on the development of biological prote
asan additional Abarrierodo for
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I ntroducti on

Sausage products are among the most wide
nstituting a significant part of the hume
e globallwyel awi ngl ¥ ohitdhreimutri ti onal val
o-fu dliigthy raw materials andSardivilyzy eftr
2 ; Stabni kova et al ., 2022) .
he growingicdemanhpr afdelict s and tchthemi efal s e
servatives pose significant chall enges f
me at mirm)du'ctsat('l',raﬁDQB))nal preservation
i izgaei oh addhougkeseff e otriavte, semtseonm yd e
i ional value, and can have nega
This trend stimulates the se
pable of suring witchobit othbhgi c@EuBDh mdgn i
ommi ssi on, 2020).
One promising approach i
of several factors that in
I

S urdle technol
h
Goubk6p2). Bi ol ogi cal hurdl e
i
b

h
i bit the growth
s are especiall
defence mechani sms that utilise antagoni st
bi opol ymers with antimicrobial pr opheeitri es
application not only enhances product safet
with modern simplified | abel requirements,
i mpact .

Recent studies in coll

ients wi

mi cr obi

tpiloonr ewli trhe pfl @
i t Fogtcally 2@8f
i a perties of n:
ic micgabeda(Bemsr andeebeah
on the use of selected | a
various food products to ensure microbic
opti mi zwet irlaiwz antaitenr i @Kkumar et al ., 2025
onsidering the substanti al gl obal | oss
robi ol ogi cal spoilage (reaching up to
6) the i mpl ement add wlnd orf epbrieosleongti caa |l c rsu
uci
0

ax
pe
r o
8

)
e
2

ing food waste and enhancing the econo
f biological hurdles is justified and

The aim of tdkeiscrridwi avihei f uthadament al prin
summari se current scientific findings on t
manufactur e, and evaluate the tp@matenpialdudcth
particul asatbyagesked

Material and methods
This review is based on an analysis of sc
effects of microorganisms and t hwende srertalblo

microflora adveguadl  yafamhadetmiadn ¢t fgadod hr ough =
of Science, Scopus, Google Scholar, and Put
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Results and discussion
Theory of hurdle technol ogies

The theory of hurdle technologi ésaciorbatse
preserve product quality, which iFohoidbiSa ftehtey
Aut hority 9f Ireland, 2022

The conmtempddeddfer mi ning the safety and qua
introduced by Lei swonkr hH2o0 peateadhy emphas
i mpl ementation of hurdl e t ory is possi bl e
guantitative parameters of hese hurdl es wi
producst. typ

Initially, hurdle technologies were based
that can inhibit the devel opment of wundesir

These hurdles primarily include:

- high temperature (sterilisation and past

- low temperature (processing and storage
- decreasing pH value;

- decreasingwwater activity a

- decreasing redox potential (Eh);

- presence of preservatives;

- presence of competing microflora.

According to Leistner (2017), when the i1
should be strengthened, whereas i f an exces:
overall gual,i tiyt sofi nttheen sprtoyduschtoul d be r educ:
hurdl es shoul d be combined i n an opti mal
mi croorgani sms while preserving tAhbed urldnaahiinie

al .1) 202
Modern hurdle technologies are designed t

safety, whil e also supporting environment al
reducing the extent of p hiynsdiucsatlr i aan d palhohemisce
2015). I n recent years, the range of known a
used to inhibit the devel opment of undesir
Among these appmpdelses hchatdaebliereaxdi ati on (J
et al ., 2024) , ozone trepaé¢mente (Ayoaassi rg
2024), and cold plasma (Zhang et al ., 2025)
ssquentially beginning at the sl aughter sta

e i mplementation of multiple huroc

storage. h
g microbi ol odiictayl osfa fneetayt aanndd pnreeast
2
0
i

I
T
in ensurin
et al., 2024). The combined effect of mul ti]|]
in meat products is shown in Figure 1 (Abdul

The combination of di ff erteenrt abcatdmvidetrlys ,g thsou
temperature treatment s, pH adjustment, and
basis oAl tbé bordle technORamgman oet falod, p2G

structured combirvati eam ofetheodesr &lIr e@gtreswtchon d

of spoilage microorgani sms, thereby enhanci
(Edo et al ., 2025). Hurdle technology is an
diefrfent preservation methods, which provides
life of food products (Putnik et al., 2020).
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Competitive
®  microflora
m NO;
w pH
.a“:
o MAP
Low or high
U temprerature,
°C
1 hurdle 2 hurdles 3 hurdles 4 hurdles 5 hurdles 6 hurdles
Growth No Growth
Fiugk. The combined effect of multiple hur
microflora ifadapt Aplddb oenhs et al ., 20

Al t hough the total number of potenti al I
' imited subset receives the most attenti on.
in both traditi omeaduiarneds nao vey n eprrgoidsutcitcs com
extrinsic factor sMatfheate tf danlc. k a2nbp2bds) .btir b es |
be applied to slow down or i nhi bi ki gthear igar ¢
monocytiomgermeakagoked ham (Figure 2).

Therefore, to ensure freshness and exten
to create specific conditions that sl ow do\
mi croorgani sms Rd Kihlaantagay2d@2mgtderat i nhibitin
Listeria mbaveythegenesncor porated into the
Me mber States (Begins et al., 2018), the Un
al ., 2021) . Similar requirements are al so
He &l,t Order No. 548 of 19 July 2012)

- pHO4. 4;

- water artOD0iog; (a

- pHO5a06dOo@. 94,

- freezing temperature.

The Food Safety Authority of Il reland (2
effective in influencduwrgvitvhee aanbd | mulyt iopgfl yp a
the shelf | ife of food. However, because e:
be regarded as critical control points and
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Shelf-life Increasing

Extrinsic Modified Storage Intrinsic
characteristics atmospheare characteristic
at <5°C.

Chiling from 70°C till
3 °C withing 150 min

Cooking to 70 °C/2min | Use of preservatives:
2.5% Salt, 0.5% Sugar;

Soium Nitrite 100 ma/ra
Measured aw = 0.97

Measured pH =5.2

Ability of pathogen to grow decreasing

Hurdles being added

Figure 2. Hur dl es @ampplci end ctr @ oir ig lain b is th sapdéatpht eeglo k e
frémod Safety Authority of Ireland,

Pathogenic microorgani sms present in foo
maxi mum, and opti mal values that a@aredebmuge
Administration, 2021) . Analysing the intri

extrinsic factors associated with their proc
mi croorganisms capabl e ofe spumroduwdtng, amar tmuc
that pose a risk to human health (Shetty ar

Factors affecting the microbiol ogical s af
Al food products possess characteristic
f aocrts (Table 1). Intrinsic factors are pro
product . Extrinsic factors are properties
environment that influence the prmngduCcCkEqodu

Safety Authority of Ilreland, 2022) .

pH valsuean i mportant parameter for assess
further processing. However, the shelf 1if
| owering pH, ascmaanryg praithrmng eaxtci bmit hi gh ac
pH range for 4yi®8® DtRi erswuwteh eits al ., 2021) , b

Saccharomyc,escanergemnowi wiet2hii®n 5appéls e mtnagtei vod <
gen@asndatdapH values below 2.0 (Rafsepeetgidl.u,
ni pgr pH values from 1.5 to 9.8 (Li et al
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Lowerihrerg pH of a product can significant|
Neverthel ess, f or pniHe acta na nbde nmeoadti f p readd uocntl sy, v
from 4.5 to7.5. Products with | ower pH v
technol ogi cal constraints and predominant
(Toupchi et al., 2025).

Wat er aatiisviat kefy characteristficeofwatt @nr o
can be wutilized by microorganisms for their
inhibits microbial proliferation, vcairsred yt s
affects microbial survival. I n meat product
extended shelf |ife (Figura et al ., 2023) .
mi crobi ol ogi cal qualityeamsdowmelifn ITiafbé eofl. f

Table 1

I ntrinexteriamgli ¢ characteristics affecting the

food product s*

Extrinsic I ntrinsic
- Temner at ur e (du| - nH and typesehta
storage, distriby- Water awfivity (
- Packaaing - Redox bnotenti al
- Gaat mosnhere - Natur al barriers
- Relative humjidity- Nutritional con
- Food bpnprocessina availabhility
- Historiecal facto|l - Antimicrobi al s u

intrinsic charac| - Microflor a

the nature of t hdg - Micr ohi ol oai cal
- Good manufacturi| - Food for mul ati on

practices ) - Food assembly an
- Storaae and di st
- Consumer practi cg

*Adapt &b ofdr dmf ety Aut hority of Ilreland, 2022

Table 2 provides a summary of the effect

Table 2
Dependence of microbialy growth on water

Value of ay Impact on microbial growth

<0.90 Most bacteria cease to multiply

<0.88 Most yeasts cease to multiply

<0.80 Most mold cease to multiply

0.60'0.75 | Halophilic bacteria, xerophilic mold, osmophilic yeasts can be a
* AdaptFeidg ufrraonet al ., 2023

Redox pot)ewhtthl dégends primarily on the
during the preparation of minced meat and
inhibitory effect on aerobic microorgani s m:
favoer set bBcti on o fMicroargahigms diffardnitheir régairerheats and .

612
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tolerance for oxygen and redox potential, as follows (Food Safety Authority of Ireland,

2022):

- aerobes require oxygen forirgdaowteinda mg o tod
approxi mately +300 to +500 mV

- facultatiowan agiraewobesthe presence or abs
grow at 4dme dwdtdiadn omot ent3 @® 10/ appr oxi ma
- anaerdobesnt require ocxayngegadvwoa igdeadtwitcdini a n ¢
potential ofl@a@pr@m¥i mately

The redox potential values for selected |
Tabl e 3
Redox potential of selected food me
Product Eh, nm H
Raw mearti g oro)st 1200 |
Chilmi eded meat +225 {

Wheat (whole g|i32t0036

p
5
5.
Cooked sausage|i2@ 015( a6 .
6
7

Barley (ground +225 .
Potatoes ai150|ae6.
*Adapt eAdadmsonet al ., 2024

Sodium chl ori deSamtdaycsura ngeywaltole in fI
modi fies the microstructure of minced meat,
When dissolved in the water present in meat
(@ , therebwpr i shiolwi nigngmi cr obi al gr owt h an
devel opment of particul ar mi crobi al group:
Furthermore, regulatory authorities recomme
to i mpartethstcharaddi sh colour to cured m
of veget aGliovset rcied il e olfoost ud ti naulm 2024) .

At the same ti me, c &t 8 aihy | sopcpo. €)e o(isTgaabnl i es nals)
to tolerate high concentrations of sodium
combined acthuornd loefs emud urie |l ®r ol onged preseryv
(Gragg etAcxlor,diZ®@24)ogCloami esi EUReNO. 1129
Commi ssi on, 2011) , the use of nitrates anda
European Uni on, specifically sodium nitrate
(E250) , and pot)assfihum mietgruil tag i (B2 4 Whi ch am
( EC) No. 1333/ 2008, establishes maxi mum | e
t hat vary accor di-meh tteoa tperdo droecat tpyrpoced u cNNosn ma
ppm of niiturmatoer oprotsacsdsi umnt rnéatread eme atth egrecadsu
exception of sterilized products) may cont ¢
Certain traditional smoked meat products al
permted higher maxi mum Greovvetlhs c(hMeerla cotse reits ta
foodborne bacterial pathogens are shown in
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Table 4
Growth characteristics of common foodbor
Pat hogel|[ Temper at te1 Wat e|] Sa,l tf
act i(w
Min ?O timum) Max Mi n Ma x
A o@in oyt h Al l oyAIl Il o
Grow| Grow
Sal momn@d.l a|] 5 {433%) 4 3. 87.(9) 0. 9/ 4
Clostridium botulinurh | 10 485 <4.6 (1 0.9 10
(proteolytic)
Clostridiumbotulinunt 3 {3208) <5.0 (1 >0.9 5
(npmoteoly
St aphyl ocd 10 1480 4 187 9. 8 & 10

0
ICampylobactespp? 32 16432 4. 977.65)% >
Yersinia ®| il. 3i3(735 4.2 (7. 0.

Li stmomioaxy | 71. 5713730 4.2 (7) 0.97 12
5. 0
3. 0

Clostpedfuou] 10 14723 5 (7.
Shiga toxin §TEQ or 6. 5714030 a7 ) 69
Verocytotoxin Y TEQ
producingEscherichia
coli®

Sourkeod Safety Aut horfHggy Jfiealdrselvahnidc h( 2e80r2e2)cann
packed, modi fied atmosphere pack¥Eglgs, apowldt r(yi,. e
sal ads, dPaonud wircyh ense;at unpasteurised/raw drinki
but tFerre)s;h meiant sp a(rptoirckul ar) and unpasteurised/raw
cheese,Chiutltettpatedadpds (e.g. smoked sal mon, sl

Cooked %weeaatt,s ;poul try, unpasteuri sedc/prroowtdca rsye epr
vegetables, untreated drinking water (e.g. from

Commi ssion Regul ation (EU) 2023/ 2108 red
sodium and pot-86sppm (Qéx piickme)s eadn dds ANdi um an
nitrate to 90 pipom )(,e xwirtehs sceedr taasi N xcepti on

cured products (European Commi ssi on, 2023)
guantities ar e exaptrheesrs etdham seelrtnes; odo n soengsu &
may not be as substanti al as it initially &

A major drawback associated with the use
formation of nitrosamines duraidveer pred oye sasif re

health (Haber mevyer et al ., 2019) . |l nGrespo
Commi ttee on the Environment, Public Heal't
motion for a resolutionagdobpbshngfancbompt e
smoked meat products (Melios et al., 2024).

Table 4 presents key characteristics of
bacteri al pathogens t hat pose a signific
mi croorgani sms exhibit di fferent requir emi
environment, which determines their growth
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Table 5
Oxygreenl ated growth requirements of pathoc

Pat hogens Rel ati onsH
Sal momed.l a Facultati
Cl ostridi mrBdtewlliytulAnaer obi c
Cl ostridi Um-phmoottueloilnyi/Anaer obi c
St aphyl ococcus aureufFacultati
Campyl cshpgpct er Mi cr oaer o]
Yersinia enterocolitiFacultati
Li stmomioc yt ogenes Facultati
Cl ostridium perfring/Anaerobic
Shiga toxin 6TEQ or Facultati
Ver ocytVvVoltBeCxp modschegi

y Aut h

SourFoed Safet ity of Ilreland (2022)

The values presented in Tarbd eapplaydunmadd
conditions; therefore, they should be used
may be capable of growth outside these r anc

Cooking iproacessquence of Ilcomphersf @phmat ico!
me at matrix aimed&athépei agdtiser pcoduet i
mi crofl or a, devel oping desirable sensory p
growth and microbiol ogi cchd etpodll.a,ge2®@au5).ng

Nowoptimi zed or uncornetgriomel se dnahye arte sturleta ti nme |
meat and the reduction of nitrite to molecu
appear on the cut surfadevefl opauwduaegd obgtasn ¢
het erofermentative microfl or a, and microbi
occur during storage (Andrade et al ., 2025)

Packagi ngCoporkoecde ssausages are typically p
culuw.i ng storage, it i-sehatessédngtboscens
crobi al interactions-shkhapge dphresd g remeln ig f ebraact
Ba.c,islppus) , which are among t heamdmnetcaus
oduct s. Deter|orat|on in the appearance
nsumer perception and may | ead to rejecti
e Lima et al ., 2022) .

Bl owing of the packami lrdgol aonud etdh ee xprrdead en d
cked cooked sausages, irrespective of t h
% of cases with contamenmabhosSubgtlatmd ti ad i &
h variation itni alacdcenrtiari ncaotuinans laenvde lisn i
amination under industri al production c
ction in the shelf |l ife of-cocwtboamidn atainy
rringi @B aineg asrlaiz o, 2022)

no additional ©processing is applied at
icantly reducing initial mi crobi al c
al hurdl es, f pypimc ad fl yp raepspelriveadt i v s ,t |
iostatic rather than a bactericidal €
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Sources of contamination in cooked sausac(

Raw meat is an excellent medium for bact
composi taj,amgd &liigpghtly acidic pH (Cauchie et
action of endogenous autol yti cogrmesyseasn dfhe
Spoi e (Shao et al ., 2021) . Meat spoilag
i nfl ced by multiple factors, including ¢
of t carcAddi @it o34 lanwy dutdaemettheer snait ur e of s
subs ent processing steps, hygienic condi
t he e o f( Maafcek aegti nagl .u,se2024) . Mor eover, t
may as a atiuorc ewiotfh cpattmongeni ¢ and spoi
comp sing the quality and safety of meat
(Bar l'la et al., 2024). Source of cont ar

O~ DO >C —
DOoOOKO @@ ®d®®
S «Q

DB”UC

Tabl e 6
Soumdecont aminati on of cooked sausag

Process Source of contamination Reference

Slaughter and primary processin{ Equipment, knifes, surfaces Sal ®&ma2a0l 2.
Production environment Air, water, dust Barcenil |l
2024

Cutting and mixing Surfaceof equipment Sal ®ma2a0l 2.
Packaging (MAP/vacuum) Packaging material, packaging [Pel I i sser
eqguipment 2020

Storage and logistics Temperature, duration of storagdPar k et a

The | evel of contaminatnifdnueinrc emme bty rtavein
prior to processing (fresh, chill ed, or fo
production environment. The useomef i ahawe avi
prescribed temperaturedreuytutiirregneatesas,n Ipea
mi crobi ol ogi cal |l oad (Park et al ., 2024; St

Contamination originating from slaughter
hands can facilitate the growth of spoilage bacteria, therelwadiag the quality of meat
components (Holman et al., 2018).

The natural microbiota of meat comprises a diverse range of spoilage microorganisms,
including Grarpositive and Grammegative bacteria, filamentous fungi, and yeasts
belonging to the gener&richospororandCandida(Lemos, 2024).

Meat and meat products are recognized as common sources of major foodborne
pathogens (Ali et al., 2022), including members offh&erobacteriaceatamily (Pellissery
et al., 2020). Significant quality deteriorationdaalterations in the physicochemical and
sensory properties of meat can result from putrefactive microorganisms present in raw
materials, such @seudomonaspp. androchothrix thermosphaci#@ellissery et al., 2020).
Proteolytic bacteria produce sulfatompounds, ammonia, and amines, which contribute to
putrid and unpleasant odors (Wang et al., 2023). Additionally, bacteria sBsk@domonas
spp. synthesize pigments that cause green, grey, or brown discoloration (Wang et al., 2023).

I n addi tpioard ,agreeatans be caused Ay metpoleasetne

Bacill us, Shewanalltoes,t r Adsamoenas as by | act
bel onging tWeitslkeeel ganerL,eeuconostoc,, Camdob:
Lactob@Re®itrliuzg018; Shao et al., 2021).
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Mi croorgani sms present in meat raw mater
the sausage during production (Salama and
a key factor in ensuricogktelesmucragkisol ®gir ¢ a
the core temperature of the product reaches
i nactivat ed;-f chromiervge r mi csrpmaregani s ms, such 3
Among CGlheat,ri di umtaesati nemagent of botulis
critical pat hogen (Devine et al , 2023) .
sausages can also contribute to product S
produced from wiatwh maahi gnatiemi tail &l mi cr obi al
heavily processed trimmings, and offal, e X
cooked sausages generally hadeyaahdgldey mo
(e. g. /s mckoeok,esdsekra d and fermented sausages)
a reduced shelf | ifeWa.dzkagarda and W-jci alk

Sausagehaas iiangpsa c t on overal/l guality of
casings (e.g., hogs) shreépar tainfdi biealf cadiesg $
and plastic) are used in production, but a
conditions and protection. Because natur al
the weilrdmi thobi ol ogical quality can be hig
protein, water, and often a fat | ayer, whic
gr owt h. I f natur al casings are hypytogoopenh
carry |l arge numbers of spoil age miPocroda ®rugan
an@l ost,riwlhiuasth can cause sausage spoilage d

When the microb@h8CFUOad eraedasc hteos si gni fi c
changes in the muscl e Meastsuex h(iNodiotyien geta ah
mi crobi ol ogi cal contaminati on by mesophi.l
mi croorgani sms, despite retaieni ngananr eaad ¢
technol ogi cal defects and a decline in the
202B8¢at raw materials with an appfO@fgmat e
exhibit all characteristic of spoilage, including greenipersistent offlavor, surface slime,
rancidity of fat (Cauchie et al., 2020; Shevchenko et al., 2020).

The total number of viable microorgani sms
mi crobi al |l oad of the rawnmagerinal y, ( @al ol
of microbial contamination in meat raw mat
a significant i mpact on the shelf | ife of t

A modern view ofctobkepr staaicstaigers f or

A review of publications in the Scopus
November 2024 ufiarcd ethd refné @itgdweonrtdisf i ed 691 pu
including 94 review articles, withhimenrder t ha
reflects the strong and growing interest of
in developing strategies to partially or
prodBicoprotection was inititarldly «peddinfeidc apa
food systems. However, in recent years, it
recognized as a key s-assabeggtdadr miaohobl o a
l'ife, and i mprovingsydftemyer Wit hishatbh-i $tfyr a
producing cultures and their met abolites
bi oprotective agents for application i n mec¢
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D [ g extended stor &ge sofa fcomp| pxopu otce
ortia of microorganismg$acdtlemunvas i muw
a broad spectrum of inhibitory ac
i dstbhrratresi @mai sl Yelsacti beda
al ., 2006). To identify
nec apt and reproduce the cor
mi cr 8 I food products wild occ
omi sing search for suitable strains
aracteristics are stildl satisfactory and
e@oc(ol in,Si 20625)mi croorgani sms responsi bl e
cessarily pathogeni c, recent research h
rategies, while the underlying principle
ived agents to inhibit undesi rBayblienhmibdrtadf
i croorganisms or bacterial groups responsi
i fe of food products and iMetwdsdov Eentifyingge st atk
specific spoilage organisms (SSO) were described by Gram et al. (1987).
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The bioprotection strategy i s comparabl e
pathogens but is applied to any m2@2bprghn
involves conducting mictreat olpogidauaaht sanaluygd
sausages, both at the beginning and at the

and ensure product safety and quality.
At the beglimninfeoftlsdnef ood ecosystem i
ntri

mi crofl ora that reflects both the i nsi
which it was produced. However, during sto
occur, yadVvVéeseling quality attributes such
|l eading to product spoilage (Cocolin, 2025)
shel f |l ife and representing differ eonnt mi c I
sel ective media (de Man, Rogosa and Sharpe
Heart I nfusion (BHI) agar for total mi cr of |
against spoilage consortia ithaappreathhpemad
identificatdoanocofatemoiniacgreoor gani sms and t
all owing their subsequent use aspriomdicé amtgo
bacteria by means of agar 2@@b) .di ffusion ac

A comparable strategy has been successful
stactlertrures in sliced cooked ham. I'n that
selected from 14

O isol at es abdassple cotnr utnh ea fr
h

mi croorganisms through bacteriocin product.i

Bi ol ogi cal protection mode of action

Bacteriocins are antimicrobial peptides
against ot hsemrs . miTchredar gparndducti on confers a
producer strains in shared ecosystems by ir
microfl or a. Not abl vy, bacterti oxians aamr dieapl
nar+ootwr esapdect rum anti microbi al activity, an

These properties make them promising candi 0
products and other perishable foods e(Ar bu
scientific interest i n bacteriocins as p
preservatives for use in food products.
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Particular attention is given to bacteri
mi croorganisms argeadlreatdthewideldyi athpbory |
Such <cultures can enhance the safety and
interactions with both the food matrix and
The mode ofl oggdtciadn hafr ddiess i s shown in Figu

Competition for
space & nutrients

Jameson effect
Food cultures

Production of

metabolites Quorum Sensing
Organic acids, Intercellular
peptides, and interaction
diacetyl

Fi gB8reMode ooff haicalioogni cal hurdl es

Adapted from Mgomi et al ., 2023

Currently, the concept of the microbi ome
environment, occupyihrag axtepgadcitfiicc prhiysh & owiht
encompasses hnot only the microorganisms pr
integrated ecosystem (Berg et al., 2020).

Scientific research on the roleiaddsapypl
has intensified in recent year s. Beyond t
increasingly focused on biotechnological pr
syst ems, aiming to i mprove technological S «

I n the context of mi crobi ome functioni ncg
interaction, increasing attention is being
potenti al t ool for i mproving f ood tshaaftet y
mi croorgani sms can establish compl ex rel a
interactions, thereby shaping popul ation ec
(Rai mondi et al ., 2019).

I't has beenlLARtaambleimpH @d mpledti buse strateg
enabling them to dominate specific ecosyst e
production of organic acids, hydrogen pero
referr éd |tlcerodafsacwanlrosnpaed i ti on for space an
(Rai mondi et al ., 2019).

Natural antimicrobial metabolites also include bacteriocipsptides whose production
provides the producing strains with a competitive advantage over other microorganisms
occupying tle same ecological niche (Smaoui et al., 2023). Lactic acid bacteria have
considerable potential for application in bioprotection technologies, and are naturally capable
of dominating the microbiota of many produc
In raw meat products stored at low temperatures under vacuum or in an atmosphere with
el evated CO |l evel s, lactic acid bacteria b
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to preservation of the raw mat elarpherlomendnr ough
is observed in ready-eat meat products when these bacteria partially survive heat treatment
or are reintroduced after processing (Cocolin, 2025).

In recent years, this strategy has been increasingly adopted in industrial production as an
additional hurdle for biological protection during food storage. Notably, Novonesis A/S
(Denmark) has reported substantial progress in utilizing starter cultures as a source of natural
microbial biopreservation. These commercial starter cultures are r@hy\vicorporated into
meat and other perishable products to enhance safety and extend shelf life without exclusive
reliance on preservatives.

Antimicrobial activity and classification

According to the classification proposed by Smaouglet(2023), bacteriocins are
categorized into three classes: Class | (lantibiotics), they arentecularweight peptides
(<5 kDa), thermostabl e, r e s Hranslaionally modifiegsy r ot e o
Class Il (nodantibiotics), theyare lowmolecularwe i ght peptides (<10 Kk
stable across a wide pH range, and not-passlationally modified; and Class Ill, comprising
high-molecularwe i ght pr oteins (>30 kDa) that are ¢t
that bacteriocins can be produced by both Grasitive and Grarmegative microorganisms
(Ageitos et al., 2017), as reflected in the classification proposed by Simons et al. (2020).

Class | l antibiotics compri se -sansktiodal bact e
modifications. A distinctive feature of this group is the presence of unusual amino acids,
including dehydrated residues, lanthionine, anthedhyllanthionine, which form ring
structures and confer structural stability and heat resistance.

Thisclass is typically associated with the inhibition of Graesitive bacteria, including
foodborne pathogens (He and Deber, 2024). It also encompasses lantibiotics such as lacticin,
cytolysin, and salivaricin, whose antimicrobial activity is linked to thehition of specific
enzymes that are essential for the survival of target bacteria.

Class Il bacteriocins, or ndantibiotics, do not contain unusual amino acids in their
structure (Yang et al., 2024), and ptranslational modification is limited toghformation of
disulfide bonds in only a few members (e.g., pediocirlPpediocin AcH). Similar to class |
bacteriocins, these peptides are thermostable and relatively small (<10 kDa). Their
antimicrobial activity is mainly exerted through destabilizatimd increased permeability of
bacterial membranes or via pore formation in the membrane (Marr et al., 2006; Pontes et al.,
2022). This group can be further divided into four subclasses. The first subclass comprises
bacteriocins with a linear structurealtlized by disulfide bonds and exhibiting broad
antilisterial activity; therefore, they are commonly referred to as antilisterial bacteriocins (e.g.,
leucocin A, acidocin A, pediocin RPA) (Batoni et al., 2011; Zasloff et al., 2002).

The second subclassrsists oftwep e pt i de ( U/ b) bacteriocins,
produced and are required for full antimicrobial activity (e.g., lactococcin G, lactococcin Q, and
plantaricin NC8) (Fontanot et al., 2020). The third subclass includes small bacseriocin
associated with a signal sequence and containing one or two cysteine residues in their structure;
these are referred to as cystibiotics and thiolbiotics, respectively. This subgroup comprises
several molecules, such as lactococcin A, divercin A, andci® (Marr et al., 2006). The
fourth subclass encompasses all remaining class Il bacteriocins that do not fall into any of the
aforementioned categories.

Unlike Class | and Class Il bacteriocins, Class Il bacteriocins are large peptides
( >3 0 k Dra genetally thermotabile and may or may not induce cell lysis (Beis et al.,

2019; Kapil et al., 2020). This class includes bacteriocins such as zoocin A, lysostaphin, and
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helveticins J and V (Kapil et al., 2020). Their antibacterial activity is primasgpciated with
enzymatic functions (e.g., endopeptidase activity) that lead to degradation of the bacterial cell
wall.

Class IV bacteriocins are distinguished by a structure incorporating lipid or carbohydrate
moieties (He and Deber, 2024), as exemplifiydplantaricin S (Kuma et al., 2018) and
leuconocin S, which disrupt bacterial cell membranes. This structural characteristic renders
these molecules susceptible to degradation by various enzymes, including glycolytic and
lipolytic enzymes.

The antimicrobial activity of bacteriocins is primarily associated with their ability to
disrupt the cell membrane of Gragpositive bacteria by forming pores, which trigger the
passive leakage of essential intracellular components and ultimately leadl tkeatb.
Biological protection in food products is mainly achieved either by adding starter cultures
(predominantly lactic acid bacteria) capable of producing bacteriocinsitin or by
incorporating purified bacteriocir{Stabnikov et al., 2025Bacterocins are effective against
foodborne pathogens as well as a wide range of spoilage microorganisms (Chen et al., 2020).
The overall classification scheme of bacteriocins produced by lactic acid bacteria and their main
characteristics (Smaoui et al., 2024 pr esented i n Figure 4. | r
(2010), approximately 1,000 autochthonous LAB strains isolated from artisanal fermented
products were examined, among which 98 bacteroeiducing cultures (around 10%) were
identified. The bacté@cins synthesized by these strains exhibited antimicrobial activity against
various spoilage microorganisms and inhibited the growth of pathogenic and opportunistic
bacteria, including Listeria monocytogenes Staphylococcus aureus Clostridium
tyrobutyricum andBrochothrix thermosphacta.

It has been demonstrated that bacteria belonging to the gkaetacoccusand
Enterococcusare effective against several microorganisms responsible for meat product
spoilage and are also capable of inhibiting pathogesdteria (Smaoui et al., 2024). This is
evidence that bacteriogjproducing strains are frequently present in competitive ecosystems,
such as fermented foods, where the ability to synthesize antimicrobial compounds confers an
ecological advantage and pra@®their dominance within the microbiota (Cocolin, 2025). The
classification scheme of bacteriocins produced by lactic acid bacteria, along with their main
characteristics, is shown in Figure 4.

In accordance with the regulatory status of food ingrediemtsoorganisms recognized
as safe for consumption (GRAS) by the U.S. FDA and granted Qualified Presumption of Safety
(QPS) status in Europe (EFSA, 2020) can be wseter specified conditions, but their
application must still comply with relevant foodets regulations and labelling requirements.
However, the incorporation of purified or partially purified bacteriocins is not yet fully
supported at the regulatory level, and their use depends on national authorities and intended
applications (Stabnikovd al., 2023; Verma et al., 2022). For instance, nisin (E234) is the best
known and most extensively studied bacteriocin and remains the only substance approved as a
food additivefor some type of products the European Union (European Commission, 2011).

Barcenilla et al. (2022) imnARsti batedr it o
in meat products to enhance safety, includi
active packaging.

However, manufacturers ftacc ei nepreawgii mgg tcehcat
processes and i mplementing biological met h
contribute to increased product safety and
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Low molecular weight (<5 kDa)
Heat stable
Resistant to proteolytic
Class I degradation
Ia: Lanthipeptides | Post-translationally modified
Ib: Head-to-tail cycled peptides

SJzthictics Ic: Linear azol(in)e-containing peptides
Id: Sactipeptides
Ie: Glycocins
If: Lasso peptides | Low molecular weight
(<10 kDa)
Heat and pH stable
Class 11 Not post-translationally

IIa: Pediocin-like bacteriocins

IIb: Two-peptide bacteriocins

Ile: Leaderless bacteriocins

1Id: Non-pediocin-like, single-peptide
bacteriocins

Non-lantibiotics

Large molecular weight (=30

Class III kDa)
Thermosencitive
I11a: Bacteriolysins
I1Ib: HeNon-lytic bacteriocins
Figure 4. Classification schembaofebaataendotchet
characteristics
Adapt edmdo wim et al ., 2024

Bacteriocin producti on by bacteriocinoi
manufacturing

I nterest in bi oprotection and |l actic a
bact ehiasciimsreased substantially in recent
on their detection and characterization (|
addressing the effective release of bacteri
l'imitation is |largely due to the difficult.y
matrix in which they reside, although this
bi oprotective component (Cocolin, 2025).
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Sever al cnocnoduinttieornesd eby  mi
influence bacteriocin synthe
mi crobi al competition, and t
effichagt eopfi @cu @i ng LAB stra S
demonstrate bacteriocin synt sis in food |
encoding the bacteriocin and orrelate thi
production by the protective culture durin

croorgani sms d
si s Factors s
he presence of
in (Todorov e
he
c

typically invol ves combining mol ecul ar [
transcriptomic analysis, with biocldmitdel é
bacteriocin in the food matri x.

For example, Urso et al. (2006) demonstrated that during sausage production with
Latilactibacillus sakeil151, the strain was capable of producing sakacin P. The approach
involved manufacturing sausages usingsakeill51 as a starter culture and collecting
samples at regular intervals throughout fermentation. A representative sample was subjected
to RNA extraction, followed by membrane transfer and hybridization ussekBgene
specific probe. Gene expressionvitro peaked after approximately 15 hours and persisted
until the end of the experiment, which lasted nearly five days.

This hypothesis was further supported by agar activity tests using the agar diffusion
method. Aliquots of fermented sausage homogemaeviously neutralized in physiological
solution, were distributed into wells of an agar layer inoculatedhistieria monocytogenes
Clear inhibition zones were observed around the wells on days 3, 7, and 14 of fermentation
(Cocolin, 2025). These rdssiconfirmed antimicrobial activity associated with the secretion
of sakacin P, which correlated perfectly with the expression ofs#k® gene. Further
evidence was provided by the sustained expression shftiggene, which remained active
even after 4 days of fermentation. This finding indicates the abilityatilactibacillus sakei
1151 to maintain bioprotective activity againisisteria monocytogenethroughout the
production process by utilizing a biological mechanism (Cocolin, 2025).

Gar-t 2 petzal (2023) demonstrated the feasibility of incorporating two
autochthonous bacterioeproducing strains during salami production. For comparison, a
control batch underwent spontaneous fermentation with the selected strains, while another
batch used aommercial starter culture. The results showed that inhibitiohisi€ria
monocytogenewas equally effective in salami produced with either the autochthonous
strains or the commercial starter. These findings underscore the ability of baBvéo
produ@ bacteriocins within real food matrices, such as cooked sausages.

Competition for nutrients

The synthesis of antimicrobial compounds is among the most extensively studied
mechanisms for inhibiting both pathogenic and spoilage microorganisms. Howeasrsde
the concentrations of these compounds may be insufficient to suppress certain species,
additional mechanisms are likely involved (Mgomi et al., 2023). One such mechanism is
nutrient competition: spoilage bacteria dn&B compete for available reso@s; often in
combination with the action of bioactive compounds. By efficiently utilizing nutrients and
limiting or completely depleting them in the environméenttic acid bacteriaan effectively
inhibit the growth of spoilage organisms (Siedler et24119).

However, the competitive exclusion of microorganisms in different food matrices
remains insufficiently studied, and its role within the overall bioprotective mechanism is still
unclear. It has been shown that three strainsofobacillus paracaseautilized metabolites
to varying degrees, revealing an inverse correlation between glucose and glutamine
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consumption and the inhibition of spoilage mold growth: more intensive nutrient utilization

by the bacteria was associated with reduced mold devetopme ( Honor ® et al .,
human body, competitive exclusion is descri
availability of iron and zinc in specific tissues suppresses the growth of pathogenic
microorganisms. Although this mechanism mataqply to lactic acid bacteria, competition

for other nutrients in nutrienich environments cannot be excluded (Gerwien et al., 2018).

The presence of oxygen in contact wi t h
guality by sti naunldatpirnogmontoilndg driopwtdh oxi dati o
(Marin et al ., 2021) . Mol ds and yeasts r ecf
sources for growth and reproduction. They
such as &edrevaugar sadncentrati ons, due to t
wal | s, whi ch ¢ ont aFornexample, yeasts bebomgohg tc thd demetao s e .

Candida SaccharomycesZygosaccharomyce®ichia, MeyerozymaMetschnikowia and
Wickerhamomyeeare capable of growing in products with high sugar concentrations and
low moisture content (1%0%) (Hu, 2016; Tarlak, 2023).

Molds responsible for food spoilage, including those affecting cooked sausages, are
generally strict aerobes (Walker et al.12D Therefore, limiting oxygen availability is an
effective strategy to inhibit their growth. However, certain molds, sucPesicillium
roqueforti Mucor plumbeusand somé&usariumspecies, can grow at oxygen concentrations
as low as 0.822%. In additim, molds are capable of utilizing oxygen present within the food
matrix itself, not solely from the surrounding atmosphere. Consequently, reducing
atmospheric oxygen in packaged foods should be combined with additional inhibitory
measures, such as the apglion of carbon dioxide or inert gases (Dangas et al., 2013).

The presence of 5% O in a modA figeed atm
Eurotium amstelodamP. chrysogenumandFusarium oxysporunAlternatively,anaerobic
conditions combined with G resulted in complete inhibit
Me mbr ®, 2013) .

Traditional met hods for preser-wye mme arbelaet
packaging, vacuum packaging, and modj fied
Pasi ebhnwil).., Red2u2ci ng resi dual oxygen in a mn
l i pid oxidation, inhibit undesirable micr o
guality (Niazmand and Yeganehzad, 200Q) . H
packaging is not feasible due to the | imit
Further mor e, oxygen can per meat e packagin
deterioration of pr oduTchte grueasliidtuyl |(iRfxcykgeer n veht
packaged cooked por k pr®.dbl 1 SvwWh,t ypi d aal |nyo dri
at mosphere packagld.h® f¥®¥middapetr oali mat2z20@92) .
rel ease oxygen after pac klaipomgy arienmiidruat he
headspace of modi fied atmosphere packages.

m

packaging aterial, improper sealing, or o0X
et al ., 2021) .
Studies conducted over tsedv etrmastmddoeadkdebda mh

undergoes col or changes under the combined
1988) . Even residual oxygen |l evel s as I o
photooxidation of nitrosomyoglgobnnt aedf or e
brown met myogl obin (Juncher et al., 2003; |

Chemi cal oxygen scavengers can be applie
packaging technologies employ oneaotoi omowoé
di valent iron powder, oxidation of ascorbic
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oxidation (e.g., gl ucose oxidase and al coh
l inolenic acid), or i mmdg Kiorid7 @ad i yaagdt Apni s
commercially avail able oxygen absorbers rel
and the usbsofboxggemterials is typically |
al ., 2024) The hmasen sdalsuatdiveamnms aagrees tolfeitr r e
the prolonged activation time required the
|l egislation in certain regions restricts o
Consequemdtliyyve aornt ecompl ementary strategies
in packaged product s. Such methods must <co
and quality while meeting the expectations
2025

The potential of microorganisms to reduce residual oxygen in MAP has been
demonstrated and described in patent WO 2007/057026 Al. The microbial oxygen
fabsorbero consists of microorganisms that
metabolic byproducts such as carbon dioxide or organic acids. According to this invention,
such microorganisms can be applied in packaged food products.

An example is theéactococcus lactistrain with a defect in the pyruvate dehydrogenase
and/or lactate dehydrogemasomplex, as detailed in patents EP 0937774 and EP 0928333.

This strain exhibits oxygen absorption due to a natural mutation that alters its metabolism,
resulting in the loss of lactate dehydrogenase activity and enabling active oxygen uptake
without lactc acid formation.

Company Novonesis has devel oped and comnm
capable of absorbing residual oxygen in the
This innovation enhances thetpreamr\ttadciud ra r d
eat meat products and prepared-vingdal ¢ ecihmaoll u

By employing diverse strategies to mini

product manufactur er s csaanf eetnyh aanncde stthheeh fmilcirf
products (Gupta, 2024).

Quorum Sensing: recent insights and evol

Quorum sensing (@elils cao mmaunti eraitalonc anlelc h
on the synthesis and mbeéteeatlieen kofowsnmalsl asit
system enabl es microorganisms to monitor pc
of genes that confer <collective benefits o
Suchr pul ated prhoods d eans dievell ogpenent |, produc:
sporul ation, and genetic transformation ( Mi

However, recent studies challenge the un
autoinducéerocdnaeretrsarongly influenced by
popul ation density estimates unreliable (\
proposes quorum sensing as a mechanism of
bacteriandwahhmangen about surrounding condi f
number s -G§Nerze neada al (2003) developed a the
can function as a distributed system for
commuinégs to integrate and di sseminate infor
formcwlfl ecti veThing edpprgeack explains why QS
resources (exoenzymes) but al soe icmedlilvirdeugaar
of the behavior of neighboring cells (Schus
the devel opment of collective sensing is f
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signal di ffusi on. Spmtia@dl ermraconmatads otnhetf d
clusters, thereby enhancing the efficiency
Conversely excessive diffusion or pronoun

adaptive s

i gni flilciamg emolfe Qbl, easbesdgma | ess
coordination

i S8weakened!l ( MorR2ORSd ) .
Bi ol ogical hurdles and color retention of

Studies investigating the microbiota of packaged meat products have revealed a
correlaton between microbial activity and color changes during storage. Li et al. (2019)
reported noticeable discoloration in vacupacked bacon after seven days of refrigerated
storage and identifieleuconosto@nd Lactobacillusas the dominant spoilagessociated
genera.

Peirson et al. (2003) reported visible greening in slices of Bolognha sausage, with the
degree of discoloration linked to the presencé/efssella viridescengerococcus viridans
and Carnobacterium viridansFurthermore, recent literature highlights that bregistant
sporeforming bacteria, particularlBacillus subtilis adversely affect the color stability of
vacuumpacked cooked sausages, posing a significant challenge to product quality during
storage (Garra et al., 2023).

The growing scientific interest in the bacterial ecosystem of meat products (Wu et al.,
2024) was stimulated by an unexpected observation: certain cooked hams retained their
characteristic color throughout their shelf life, even underditions of microbiological
spoilage (Wu et al., 2023). Remarkably, the color remained stable and unaffected by light
exposure, consistently exhibiting a pink hue. Pigment analysis revealed the simultaneous
presence of Zprotoporphyrin IX (ZnPP) and ndsomyoglobin. Notably, ZnPP formed
by the substitution of iron in the heme group with Zirtemonstrated exceptional resistance
to light and heat, distinguishing it from other known myoglobin derivatives (Wakamatsu,
2022).

Numerous studies have examintg mechanism of ZnPP formation in nitritee
hams, as evidence indicates that nitrite and nitrate inhibit its synthesis (Higuero et al., 2020).
Furthermore, Asaduzzaman et al. (2020) identified bacterial strains capable of promoting
high levels of ZnPkh minced meat homogenates, resulting in the preservation of a brighter
red color for up to 14 days. Even after th
cooked meat remained relatively stable, with residual ZnPP concentrations significantly
higher than those in uninoculated controls. Despite these findings, the biochemical pathway
underlying ZnPP formation remains incompletely understood. The potential involvement of
endogenous and bacterial ferrochelatases (FECH), along wittenmzgmatic rea@ns
influencing iron and zinc incorporation into the porphyrin ring, has yet to be fully elucidated
(Wakamatsu, 2022).

Therefore, Wu et al. (2024) proposed thr
noenzymat iZn PnPo deolr:ms t hveoeugbéaat pomghetswe en
protoporphyrin | X durimgogrooassiem@una®d i st
formation occurs via an enzymatic pathway
resulting from strugénoat Mmedi 6cbhat abaseof
catal yti c oandti inwidt yiem zyagadtitader mad emla:spoc il aged
mi croorgani sms exhibit el evated FECH acti

protoporphyrin | Xnduring ham deteriorati
The studies conducted by Wu et al. (2023
conditions and quality changes in cooked h
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pigment transformation associ atmed wiot motthd
elucidate the mechanisms |linking ZnPP f or ms
Mor eover, aspects related to |ipid a@m@d pro
mi crobi ot a, remain i nsuyf,fifcutenrtd yr eesxepd roahe ds
elucidating ZnPP formation in cooked meat |
that promote ZnPP syntdagiysmattndercopdeéedominis:a
the dominant rol ehefrmconborbanhi emstandnPP

Conclusi ons

Bi oprotection is key modern strategy tha
od. Harnessing mi crobi al competitio
osystems offers additional oppor
e of chemical preservatives or
S i al v ol
osetofel
mpetition is not a new approach in food t
oducts. | this context, bacteriocins, wh
an i mpo nt addiatti pmaolducd mpacmeryts t @fm twh
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t h
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w materi al resources, andthasThep
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oducin de range of compounds with &
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fective inhibition of undesirabl e microf
derstanding of the biological characteri s
oked saustaog eesl uicni deartdeert he mechani sms of &
mpounds. An i mportant aspect is also to
ti fungal activity that are not produced d
r ou h eol yoirs aadlfie malveerdt pr ot ei ns present in
There are sever al guestions remain that
effective use of mi croorgani sms as tools ¢
cooked meaduct s. I n particular, promi sing
met hods for identifying bacteriocinogenic
efficacy in specific food matrices and unde
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Abstract

Introduction. This study investigated three ultrasotass$isted
modes (ultrasound pretreatment, ultrasesimiultaneous treatmen
and ultrasound pogdteatment) to enhance cholesterol ester
inhibitory activity and functional properties of protein hydrolysa
obtained from whiteleg shrimprifopenaeus vannanjdieads.

Materials and methods.Whiteleg shrimp heads were hydrolys:
using alcalase to produce protein hydrolysates. For each ulichs
assisted mode, ultrasonic amplitude and processing time
optimized to obtain hydrolysates with the highest cholesterol est
inhibitory activity. The resulting hydrolysates were subseque
characterized in terms of degree of hydrolysis, -hattimal
inhibitory concentration (IC
technefunctional properties, including solubility, thermal stabilit
waterholding capacity, and etiolding capacity.

Results and discussion. The highest cholesterol estera
inhibitory activity of the hydrolysates was obtained at an ultras
amplitude of 60% and a treatment time of 25 min for both ultrasc
pretreatment and ultrasousdnultaneous treatment modes, wh
the same conditions (60% amplitude and 25 min) a&solted in the
greatest inhibitory activity for the ultrasound ptstatment mode
Under these conditions, the cholesterol esterase inhibition acti
of the ultrasound pretreatment, ultrasowiultaneous treatmen
and ultrasound podteatment hydvy | ys at es wer ¢
67.21N0.60%, and 64.67N0.71%
of 1.34, 1.16, and 1.1Zold compared with the unsonicate
hydrol ysate. The | C-treatedvhgdrolysats:
ranged from 0.68 to 0.78 mg/mLcmvere significantly higher thal
that of the reference drug si
a pH range of 138, all ultrasoundreated whiteleg shrimp hea
protein hydrolysates exhibited high solubility, exceeding 74%, €
after thermal treatméns a't 63 AC for 30
Regarding fluidholding capacity, all three ultrasouadsisted mode:
markedly enhanced eflolding capacity while reducing wate
holding capacity of the hydrolysates.

Conclusions These findings demonstrate thefiafcy of
ultrasound treatment in enhancing cholesterol esterase inhit
activity and other functional properties of whiteleg shrimp h
hydrolysate, suggesting its potential use as a natural supportive

DOI: for hypercholesterolemia management ané @geen emulsifier tc
10.24263/2304 improve food structure.
974X-202514-4-4
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Introduction

The Vietnam Association of Seafood Expor

shrimp exports reached approximately USD 4 billion in 2024, with whiteleg shrimp
accounting for nearly 70% of this total. During processing, shrimp heduwlsh constitute

35 45% of the total shrimp weight (Majura et al., 2028)d contain substantial protein
content (55.857.9% on a dry matter basis) are generated and typically considered waste.
Transforming agricultural and industrial wastes into usefodipcts contributes significantly

to economic growth while helping to reduce environmental pollution (Stabnikova et al.,
2023, B. Whiteleg shrimp head waste can be valorized to produce protein hydrolysates,
which exhibit diverse biological activities,dluding antioxidant and antimicrobial effects
(Rashidian et al., 2020 et al., 2019 and show potential as a source of antidiabetic
peptides (Xiang et al., 2021). In addition, these hydrolysates possess functional properties,
such as antifreezing andpperbinding capacity (Majura et al., 2023; Vo et al., 2020a).

To date, no studies have been published on cholesterol esterase inhibitory protein
hydrolysates derived from whiteleg shrimp hea@holesterol esterase liberates free
cholesterol from dietary cholesterol esters, accelerating cholesterol absorption. Excessive
cholesterol intake may induce excessive cholesterol accumulation in the plasma, increasing
the risk of heart diseagélnuaimi et al, 2023; Jafar et al., 2018Jherefore,inhibiting
cholesterol esterase offers a prospective approach to manage hypercholestetbsergiat
al. (2024)reported that compared to simvastatin (a synthetic drug), protein hydeslysat
present the advantages of minimal side effects and -effestiveness in
hypercholesterolemia management.

Bioactive peptides are generally inactive within their native protein sequences and can
be released through proteasstalysed hydrolysis, which mae enhanced by ultrasound
posttreatment (Mudgil et al., 2023). However, some intact proteins are resistant to enzymatic
hydrolysis because their tertiary and quaternary structures limit enzyme access to cleavage
sites (Rao et al., 2024). In such casgsasound, a green, ndhermal, and safe physical
processing technology, has been shown to effectively assist enzymatic protein hydrolysis
(Hong et al., 2022).

The application of ultrasound can generate mechanical effects (e.g., turbulence, shear
forces shock waves, and micjets), thermal effects, and chemical effects (such as
sonochemical reactions and sonolysis of water), leading to protein disruption and partial
denaturation, as well as enhanced mass transfer, thereby improving enzyme accéssibility
substrates (Santos et al., 2024; Wali et al., 2017). This technology has been successfully
applied to increase the cholesterol esterase inhibitory activity of protein hydrolysates derived
from soybean (Chen et al., 2024), rice bran (Fathi et al., 288d)millet (Rao et al., 2024).

This study investigated the effects of three ultraseassisted modes, ultrasound
pretreatment (UPr), ultrasowsimultaneous treatment (US), and ultrasound-restment
(UPo0), on the cholesterol esterase inhibitoryvatgtand functional properties of alcalase
derived protein hydrolysates from whiteleg shrimp heads. For each mode, the ultrasonic
amplitude and processing time were optimized to obtain hydrolysates with maximal
cholesterol esterase inhibition. The resigthydrolysates were further evaluated for their
degree of hydrolysis and functional properties, including solubility, thermal stability,-water
holding capacity, and etliolding capacity.
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Materials and methods
Materials

Whiteleg shrimp heads were obtained from the Vietham Food Company and transported
to the laboratory on dry ice. Upon arrival, the shrimp heads were washed and initially dried
at 90 AC for 20 min, foll owed bywadachietether dr
The dried heads were then ground, packed in sealed polyacrylamide bags, and stored at room
temperature. The proximate composition of the shrimp head powder was determined
following AOAC (2023) methods andd. 5c din Di. 5t%

protein, 10.5 N 0.15% lipid, 10.6% carbohyc
Al calaseEkE 2.5L preparation (2.5 Anson ur
55AC) was sourced from Novozymes. All reage

purchased from Sigmaldrich, Thermo Scientific Chemicals, and Merck.
Preparation of whiteleg shrimp head protein hydrolysates

Whiteleg shrimp head hydrolysates were prepared following the method of Vo et al.
(2025). Shrimp head powder was mixed withtitlesl water at a 1:6 (w/v) ratio, and the pH
of the mixture was adjusted to 7.5 wusing 1
added at anenzymtees ubst rate ratio of 30 U/ g proteir
55 AC for 4 htheAfriext thryelrwdsg shesated at 90 /A
enzyme, followed by centrifugation to collect the hydrolysate (supernatant). The resulting

hydrolysate was | yophilized and stored at 1
Ultrasound treatment

Ultrasonicatbn was conducted using a probe ultrasonicator (VA586nics, USA)
with a 19 mm diameter probe and a maximum power of 500 W. This device was operated at
a fixed frequency of 20 kHz. Amplitude was varied from 30% to 70% in 10% increments,
and ultrasonic the ranged from 10 to 30 min with anfin interval. A sampkeontaining
beaker was placed on ice during the sonication to maintain low temperature, and the
ultrasonicator probe was immersed in the sample at a depth of 2 cm. Three ultrasound
assisted modeseake applied in the alcalase hydrolysis: (1) pretreatment (UPr) (ultrasound
pretreatment), where the dispersion of whiteleg shrimp head powder in distilled water was
sonicated before hydrolysis (before adjusting its pH to 7.5); (2) simultaneous treat®ent (U
T ultrasonication was applied during hydrolysis (immediately after alcalase addition); and (3)
posttreatment (UPo) (ultrasound pdstatment), where ultrasonication was performed after
hydrolysis (for the gained Alcalase hydrolysate). The producedolygdtes were then
evaluated for their cholesterol esterase inhibitory activity. For each ultrasssisted mode,
ultrasonic amplitude and time were investigated to yield the hydrolysates with the highest
cholesterol esterase inhibitory activity.

Cholesterol esterase inhibition activity assay
The cholesterol esterase inhibitory activity of whiteleg shrimp head hydrolysates was
determined following the method of Alnuaimi et al. (2023) with slight modificatins.

sample including 0.25 mL protehydrolysate (1 mg/mL), 2 mL of sodium phosphate buffer
(100 mM, pH 7.2, containing 100 mM NaCl), 0.5 mL of 5 mMhigophenyl butyrate
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solution (substrate) and 0.5 mL of <chol est
37AC for 30 rméand05nmlofehe mikigeomastremmeasuktidhe protein
hydrolysate, substrate, and enzyme solutions were prepared in the sodium phosphate buffer
100 mM, pH 7.2, containing 100 mM NacCl. For the blank, control, and control blank samples,
the enzymesolution, protein hydrolysate, and both the components were replaced with the
sodium phosphate buffer, respectively.

The cholesterol esterase inhibitory activity (CEIA) of the hydrolysates was then
determined using the equation (1):

# %) b p f—? p T )

where A, B, C, and D are the absorbances of the control, control blank, sample, and blank,
respectively.

IC50 values of the protein hydrolysates and Simvastatin Stella 20 mg drug (standard)
were determined to evaluate their cholesterol esterase inhibitory activity.

Determination of degree of hydrolysis

The formaldehyde titration methadescribed bywo et al. (2025),was adapted to
measure degree of hydrolysis of whiteleg shrimp head hydrolysates. A mixture of protein
hydrolysate (5 mL) and distilled water (60 mL) was adjusted to pH 8.2 using 0.05 M NaOH.
Subsequently, 10 mL of 383% (v/v) formaldehyde solution waadded, and the resulting
solution was titrated with 0.05 M NaOH solution until its pH reached 9.2. A blank sample
(replacing the protein hydrolysate with distilled water) was processed identically. The degree
of hydrolysis (DH) of the protein hydrolysawascalculated using the equation (2):

where M (L) and \4 (L) depicts volume of 0.05 M NaOH solution used to titrate the

sample and the blank sample, respectively; A/{this the concentration of NaOH solution

used for the titration; M (g/ mol ) is nitro¢
protein hydrolysate gained from m (g) of whiteleg shrimp head powder, R/@®p is the

total nitrogen content of the whiteleg shrimp head powder; 5 (ml) is the volume of the protein
hydrolysate used in this assay.

Determination of solubility and heat stability

The solubility and thermal stability of whiteleg shrimp head hydiaties were assessed
following the method of Vo et al. (2025). Lyophilized hydrolysate powders watisselved
in distilled water at a concentration of 1
to 3, 4, 5, 6, 7, or @ solubslity determihatidn, th¢ Gdlution r 1
underwent a 30nin shake at ambient temperature, then centrifuged (3000 g, 15 min, room
temperature) to yield supernatants.

To assess heat stability, the sol uori on we
30 min or 93AC for 30 s .-walehbaty forvt@mirg centrifuged c o o |
(3000 g, 15 min, room temperature) to gain supernatants. The supernatants were then
evaluated for their soluble protein content using the Lowry method.

Heat stalbiity was expressed via solubility, which was calculated using the equation (3):

OO0PAOT ADA

'|pTET(EJETO ET OA@?A

S o Aael DROAET ATTOATO
311 OAET ERHT do1 orer 4
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Total protein content in the sample was the solydot#tein content of the solution
prepared by dissolving 100 mg of hydrolysate powder in 10 mL of 0.5 M NaOH solution at
room temperature.

Determination of oil-holding capacity and waterholding capacity

Procedures detailed in our previous study were eyedido estimate the ellolding
capacity (OHC) and watdrolding capacity (WHC) of whiteleg shrimp head hydrolysates
(Vo et al., 2025)

For the oitholding capacity assessment, a 50 mL centrifuge tube containing hydrolysate
powder (0.5 g) and vegetable (0 mL) was placedat 88 AC. The tube unde
30-s agitation cycles, with 10 min intervals between each cycle. After that, the tube was
centrifuged (3000 g, 15min, room temperature) and the supernatant volume was recorded.

The waterholding capady was determined by adding distilled water (20 mL) to
hydrolysate powder (0.5 g) in a 50 mL centrifuge tube. The tube was shaken for 30s, then
stood at ambient temperature for 6 h. After centrifugation (3000 g, 15min, room temperature),
the supernatant wgafiltered via a Whatman No. 1 filter paper before its volume was
measured.

The same protocol was performed for a blank sample (without the hydrolysate powder).
The oitholding capacity (OHC) and watbolding capacity (WHC) were calculated using
equatiors (4) and (5), respectively:

. VN o TN |- A
I (#i, JICEPOI OAE] EUAOI—’TTH—%AOA 4)
. U o TN < P
7(#1, xAOADOT OAET EUAO|$iu-§AOA (5)
where \4 (mL) and 4 (mL) are the volumes of the supernatant of the blank and sample,

respectively. Casein was used as a standard, and its OHC and WHC were determined
identically.

Data analysis

Triplicate experimental data were analysed using Microsoft Excel, and presented as
meari\standard deviation. Statistically significant differen@esre determined, using the
Tukeybs method with Statgraphics Centuri on

Results and discussion

Effect of ultrasonic amplitude on cholesterol esterase inhibition activity of the
whiteleg shrimp head hydrolysates

As shown in Figure 1, regardless of the ultraseassisted mode, increasing the
ultrasound amplitude enhanced the cholesterol esterase inhibitory activity of whiteleg shrimp
head hydrolysates, reaching a maximum at 60% amplitude before declining, whibk ca
attributed to optimal ultrasourdduced cavitation.
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Figure 1. Effect of ultrasonic amplitude on cholesterol esterase inhibitory activity (CEIA) of
hydrolysates prepared using iree ultrasound-assisted modes
Bars of the same color with differdetters indicate significant differences (p<0.05)

This cavitation created mechanical, thermal, and/or chemical effects, which might alter
the shrimp head proteins by unfolding their molecular structure, reducing their size, or
disrupting their norcovalat interactions (hydrogen bonding, Van der Waals forces, and
dipole attractions) (Fadimu et al., 2022; Hong et al., 2022). These changes ameliorated
peptide bond susceptibility to alcalase, thus improving the protein hydrolysis and heightening
the bioactiity of resulting hydrolysates. Additionally, sonication at 60% amplitude possibly
aided in unmasking hydrophobic amino acids at an appropriate level, which favoured
cholesterol esterase inhibitory activity (Chen et al., 2024; Zhang et al., 2024).

The rediced cholesterol esterase inhibitory activity observed at low ultrasonic
amplitudes (30, 40, and 50%) may be attributed to insufficient cavitation effects. Liu et al.
(2022) reported that the turbulent forces and microstreaming generated -bytdngity
ultrasonic cavitatiorcouldinduce peptide collisions and aggregation, thereby decreasing the
bioactivity of hydrolysates. Conversely, excessively high ultrasonic amplitudes may cause
overexposure of nepolar groups, enhancing hydrophobic interactions ayp@ptides and
leading to the formation of large peptide aggregates. Such aggregates may obstruct the active
sites of hydrolytic enzymes, limiting the release of bioactive sequences from native proteins
(Yan et al.,, 2024). Furthermore, Justino et al. (202#derscored peptide denaturation
induced by excessive heat and mechanical force during-dmgiitude ultrasound
application. Thus, the declined cholesterol esterase inhibitory activity of the hydrolysates at
an amplitude of 70% were observed (FigureQr findings are in line with the findings of
Hu and Li (2022), and Siewe et al. (2020), which indicated that there was an increase in
antioxidant activity of soy protein isolate and fishaljeo rohita head hydrolysate,
respectively, as ultrasourasmplitude augmented up to specific thresholds. Similarly, Chen
et al. (2024) observed a decline in cholesterol esterase inhibitory activity of soy protein
hydrolysate when it underwent ultrasonic processing at excessively high power. Therefore,
for furtherinvestigations, an amplitude of 60% was set for all ultrasound treatment modes.
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Effect of ultrasonic processing time on cholesterol esterase inhibition activity of
the whiteleg shrimp head hydrolysates

Ultrasonication applied for an appropriate duratiem enhance protein hydrolysis by
increasing the susceptibility of peptide bonds to enzymatic cleavage, thereby improving
enzyme accessibility to catalytic sites. Hong et al. (2022) similarly reported that optimal
ultrasound treatment refines protein pae$s and facilitates enzyiigubstrate complex
formation, leading to enhanced hydrolysis efficiency. Consequently, bioactive peptide
sequences are more effectively released into the resulting hydrolysates, thereby increasing
their biological activities. Hoever, excessive ultrasonication may promote the formation of
large peptide aggregates and reduce enzyme catalytic efficiency, ultimately diminishing
hydrolysis performance (Pacheco et al., 2023; Rao et al., 2024). Moreover, as highlighted by
Thongrattanati et al. (2023) and Bhetwal et al. (2024), prolonged exposure of protein
hydrolysates to ultrasound can induce protein reassembly and structural rearrangements that
mask peptide bonds and amino acid residues, thereby hindering enzymatic hydrolysis and
neantively affecting the bioactivities of the obtained hydrolysates.

In this study, within the investigated ultrasound processing times3QLlnin),
ultrasound pretreatment and ultrasowidultaneous treatment produced the highest
cholesterol esterase inhibiy activities of 77.781.46% and 67.290.60%, respectively, at
20 min (Figure 2).
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Figure 2. Effect of ultrasonic processing time on cholesterol esterase inhibitory activity (CEIA)

of hydrolysates prepared usingliree ultrasound-assisted modes
Bars ofthe same color with different letters indicate significant differences (p<0.05)

In contrast, the ultrasound pdstatment hydrolysate exhibited its maximum inhibitory
activity (60.12X0.43%) after 25 min of sonication. This is consistent with the resiRs.0
et al. (2024) which pointed out there was an increase in cholesterol esterase inhibitory
activity of millet protein hydrolysate as the sonication time increased from 5 to 15 min,
followed by a decline. BesideBathi et al. (2021)ndicated that the ultrasound time beyond
10 min diminished bothntioxidant and lipase inhibition activity of rice bran hydrolysate.
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Similarly, antiinflammatory and antil i abet i ¢ activities of ed

hydrolysates increased when ultrasound processing time ranging from 15 to 30 min and
decreased thereatfter, as highlightedlaypg and Koh (2023)Thus, for more experiments,

both ultrasound pretreatment and ultraseeimaultaneous treatment modes were performed
with a duration of 20 min, while ultrasound pastatment mode wasonducted for 25 min.

Hydrolysis degree and half inhibition concentration of cholesterol esterase
inhibition activity of the whiteleg shrimp head hydrolysates

A higher degree of hydrolysis corresponds to a greater release of free amino groups and
shortpeptides in the hydrolysate (Jafar et al., 2018). Meanwhile, lower IC50 denotes stronger
cholesterol esterase inhibition activity of inhibitors. As illustrated in Figurall3hree
ultrasoundassisted patterns promoted both the degree of hydrolysishatesterol esterase
inhibitory activity of hydrolysate, with ultrasound pretreatment type expressing the highest
effectiveness, followed by ultrasowsdnultaneous treatment and ultrasound {estment
models.
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Figure 3. Degree of hydrolysis (DHRand IC50 of cholesterol esterase inhibitory activity (CEIA)
of hydrolysates prepared usingliree ultrasound-assisted modes
Bars of the same color with different letters indicate significant differences (p<0.05)

Ultrasound pretreatment mode aided protéiydrolysis by preparing substrate
molecules for the hydrolytic enzymes, involved in conformational changes of protein
mol ecules and creation of micropores on t
susceptibility to hydrolytic enzymd®8ing et al., 2024; Hong et al., 202Nloreover, the
ultrasoundsimultaneous treatment may enlarge enzymatic cleavage sites, thereby enhancing
the acessibility of bulky substrate molecules. In addition, this mode improves mass transfer
within the reaction mixture by generating turbulence and microstreaming in the liquid phase
(Rao et al., 2024).

However, certain amino acid sequences generated dunjnigolysis may be
incompatible with the active sites of hydrolytic enzymes or may competitively occupy these
sites, thereby hindering the binding of more suitable substrate segments (Tang and Koh,
2023). Consequently, the degree of hydrolysis of the ulirassimultaneous treatment
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hydrolysate was 1.1bld lower than that of the ultrasound pretreatment sample, indicating

that ultrasound pretreatment was more effective than ultrassiondtaneous treatment in
enhancing alcalasmediated protein hydrolysi€onsistent with the findings of Indriani et

al. (2022) and Pacheco et al. (2023), ultrasound pretreatment was more effective than
ultrasoundsimultaneous treatment in enhancing the enzymatic hydrolysis of Asian bullfrog
skin and pumpkin seed proteins, pestively. In contrast, Yan et al. (2024) reported that
sheep hoof collagen hydrolysates produced using ultrassiomdtaneous treatment
exhibited a higher degree of hydrolysis than those obtained by ultrasound pretreatment. These
discrepancies may be @liuted to differences in protein sources and hydrolysis conditions.
With respect to cholesterol esterase inhibitory activity, the lower degree of hydrolysis
observed in the ultrasoursimultaneous treatment sample may explain its reduced inhibitory
activity, as evidenced by a 14901 d hi gher | C val ue comp:
pretreatment sample (Figure 3). This observation is consistent with the findings of Ashraf et
al. (2024), who reported that increasing the degree of hydrolysis enhanced #stechbl
esterase inhibitory activity of lentil and mung bean protein hydrolysates. Furthermore, Wang
et al. (2024) demonstrated that peptides with lower molecular weights exhibit superior
cholesterol esterase inhibitory activity.

On the other hand, the drease in cholesterol esterase inhibitory activity of the
ultrasound postreatment sample, compared to the uttirasonicated hydrolysate (Figure
3), might result from the cavitatienduced fragmentation of bioactive peptide aggregates
and modificationsn the peptide structure, thereby exposing additional binding sites for
cholesterol esterageiu et al., 2022) This ultrasoundissistednode may not affect peptide
chains, since there was a statistically insignificant change in the degree of hydrolysis of the
ultrasound postreatment sample compared to thequdnasonicated hydrolysate (Figure 3).

In addition, the ultrasound peseatnent type displayed the lowest cholesterol esterase
inhibitory activity among the three ultrasouassisted patterns, with its IC50 surpassing that
of the ultrasound pretreatment and ultrasesinaultaneous treatment modes by 1.15 and
1.05 times, respectile Similarly, Lopes et al. (2023yeported that the ultrasound
pretreatmenmode improved the antioxidant activity of common bean and lentil protein
hydrolysates more efficiently than the ultrasound {h@sttment type did.

All hydrolysates in this study demonstrated a mild cholesterol esterase inhibitory
activity with their IC50r angi ng from 0.68N0.02 to 0.8
significantly higher than that of simvastatir ug (| C50 of 0. 083KN0. 00
for managing blood cholesterol level. However, these IC50 values were comparable to those
of hydrolysates erived from date seed protdiklostafa et al., 20223nd camel skin gelatin
(Fawale et al., 2023and significantly lower than that Bfosa roxburghiseeddYin et al.,

2025) For that reason, it could be suggested that hyditelysaild be considered as a natural
potential cholesterdbwering agent.

3
1

Solubility of whiteleg shrimp head hydrolysates

Solubility is an effective indicator of assessing protein aggregation and denaturation.
This characteristic not only impacts other functional properties of protein but also
significantly influences sensory qualities of fortified fod@sopotova et al., 2024)n this
study, as illustrated in Figure 4, all three ultraseassisted modes improved the solubility
of the hydrolysate across thetebpH range of 3 to 8.
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Figure 4. Solubility of hydrolysates prepared using three ultrasounehssisted modes
Bars of the same color with different letters indicate significant differences (p<0.05)

This increment could be ascribed to acoustic cavitdtiduced unfolding of peptide
molecules and disruption of their nopvalent linkages, including hydrogen bonds,
electrostatic, and hydrophobic interactions. These changes enhanced the availability of
hydrophilic amino acid side chains for hydrating, thereby boosting the peptide solubility
(Saran et al., 2024rang et al., 2024)Similar observations were revealed®gutam et al.
(2025),who recorded the increase in solubility of shrimp shell and housefly larvae protein
hydrolysates produced using ultrasound pretreatment and ultrasimomitneous treatment
modes, respectively.

Within the tested pH range, among the three ultrasassistednodes, the ultrasound
simultaneous treatment pattern was the most effective type for elevating the shrimp head
hydrolysate solubility, with an increase of 1.09 to #@€s compared to the control (Figure
4). This might be attributed to the appropriatd 6f the ultrasoundimultaneous treatment
sample, which increased the number of hydrophilic groups, sufficiently forming hydrogen
bonds with water molecules, thus facilitating its solubi(Mo et al., 2022) Conversely,
lower degree of hydrolysis of the ultrasound giosatment sample indicated the presesfce
a high quantity of large peptides, which may inefficiently expose their ionisable amino and
carboxyl groups, mitigating their hydration and solubilitfo et al., 2022) Meanwhile,
decreased solubility of the higher DH hydrolysate (the ultrasound pretreatment sample) could
be associated with the excessive asyre of hydrophobic amino acids, which favored
hydrophobic interactions, leading to peptide aggregatiBarea et al., 2024)

Regarding the influence of pH on the solubility of hydrolysates, all samples
demonstrated their peak solubility at pH 8, exceeding 80% of solubility (Figure 4). As
reported byXu et al. (2021)alkaline conditions imparted a strong net negative charge to
peptides, foglring their interactions with the aqueous environment and thereby increasing
their solubility. Besidesyo et al. (2022andDhanabalan et al. (202@und that solubility
of hydrolysatedrom small shrimp Acetes japonicysand norpenaeid shrimp elevates at
alkaline pH.
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Overall, all hydrolysates in this study exhibited over 70% solubility across a wide pH
range from 3 to 8, highlighting their potential to be incorporated into various foo
formulations.

Heat stability of whiteleg shrimp head hydrolysates

Thermal treatment influences the functional characteristics of proteins due to their
intrinsic heat sensitivity. Heahduced denaturation alters protein structure, resulting in the
expasure of hydrophobic residues, which promotes prepedtein interactions and reduces
protein solubility(Vo et al., 2020b)In this study, within the tested pH range from 3 to 8, all
the hydrolysates remained greater than 70% solubility following heat treatmenfat 63f o r
30minor93A C f e (FiguBe®).
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Figure 5. Heat stability ((a) 63 AC for
of whiteleg shrimp head hydrolysategprepared using three ultrasoundassisted modes
Bars of the same color with different letters indicate significant differences (9<0.05
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The results indicated that three ultrasoasdisted modes strengthened the heat stability
of the hydrolysates under both thermal treatment conditions. It could be due to the fact that
acoustic cavitation might disrupt noncovalent interactions betweeridpeptolecules,
making their amino acid side chains available for water molecules to form hydrogen bonds,
thus impeding peptide aggregatiguo et al., 2024)

Water-holding capacity of whiteleg shrimp head hydrolysates
As seen in Figure 6, the ultrasound pretreatment, ultrassiumdtaneous treatment,

and ultrasound podteatment modes decreased the water holding capacity of whiteleg
shrimp head hydrolysates by 7.3, 2.5, and 1.3 times, respectively.
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Figure 6. Water-holding capacity (WHC) of whiteleg shrimp head hydrolysates prepared using
three ultrasound-assisted modes
Bars of the same color with different letters indicate significant differences (p<0.05)

As the degree of hydrolysis increased, the hydrolysstesme more flexiblegsulting
in lower waterholding capacitQoms et al., 2023)This inverse proportion relationship
between the degree of hydrolysis and WHC of protein hydrolysates was also published in our
previous study(Vo et al., 2022) Compared tocasein, all the ultrasonicatidgreated
hydrolysates dispiged significantly lower WHC, equivalent to 236.1% casei nbés WHC
(Figure 6).Ghalamara et al. (2024ndQoms et al. (2023)roposed that high solubility of
protein hydrolysates led to reduction of their watelding capacity, because their peptide
molecules were highly dispersed in the aqueous medium. The findings of our present study
was aligned with the study @hetwal et al. (2024 which indicated that the ultrasound
simultaneous treatment mode decreased the WHC of the hemp protein hydrolysate by 1.3
times compared to the control sample. In additidmngrattanatrai et al. (2028)jund that
the ultrasound pretreatment mode reduced the shalding capacity of eri silkworm pupa
hydrolysate from 0.33 to 0 ml watgrydrolysate powder. Howevé&awat and Saini (2023)
published that there was an increase in whatdding capacity of sunnhemp protein
hydrolysate prepared with the ultrasound pretreatment mode. This discrimination was
probably due to different protein sources, hydrolysis and ultrasound conditions.

b b HJkrainian Food Journal . 2025. Volume 14. Issue4db b b 649



t t tFood Technologyt t t

Oil-holding capacity of whiteleg shrimp head hydrolysates

Oil-holding capacity (OHC), which reflects the ability of peptides to interact with oil
molecules, plays an important role in maintaining the acceptability and quality of food products.
The retention of oil within the peptide matrix is primarily attributhteractions between the
hydrophaobic side chains of peptides and the hydrocarbon chains of the oil (Saran et al., 2024).
Ultrasound boosts the OHC of protein hydrolysates, owing to its cavitation effects that aids in
exposing hydrophobic groups of tbemponent peptides, as revealedhyan et al. (2024A
22% increase in OHC of eri silkworm pupa protein hydrolysate was observed by
Thongrattanatrai et al. (2023, hen applying ultrasound pretreatment mode. Similarly, as
recorded byBhetval et al. (2024)and Saran et al. (2024 ultrasound pretreatment mode
improved OHCs of hydrolysates derived from hemp seeds andraicedip 1.5 and 1.2 times
compared to that of neutrasonic treated samples, respectively. Furthernitirgy et al.

(2024), reported that ultrasound pdstatment mode significantly ameliorated the OHC of

mung bean protein hydrolysate. The findings ofshisly are consistent with the above results.

The OHC of whiteleg shrimp head hydrolysat
2.13N0.17, and 3.18N0.19 ml oil/g hydrolys
ultrasounesimultaneous treatment, amdtrasound postreatment patterns were employed,
respectively (Figure 7). Compared to casein, the ultrasound pretreatment, ultrasound
simultaneous treatment, and ultrasound {resttment samples demonstrated superior OHC,
surpassing by 1.2, 1.5, and 2iides, respectively (Figure 7). Accordingly, whiteleg shrimp

head hydrolysates could be utilized to retard phase separation as well as improve palatability
and taste retention of some fortified food products.
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Figure 7. Oil holding capacity (OHC) of whieleg shrimp head hydrolysates prepared usingitee
ultrasound-assisted modes
Bars of the same color with different letters indicate significant differences (p<0.05)

Conclusions

This study is the first to systematically investigate the effects of distiect ultrasound
assisted modeis ultrasound pretreatment, ultrasotsichultaneous treatment, and ultrasound
posttreatmeni on cholesterol esterase inhibitory activity and functional properties of protein
hydrolysates derived from whiteleg shrimpitépenaeus vannameiheads. All three
ultrasouneassisted modes significantly enhanced inhibitory activity, solubility, thermal
stability, and oHlholding capacity of the hydrolysates, while concomitantly reducing their
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waterholding capacity. These findinggrovide preliminary evidence supporting further
research into ultrasousidduced modifications of protein structure, process agal@nd the
potential clinical application of whiteleg shrimp head protein hydrolysates as functional
ingredients for dietgrmanagement or supportive treatment of hypercholesterolemia.
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Introduction. This study aimed to evaluate the antioxidant effe
of plant ingredients on the stability and properties of Hfiaghmilk-
based mixtures during storage.

Materials and methods. The functional and technologice
properties of cocoa and sesame fibre in a lipid medium, as well ¢
qguality indicators of the res
and (202 ) C wére assessed using standard analyticahodst These
included determination of the fablding capacity and swelling degre
of cocoa and sesame fibre, as well as measurement of peroxide ai
values of the dairy lipid base with and without added plant antioxic
over 16 days of storage

Resuts and discussion.According to the obtained results, tl
highest fatholding capacity and swelling capacity in cream with a 1
fat content were recorded f ol
2.8N0.1 g/g, respecti velvglues for
sesame fibre were 1B.1 g/g and 1.80.1 g/g. These differences m
be attributed to the higher content of insoluble dietary fibre
phenolic compounds in cocoa fibre, which enhance its interaction
the lipid phase.

The effect of cocoa ahsesame fibre on the spoilage rate of
Il ipid dairy mixture during st
control sample, the peroxide value doubled by the 16th day of st
compared with the initial level. In samples containing cocoa or set
fibre, an antioxidant effect was observed; by the end of the stc
period, the peroxide value was 1-fotd and 1.12fold lower,
respectively, than that of the control.

The influence of the antioxidant dihydroquercetin on change
peroxide and acid vaés of the lipid dairy base containing cocoa
sesame fibre during 16 d&ys A@
also evaluated. In the control sample, the lipid dairy base supplem
with 0.03% dihydroquercetin exhibited an increase in peroxideev
from 0.94 mmol | O/kg on day
indicating a slow accumulation of primary oxidation products.
experimental samples containing plant ingredients, a slightly lowel
of peroxide value increase was obserWih increasng storage time
the acid value of the lipighlant mixtures gradually increased, with t|
most pronounced increase occurring in the control sample.

Conclusions. The incorporation of cocoa or sesame fibre
combination with dihydroquercetin into dairy lipid base mixtu
reduces oxidative and hydrolytic deterioration of the lipid fract
during storage.
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Introduction

A wide range of natural and synthetic antioxidants is currently available (Singh et al.,
2025; Yildiz et al., 2025). Antioxidants are of particular importance in the modern dairy
industry, where consumers increasingly demand products with extended shelf life and
minimal use of artificial additives (Gubsky et al., 2025). The application dfteféenatural
antioxidants or plantlerived ingredients with antioxidant activity not only enhances product
quality but also aligns with market expectations regarding safety and environmental
sustainability (Stabnikova et al., 2024).

As reported by AlvarastMartinez et al. (2020), concerns regarding the potential
toxicity of synthetic antioxidants have intensified interest in natural alternatives. Numerous
studies confirm that natural antioxidants generally lack carcinogenic and mutagenic
properties, makinghem a safer and more promising option compared with synthetic
compounds.

In dairy processing, natural antioxidants are widely used to inhibit lipid oxidation,
thereby preserving sensory attributes, extending shelf life, and protecting nutritional value
(Abd EI-Aziz, 2023; Stobiecka et al., 2022). Enhancement of the endogenous antioxidant
system of dairy products, particularly lipishsed matrices, can be achieved through the
incorporation of phytochemical compounds such as vitamins C and E, polypherbls, a
carotenoids (Chri stMakit 2entezalet, a202 1;20Mel;, ®nM

Numerous studies have shown that certain natural components, including plants and
their processed products, can stabilize fats against oxidation while also ieghibit
antimicrobial activity (Abd ElAziz et al., 2023; Santos et al., 2023). The prevention of
oxidative and microbiological spoilage in fadntaining products is achieved through the
application of various technological approaches (Stobiecka et al.,.2022)

The modern food industry requires the identification of natural components capable of
extending shelf life and improving the quality of hifgtt dairy products. Among promising
natural sources of antioxidants with additional antimicrobial propertieplantderived
ingredients, particularly cocoa fibre and sesame fibre.

Cocoa fibre is free of preservatives and consists of cocoa shell and cocoa nibs ground
during the production of cocoa butter or cocoa powder, in aati@lized form. It contains
61 7 times more antioxidants and magnesium than most other plant products, while being low
in fat. In addition to their functional properties, dietary fibres possess specific technological
characteristics, enabling the production of foods with moderately vigemtiges. Cocoa
fibre is particularly rich in phenolic compounds, including flavanols, procyanidins,
chlorogenic acids, and al kaloids (S8nchez
regarded as a carbohydrigteotein complex that not only provideslwable nutrients but
also exhibits antioxidant activity (Anoraga et al., 2024).

Sesame fiber is a natural product and a source of dietary fiber, -naom
macronutrients, mon@nd polyunsaturated fatty acids (Chen et al., 2023). Sesame fiber is a
valuabk source of natural antioxidants that effectively protect biomolecules from the action
of reactive oxygen species and free radicals. The main antioxidant components are phenolic
compounds, namely sesamol, sesamin, and sesamolin, which belong to théldass®
inherent to the seeds 8esamum indicum. These substances are capable of binding free
radicals, inhibiting chain reactions of lipid peroxidation, and stabilizing cell membranes (Lee
et al., 2021). Due to the presence of hydroxyl and methoaylpg, these compounds exhibit
high electrordonor capacity, forming stable radical structures that enhance the antioxidant
effect. The antioxidant action of sesame fi
adsorption of oxidation products astiemical neutralization of free radicals (Park et al.,
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2024). Thus, sesame fiber is a promising functional ingredient for improving the oxidative
stability of fatcontaining food products.

In the food industry, antioxidants with proven efficacy and seitlied effects on
various fat bases, including dairy, are widely used. Dihydroquercetin (DHQ), also known as
taxifolin (2,3dihydro-3,5, #trihydroxy-2-(3,4-dihydroxypheny4H-1-benzopyrard),
belongs to the class of bioflavonoids and exhibits a broad rainigielogical, antioxidant,
and vitaminlike activities (Patil et al., 2025). DHQ contains five active hydroxyl groups in
its structure and is considered aviRamin compound, acting as a catalyst in numerous
biochemical processes. Its antioxidant andlieay-protective effects are reported to &3
times greater than those of commonly used preparations (Unver et al, 2024).
Dihydroquercetin is a plant extract obtained from the roots of larclisdodnd in Chinese
yew. The substance is a flavonoid amdepresentative of the-\ltamin group, typically
available as a fine white to liglyellow powder (ElHadad et al., 2020; Muramatsu et al.,
2020).

A technology for producing functional soybean yogurt containing blueberries,
stevioside, and dihydroguetzeis known. It has been established that dihydroquercetin
exhibits the highest antioxidant activity compared to other antioxidants{ilglpoko et al.,

2025).

In addition to the effectiveness of the abaowentioned antioxidants, there are
technologicathallenges associated with the use of plant polyphenols in food systems, related
to their low solubility in the medium, chemical lability, tendency to polymerization, and loss
of biological activity. Furthermore, the ability of plant polyphenols to retaéir properties
in complex food systems with increased fat content, as well as their impact on technological
processes in dairy production, is insufficiently studied. In particular, literature sources
contain studies indicating that some polyphenols apalae of inhibiting the development
of starter culture microorganisms (Yang et al., 2023). Considering the aforementioned, it is
relevant to study the antioxidant effect of plant ingredients on the dynamics of spoilage of
milk-based mixtures with increabéat content during storage. A promising solution to this
task may be the use of cocoa and sesame fiber in combination with the antioxidant
dihydroquercetin as functional food components of the mixtures.

Materials and methods
Materials

The basis fothe preparation of experimental samples of lipid milk base mixtures was
cream pasteurized at a temper a20s momogenized( 8 5N 2
at a pressure of 105 MPa, which had a liquid, homogeneous consistency without fat lumps
or protein flakes; a slightly sweet, clean taste, free from foreign flavors and odors not
characteristic of fresh cream, and the following physicochemical indicators: mass fraction of
fat 15%, proteii 2. 9 N1 %, c airdh &2Hyod r3&4, e smi n eg): sotliums u b st a |
40, potassiuni 124, calciumi 90, magnesiurii 10, phosphorus 83, ironi 0.1, caroten&

0.03, vitamins (mg): A 0.06,B2i 0.1, PR 02,Ci0. 5, titratable acidi
1010 kg/m.

Cocoa fiber or sesame fiber was added tdipicemilk basefor 3 . 0 % a ratione
established by previous physicochemical and organoleptic studies. Mixing was carried out at
a temperature of 45 Aw followed Ay @EGseélkue
2025).
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To determine the skdife, samples of the lipid milk base with cocoa or sesame fiber
and the natural antioxidant dihydroquercetin were produced. Samples without the addition of
plant ingredients, as well as samples with and without the antioxidant, were used as reference
(control). According to the manufacturer's recommendations, the amount of dihydroquercetin
added to the lipid milk base was 0.03% of the fat mass. Dihydroquercetin was dissolved in
cream, after which the resulting solution was added to the container bagveenzation.

Cocoa fiber has the following chemical compositiéf fat i 2.5, proteini 17.0,
carbohydrates 0.7, and salt 0.1. The main mass consists of 72.0% fiber, including 61.0%
insoluble and 11.0% soluble dietary fiber. According to consunaacteristics, the product
is a brown powder with a homogeneous structure and an intense chocolate taste and aroma,
without foreign flavors (Rojo Poveda et al

Sesame fiber (fiRichoilo, Ukr ai nfeprotema s t h
T 48.9, carbohydrateis29.1, fati 11.2, dietary fibeil 7.8, moisturé not more than 8.

Dihydroquercetin (Bioflavid LLC) was dissolved in distilled water, after which the
resulting solution was added to the container before pasteurization.

Methods

Standardized and validated methods for analyzing technological properties and quality
indicators were applied during the research process, ensuring the reliability of the obtained
results and achievement of the stated objective.

Technological properties ¢ cocoa and sesame fiber

The fatbinding capacityof cocoa or sesame fiber mixed with cream with 15% fat
content was determined using the centrifuga
et al., 2024).

The swelling capacitpf cocoa or sesamebfr was determined by the gravimetric
method, which involves determining the change in mass after immersion in cream with 15%
fat content for the corresponding time (Grek et al., 2022). Quantitatively, this indicator is
characterized by the swelling degi@&g, which reflects the relative increase in the mass of
the system. The study was carried out at a

Indicators characterizing oxidation of lipid milk base mixtures with cocoa or
sesame fiber and antioxidant

The peroxide valyenhich characterizes the amount of peroxides and hydroperoxides,
was determined by the iodometric method. The principle of the method consists in the release
of iodine from potassium iodide under the influence of peroxide compounds of fat. The
peroxidevalue s expressed in millimoles of | oxyge
2025).
The acid valuavas determined by titration. This indicator reflects the concentration of
free fatty acids in 1 g of fat and is measured as the volume of 0.1 N KOH sokdjigred
for complete neutralization. To calculate the final value of the acid value, the volume of 0.1
N alkali solution used for titration of milk fat was multiplied by a factor of 2 (Pashaei, 2025).

Statistical Analysis

Data were expressed as mddiandard deviations for triplicate determination.
Statistical analysis was performed using Microsoft Excel 2007.
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Results and discussion

Technological properties of cocoa and sesame fiber

At the first stage, the fdiinding capacity and the swelling deg of sesame and cocoa
fiber in cream with 15% fat determibedTheresalts a t e
of the research are presented in Table 1.

Table 1
Characteristics of cocoaand sesamdibers
Parameters Type of fiber
Cacao Sesame
Fatbinding capacity of fiber, g/g 3.5N0. | 2. 8NO. 1
Swelling degree, g/g 1. 9NO. 1. 1N0. 1

According to the values presented in Table 1, the highebirfding capacity in cream
with a mass fraction of fat of 15% was recorded for cocoa fibri&0315g/g. At the same
time, this sample is characterized by an increased swelling degi®el1gdy. The obtained
effect is due to the specific chemical composition of cocoa fibre and is consistent with the
data provided by other researchers for similar systemigdBeOspina et al., 2021). For
comparison, the fabinding capacity of sesame fibre is lower by g/g, and the swelling
degree is lower by 0.1 g/g, respectively. In cream with 15% fat content, cocoa fibre better
retains fat and stabilizes the elsion. This is explained by the presence of surtmtve
compounds (polyphenols and residues of cocoa butter), which promote the formation of a
stablwters bbbt d phasedo system (Merachl et al
The swelling kinetics of sesame and cocoaefilvere studied at a temperature ok20
AC in cream with 15%Figuet). content for 60 mir

5

2
c
- g
5 3 ¢ 1 il il B
Q2
@
8 2 SN BSN EEN B8N ENN BS
(@]
£
T
0' — — — — — — — — —
0 4 5 10 15 22 30 40 50 60
Swelling duration, min
O Cocoa fiber mSesame fiber
Figure. 1. Swelling kinetics of sesame and cocoa fibreat®® AC i n cream with 159
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According to the research results (Figure 1), the most intensive swelling of all fibre
types occurs within the first 15 minutéfer cocoa fibre, and 30 minutes for sesame Jibre
The maximum swelling coefficient in cream reaches M01OR units for cocodibre and
3.8N0.01 units for sesame fibre, respectively. The rational swelling duration for all types of
fibre ranges from 15 to 30 minutes. An increase in the contact time with cream to 60 minutes
leads to a slowdown in the swelling dynamBscausef the volume increase of fibre during
swelling in the spatial network, tension likely arises, which leads to the cessation of swelling
(Van de Velde et al., 2024).

Temperature significantly affects the intensity and degree of swelling of plant
ingredients invarious technological media. The influence of temperature on the swelling
degree of cocoa and sesame fibres in cream with a fat mass fraction ranging from 10% to
20% was specifiedThe highest swelling coefficients were observe(&hb ) , rAaChing
5.41N0.1 unitsfor cocoa fiber andt.10\ND.1 unitsfor sesame fiber, respectivelyhis is
consistent with the findings of Grek et al. (2025).

Changes in milk fat quality during storage were monitored by measuring the amount of
hydrolysis and oxidation productThese compounds do not immediately deteriorate
organoleptic properties; however, they indicate significant degradation of the studied
samples. Thus, measuring peroxide accumulation in the lipid milk base with fibore makes it
possible to predict oxidatiostability before consumer characteristics deteriorate.

Effect of cocoa and sesame fiber on changes in the peroxide value of milk lipid
based mixtures

An assessment of the influence of cocoa and sesame fibre on the spoilage rate of lipid
milk basemixtures was conducted. The experimental samples were stored at a temperature
of (4\2 ) TAeeffect of plant ingredients on the peroxide value ofilipitk base mixtures
during storage g#N\2 ) isfsi@dwn in Figure 2.

2.3

N
H

=
©

=
~
\

=
(63}
H
\
\

=
w
\
\
\
\

=
H
1
\
\
\
\

Peroxide value, mmol 1/2 O/kg

o
©
1

o
\l

1 4 7 10 13 16

Storage duration, days
OLipid dairy base (control)
m Mixture of lipid dairy base with sesame fiber
@ Mixture of lipid dairy base with cocoa fiber

Figure 2. Influence of cocoa and sesame fibre on peroxide valueligid i milk base mixtures
during storageat (A2 ) AC
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According to the research results, the peroxide value in the control sample increased
continuously throughout the storage period, doubling byl @tle day compared to its initial
level. The sample with cocoa fibre demonstrates a noticeable antioxidant effect. By the end
of the storage period, its peroxide value was 1.05 times lower than the control, confirming
the antioxidant effect. This resultditates moderate effectiveness in inhibiting primary
oxidation. These observations are consistent with the findings of Soares and Oliveira (2022)
and Ben2tez et al. ( 2 0-pr8ducts, duehta tieeln high fibcevaredd  t h
polyphenol contentslow down oxidative processes in lipid systems.

The lipid milk base sample with sesame fibre had a peroxide value 1.12 times lower
than the control sample and 1.07 times lower than the sample with cocoa fibre by the end of
the storage period. The higtertioxidant activity of sesame fibre (the peroxide value on day
16 is) is explained by several factors. It contains a significant amount of phenolic compounds
such as sesamol, sesamin, and sesamolin, which have high antiradical activity and can
stabilize fee radicals formed during lipid oxidation (Abbas et al., 2022; Morsy et al., 2022).
The structural features of sesame fibre, particularly the presence of hydrophilic and
hydrophobic fractions, allow it to interact effectively with the lipid phase, progidibcal
inhibition of oxidation processeSimilar results were reported by Morsy et al. (2022), where
sesame extracts and-pyoducts effectively reduced primary oxidation indicators in lipid
systemsThus, comparison with literature data confirms thathlfibres (cocoa and sesame)
exhibit antioxidant activity; however, sesame fibre demonstrates a higher ability to inhibit
lipid oxidation due to a combination of high phenolic content, the ability to chelate catalytic
metal ions, and effective interactiaith the lipid matrix.

The obtained results indicate that the antioxidant potential of plant ingredients is
limited, which necessitates the introduction of more effective antioxidants into lipid milk
base mixtures with fibre to prevent oxidative processesg storage.

Effect of dihydroquercetin on changes in the peroxide value of milk lipiebased
mixtures with cocoa or sesame fiber during storage

At the next stage, the effect of the antioxidant dihydroquercetin, at the manufacturer
recommended conceation, on the spoilage rate of the lipid milk base enriched with cocoa
or sesame fibre wagudied The experimental samples were stored 2% AC f or 16
The results of the study are presented in Figure 3.

By the end of storage, the peroxiddues of the lipid milk base mixtures containing
plant ingredients and dihydroquercetin (DHQ) slightly decreased compared to the values on
the 13th day, likely due to the transformation of primary oxidation products into secondary
ones (Li et al., 2025During this period, the difference between the peroxide values of the
control and experimental samples ranged from 0.4% to 1.8%, indicating a slowdown in
oxidation processes in the presence of plant components (Oboulbiga et al., 2023; Yin et al.,
2024). Tke more pronounced antioxidant effect of the sample with sesame fibre is explained
by the presence of specific lignasisch asesamol, sesamin, and sesamolin whi ch hav
high thermal stability and effectively inhibit both the initiation and propagatfolipial
oxidation chain reactions (Oboulbiga et al., 2023; Yin et al., 2024).

Temperature is a key factor influencing the shelf life of lipid milk bases (Khan et al.,
2020; Yan et al., 2025). Higher temperatures accelerate oxidative and hydrolytic sgiaction
milk fat products, while lower temperatures slow these processes. Therefore, it is important
to study the oxidation kinetics of lipid milk base mixtures under-axidation conditions,
particularly at elevated storage temperatures. To evaluatef¢iot @f dihydroguercetin on
the quality of lipid milk base mixtures with different types of fibre, samples were stored in a
thermostatat28 AC for 16 days.

Theeffectof the antioxidant dihydroquercetin on the change in peroxide value of lipid
milk basemixtures with plant ingredients during storageaN2) AC i s present e
4.
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Figure 3. Influence of the antioxidant dihydroquercetin on peroxide value of lipid milk base
mixtures with cocoa or sesame fibreluring storage at (N2 ) AC
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The obtained data indicate that a significant increase in the peroxide value of mixtures
of the lipid dairy base witiplant ingredients and DHA, which occurs at a temperature of
202) AC, is consistent with the findings of
that elevated temperatures significantly accelerate milk fat oxidation, while Yan et al. (2025)
showed that substantial oxidati@mould occur even at moderate temperatures, as early as the
6th day of storage. Data on dry dairy products and pasteurized milk indicate a clear
correlation between the accumulation of lipid oxidation products and the ddteriooé
sensory properties (Ajmal et al., 2018; Clarke et al., 2020). For example, after seven days of
storage, the peroxide value of the control lipid dairy base with DHA increased sevenfold,
whereas mixtures containing an antioxidant and plant ingrediecteased slightly less, by
6.8 times for cocoa fibre and 6.7 times for sesame fibre. This effect is likely due to the
phenolic compounds in cocoa and sesame fibres, which can neutralize free radicals and slow
primary | ipid oxi danlikeacocoapdyphgrelk, wieose aibxidgnt 2 0 2
activity partially decreases during prolonged contact with oxygen and at elevated
temperatures, sesame lignans are characterized by thermal stability and lipophilicity, which
ensures their better integratiortdrthe fat phase and enhances the efficiency of peroxide
formation inhibition (Oboulbiga et al., 2023). Modern studies confirm these mechanisms. In
particular, experimental work has shown that sesamol and other lignans improve the
oxidative stability of fi&y matrices and reduce the formation of volatile oxidation products
during heat treatment and storage (Cheng et al., 2024). These observations correspond to the
results of studies by Morsy et al. (2022) and Oboulbiga et al. (2023), which additionally
repat high overall antioxidant activity of sesame-fmoducts and the stability of these
compounds in fat systems.

According to the findings by Tugek et al
fibre demonstrate high antioxidant activity in aqueousendlsion systems; however, their
effectiveness in purely lipophilic environments may decrease under the influence of oxygen
and elevated temperatures due to oxidative degradation and the loss of conjugated structures.
At the same time, studies of cocoa éilindicate their potential as a source of bioactives, but
the effectiveness of these components in fatty matrices depends on the extraction method,
the polarity of fractions, and application conditions (Braojos et al., 2024). Thus, the highest
antioxidantactivity during storage of mixtures of the lipid dairy base at a temperature of
(20NR2) AC is exhibited by the sample with
samples, on the 10th day of storage.icht he pe
is the maximum permissible level for ensuring storage duration according to the literature
(Grek et al., 2021; Ustymenko et al., 2023). The studies showed that all antioxidants of
various origins slowed down the oxidation processes in the lipid bagg.

Effect of dihydroquercetin on the acid value of milk lipid-based mixtures with
fiber during storage

During storage, in addition to oxidation products, the content of free fatty acids in the
lipid dairy base also increasékhe influence of the antioxidant dihydroquercetin on the acid
value of mixtures of the lipid dairy base with different types of fibre during storagef&)(20
AC is shown inRFi dCGren5Figndeat6. (4
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According to the results presented in Figure 5, the change in the acid value of the lipid
dairy base after 4 days of storage at\®Q AC was insignificant.
storage duration of the mixturestbe lipid dairy base, the acid value gradually increased,
and the increase was most intensive in the control.

The increase in acid value on the 10th day of storage 8 (0 AC was noti ce
for the lipid dairy base with the antioxidant dihydroquetin (6.4fold), whereas for the
mixture of the lipid dairy base with cocoa fibre and DHA the amount of free fatty acids
increased36 ol d, and for the mixt urfeld Afterthdayse s a me
of storage, a significant increase in #ed value was recorded in the samples of the lipid
dairy base with DHA' 8.8fold, and in samples with added cocoa fibre and sesamé fibre
6.2-fold and 4.8fold, respectively. As for the samples of mixtures of the lipid dairy base
stored at (AR ) A C 6),(aFsimijar trend toward increasing acid value is observed,
comparable to mixtures stored atf20) A C.

Based on the results of the conducted studies, the developed mixtures of the lipid dairy
base with cocoa or sesame fibre and the antioxidant digydroetin maintain the stability
of the fat phase (without significant oxidation) for no more than 13 days at a temperature of
(4Re ) AcC. Thus, the antioxidant effectivene:
ability to interact with peroxide radits in the dairy lipid base. This interaction makes it
possible to slow down or completely prevent further formation and accumulation of
secondary oxidation products when dihydroquercetin is added.

Conclusions

The study demonstrates that cocoa and seddume, alone or in combination with the
antioxidant dihydroquercetin, effectively enhance the stability of lipid dairy base mixtures
during storage. These plant fibres exhibit antioxidant and functional properties that reduce
lipid oxidation and hydrolyt changes, while also contributing to the technological
characteristics of the product. The combined use of fibre and dihydroquercetin produces a
synergistic effect, improving oxidative stability and extending the shelf life @itiataining
dairy systers.
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Introduction. The aim of this study was to investigate t
multifunctional properties of the novel yogurt starteu | t ur e
Premium 5 for its potential application in the production of yogurts \
extended shelf life.

Materials and methods. Milk bases were fermented using tl
yogurt starter cultures Y 1 6 and YoFl exE P
viscosity was measureding a Kinexus Pro+ rotational rheometer; t
degree of structural recovery was determined by a calculation me
active acidity was assessed by the potentiometric method;
sensoryeptic properties were evaluated by sensory profiling.

Results and discusion.The YoFl exE Pr emi
culture, compared to YQ16, halves fermentation time without
pronounced lag phase and fully stabilizes yogurt acidity during the fi
days of storage. Beyond this period, pH changes become
pronounced,rdicating the need for targeted technological measure
limit acidification of the milkbased medium. Yogurt produced wi
YoFl exE Premium 5 approaches
structured yogurt obtained using ¥X16 on a milk base fortified ith
1% ski mmed mil k powder. Exopol
Premium 5 not only increase yogurt viscosity but also markedly enh
its thixotropic properties and moisture retention, contributing t
smoother texture and improved mouthfeel. Spedlific the degree of
structural recovery of disrupted clots rises from 18.6% in the control
30% in the YCX16 + 1% skimmed milk powder sample to 42% in 1
YoFl exE Premium 5 sampl e, -forohiagn
ability. Therefore, combining & structuring effect of skimmed mil
powder with the thixotropic benefits of exopolysaccharides fi
YoFl exE Premium 5 is recommen
production, where consistency and stability are critical. Furthernr
achieving excellen qual ity in fresh yo;q
Premium 5 requires additional stabilization during storage for up t
days or longer. The use of protective cultures may help maintain y:
quality over extended storage, representing a promising idinefr
future research. These findin
Premium 5 to improve both the technological efficiency and sen
attributes of yogurt, making it a valuable tool for industrial applicatio

Conclusions. The application of the ¥ FI e x E  Pr e mi
culture in yogurt production shortens fermentation time, imprc
viscosity and thixotropic properties, and yields an excellent ser
profile, but requires additional measures to stabilize yogurt quality dt
storage.
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Introduction

Yogurt is a widely consumed fermented milk product with proven functional effects on
human health (Muntearchim et al., 2024). Preventing the growth of undesirable
microorganisms is important for ensuring yogurt quality and safety and for extendimgfits s
life (Wang et al., 2025). Although yogurt is generally considered microbiologically stable
(Garnier et al., 2017), there has recently been growing interest in its biological preservation
using selected microorganisms and their metabolites (Chavds 2021; Siedler et al.,
2020). These approaches act mainly through pH reduction, competition for nutrients, and the
production of bacteriocind’he use of probiotic lactic acid bacteria strains helps maintain
fermentation stability and improves the fuoogl properties of the final product (Nielsen et
al., 2021 Pr - et al.| 208; Souza et al., 2023; Stabnikov et al., 2025

Lactic acid bacteria can perform several additional technological functions in yogurt
production. In particular, a significant increase in yogurt viscosity was observed when using

Chr. Hansen YoFl exE Pr emi 4901 and YL70ltcutures,s ¢ o m|

including under conditions with the addition 6f426 nonfat dry milk (Wang et al., 2023).

The possibility of reducing the required amount of nonfat dry milk 1394 has been
demonstrated due to the structuring effect of exopolysaccharides (EPSicquods
metabolites of bacterial starter cultures (Chaharovskyi and Lukashchuk, 2024). EPS have
been shown to improve the sensory properties and stability of yogurt, even at low
concentrations (Buldo et al., 2016). Their ability to interact with water cutde and milk
proteins enhances the viscosity and mechanical strength of the acid gel while reducing
syneresis. In particular, dermentation of commercial starter cultures with the probiotic
EPSproducing strainLactiplantibacillus plantarumMC5 in commund starter systems
positively affected the texture, rheological behavior, and storage stability of yogurt (Zhao et
al., 2022). The specific technological functionality of EPS is largely determined by the
structure and molecular weight of the biopolymeacnomolecules. These molecular
differences govern the specific interactions between exopolysaccharides and the protein
matrix, resulting in increased viscosity and/or elasticity (thixotropic behavior) of yogurt
(Br¢gls et al ., -podudirg dtrains in lowfat ang rerfabybgurEHasSbeen
shown to reduce the need for stabilizers and to minimizef@aaentation mechanical stress

on the curd when skim milk powder is incorporated (Zhang et al., 2016). The unique
technological role of EPS demison the structure and molecular weight of the biopolymer
macromolecules.These moleculalevel differences determine the specificity of EPS
interactions with the protein matrix, which can result in increased viscosity and/or elasticity
(thixotropy) ofyg ur t ( Br ¢ | Khagheen grbven, thatzh® s f EP&ucing
strains in noffat and lowfat yogurts reduces the need for stabilizers and minimizes the post
fermentation mechanical impact on the curd due to the addition of skim milk pcatbery

et al.,2016) Therefore, the selection of EPS strains of lactic acid bacteria for use in yogurt
production should be based on a preliminary study of the specifics of the influence of each
commercial starter culture on the characteristics of thenfiigproduct. EPS production,
dynamics of acidity changes, consistency and stability of yogurt during storage significantly
depend on the bacterial composition of the starter, in particular, on the ratio between
Streptococcus thermophilaadLactobacillusdelbrueckiisubsp bulgaricus(lvashchenko et

al., 2023) A high proportion ofStreptococcus thermophilircreases the abundance of EPS
producing strains, improves curd structure, but may alter flavor and increase acidity (Lange
et al., 2020). Thereford,is recommended for yogurt culture developers to test the specified
ratio in the range of 1:1 to 1:4 by evaluating the fermentation profile and sensory parameters
of the yogurt Dan et al., 2023). EPS also have bioactive properties, including prebiotic,
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immunomodulatory, and antioxidant properti&¥afg et al., 2025). Ths research and
innovation in the biosynthesis and application of EPS contribute to the further development
of fundional dairy product technologi€¢®uarabiet al.,2025).

A new generation of yogurt starter cul tu
Premium 5 (Chr. Hansen). This culture can increase yogurt viscosity even at lower protein
levels and reduce theed for stabilizers and skimmed milk powder. It also exhibits reduced
postacidification and positively affects product quality during storage. However, the specific
functional and technol ogi cal properties of
comprehensive investigation, which underlines the relevance of the present study.

Materials and methods
Materials

Raw milk that meets regulatory requirements was used to produce the yogurt test
samples. As a source of dry nonfat milk solids, skimmed milk powder was used with a fat
content of 1.5% and a protein content of 32% (Rybak et al., 2Btet)dardized milk saphes
were fermented by technologically efficient direct vat set cultures from Chr. Hda3&C
X161 classic starter cultureS{reptococcus thermophilus, Lactobacillus delbrueskbsp.
bulgaricug ; (b) YoFI &nel culure¢hatiproducessSERSring fermentation
(Streptococcus thermophilasdLactobacillus delbrueckisubsp bulgaricug.

Preparation of test samples

Milk mixtures were standardized for fat content (2.5%) and nonfat dry milk solids
(NFMS) content (9.5%), were pasteurized and cooled to a temperaturd 40AC and we
inoculated by direct vat set cultures. Three samples withKYE culture were additiwally
fortified with skim milk powder (SMP) in an amount of 0.5 to 1.0%. Fermentation of milk
mixtures was carried out at the specified temperature until the acidity valagsed not
higher than pH 4.8.

The designations of samples are given below:

- contol (YC-X16);

- sample 1 YC-X16 with 0.5% SMFP,

- sample 2 (YEX16 with 0.75% SMP);

- sample 3YC-X16 with 1.0% SMP);

- sample4dYoFl exE Premium 5).

Research procedure

The samples were prepared according to the technological scheme of stirred yogurt
production. The pH of samples after inoculation of yogurt cultures was determined every 2
hours of the fermentation process for 8 hours. After fermentation, the samples were stirred,
cooled to a t eangkeptandarthese conditiodsNobeatst 6ehours. After
that, the pH of the samples and syneresis were determined and these indicators continued to
be recorded during yogurt storage at the specified temperature conditions after 7, 14, and 28
days. The effective viscosity and thixotropiciliép of the samples were determined in
samples on the 14th day of storage, in accordance with the usual yogurt shelf life. The quality
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level of the samples according to the complex of sensory indicators was determined in fresh
yogurt samples and sampldiea 14-day storage.

Methods

Active acidity was assessed by the potentiometric method by lakmeter
te1 / mV/ Temp Knick PortamessE 911.

The viscosityof yogurt samples was measured on the 14th day of storad at A C .
Measurements were carried ousing a Kinexus Pro+ rotational rheometer (Malvern
Instruments Ltd, United Kingdom) with top geometry C25 DIN L0142 SS (cylinder) and
bottom geometry PC25 DIN C0350 AL. Before measurement, samples were gently stirred

for 30 seconds and broughtto atempesar e of 10 AC. The effect.i

samples was determined during both forward and reverse shear sweeps, with the shear rate

increasing from 0.1 to 400 s T and then dec

The degree of restorationof the structue of yogurt samples was calculated from the

value of the effective viscosity at the en

0.1 ¢! (reverse stroke), taking the effective viscosity of the practically undestroyed structure
at the beginningdf he measur eme nt'?) (Aangelad,®@2)( 2o = 0.1 s

Syneresif yogurt samples was calculated using a modified method described by Arab
et al . (2023) . For this purpose, yogurt S
centrifuge tubes and ¢2d;Sigma LhAborgeatdfugentGmiEHs 01 g
Germany)for 10 minutes. The clear supernatant was collected and weighed. The syneresis
of the yogurt samples was calculated using the equation:

wei ght ofC supernatant
weéight of nggurt sampl e

Syneres

Sensory propertiesof yogurt samples wergssessed by sensory profiling on a twenty
five-point descriptive scale according to method (ISO 13299:2016) for sensory attributes:
appearance, texture, color, taste, and flavor. The scores obtained for each of the 5
characteristics were recalculated takinto account the weighting factors: taiste3, texture
1 0.3, flavori 0.2, appearande0.1, colori 0.1. The quality level of each yogurt sample was
assessed according to the following differentiatior23points excellent; 0.9 points
good; 11-15.9 pointd satisfactory; 610.9 points poor (practically unacceptable); less than
6 pointsi very poor (unacceptable).

Statistical analysis
The studies were performed in 3 or more replicates, and the results were expressed as
meari\standardieviation. Data were analyzed using-eveey analysis of variance (ANOVA)

and Tukey HSD tests using the SPSS statistical package. Statistical difference was defined
at p O 0.05.
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Results and discussion

Direct vat set cultures activity during milk samples fermentation

The changes in the active acidity of samples during fermentation lasting up to 8 hours
is shown in Fig. 1. The end of the fermentation process was recorded by the time of reaching

the active acidity pH = 4.8

7.0

—e— control

: —m—sample 1
6.5 =

—aA— sample 2
—e—sample 3
6.0 —X— sample 4
—_
S
55
5.0
*—x =
4.5

Fermentation duration, hours
Figure 1. Changesn active acidity during fermentation of yogurt samples

Although all samples had nearly identical initial active acidity (Fig. 1), the pattern of
pH changes during fermentation differed. In particular, the control sample with txd&C
culture exhibitedhe longest lag phase and a relatively moderate decrease in pH, reaching a
value of 4.8 only at the 8th hour of fer me
Premium 5 starter culture showed almost no lag phase, reaching a pH of approximately 4.8
by the 4th hour, indicating the high activity and technological advantage of this new culture.

Samples 43, containing skimmed milk powder, are close to the control sample in terms
of the change in active acidity at the beginning of fermentation, butioverthey show an
intermediate value between the control sample and sample 4, and their fermentation process
takes place within G hours. The dynamics of fermentation of sampk8skkcomes more
noticeable with an increase in the content of skimmed paiider in them from 0.5 to 1.0%,
which changes not only the texture, but also affects the kinetics of fermentation. This effect
can be explained by a change in the composition, buffer capacity and nutritional content of
the medium(H o n e staal, 8024Karamet al., 2013).

Changes in the active acidity of yogurt samples were also monitored during storage for
up to 28 days (Fig. 2).
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Figure 2. Changes in active acidity during storage of yogurt samples

After fermentation, poshcidification duringstorage was more pronounced in the
control sample and less in samples 1 and 2, due to the slower accumulation of lactic acid.
Active acidity decreased by 0.3 (contral), 0.28 (sample 1), and 0.24 (sample 2) pH units
during the first 14 days of storage. Gontd storage from day 14 to 28 showed a slowdown
in the decline of lactic acid bacteria activity, likely due to lactic acid accumulation, which
increases intracellular acidity (B®al et al
Sample 3 exhibited three stages of pH change: durinfiyth& days, acid formation
was somewhat inhibited; from day 7 to 14, lactic acid accumulated more actively; and from
day 14 to 28, this process slowed again. 1In
Premium 5 starter, showed complete stahtlon of yogurt acidity during the first 7 days,
after which the pH trend resembled that of sample 3. This indicates that this starter requires
a modified technological approach to limit acidification during storage beyond 7 days, for
example, by reducintipe content of available substrates (Deshwal et al., 2021). Nevertheless,
the active acidity of all samples remained
4.5) throughout storage (Kang et al., 2019).

Viscosity and syneresis of yogurt samples
Changes in the effective viscosity of yogurt samples, measured by rotational viscometry
with logarithmic scales on both axes, are shown in Fig. 3. Measurements were performed in

both forward (0.1 s 1T to 400 sesio)providad r eV e
comprehensive assessment of the samplesod6 rt
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From Figure 3, it is obvious that the significant effect of skimmed milk powder on the
effective viscosity of yogurt samples with a practically undestroyed texture at a shear rate of
20=07%i1ls sobserved. Compared with the control
samples 13 increased by 1:2.1 times with an increase in the content of skimmed milk
powder from 0.5 to 1.09%0 his effect can be explained by the increase in proteitenbin
the milk base, which strengthens the protein matrix of the curd (Isleten et al., 2006) and,
consequently, increases the viscosity of the yogurt. Sample 4 shows slightly lower, but
similar, viscosity characteristics to sample 3. It can be assuraethib is a consequence of
the lower bond energy formed by EPS compared to milk proteins.

While casein gels at pH & 4.6 form energe
with hydrophobic interactions between proteins estimated in the rar3@é®f0 k J/ mo | (1
Kruif, 2012), polysaccharide gels, EPS systems, and prgiaiysaccharide complexes are
dominated by loweenergy hydrogen and hydration bonds (Everett et al., 2005). As a result,
the most structured texture was observed in sample 3hwbittained 1% skimmed milk
powder . Sampl e 4, produced by fermenting r
exhibited a similar textural characteristic.

To study the thixotropic behavior of the yogurt samples, the degree of recovery of the
nearly destrogd structuread= 400 s T was calculated durin
minimum shearrateaf= 0. 1 s T, and compared with the
(Fig. 4).

90

80
70 L
60 o
50
40
30

20
10 ﬂ
0 L1

control samplel sample2 sample3 sample 4

ODegree of structure recovery, %
O Effective viscosity of a practically undamaged structure, Pa s

Figure 4. Comparative assessment of the initial valuesf effectiveviscosity and thixotropic
ability of yogurt samples

As shown in Fig. 4, samples 3 containing skimmed milk powder exhibited higher
textural integrity and a greater ability to recover the structure at reduced shear rates compared
with the control. Datan the effect of skimmed milk powder on yogurt thixotropy are limited,
but it is known that increasing the content of nonfat milk solids (NFMS) enhances the
viscosity modulus and strength of the prote
thereby improving its recovery ability.
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sampl e

4 ’

obt ai

ned

by

ferment ati or

be noted its slightly lower effective viscosity at the beginning of the rheometric measurement,

compared to sample 3 (72.3105 vergus . 27 0 1

Pa

s) .

However, t h

sample 4 significantly exceeds the degree of recovery of the effective viscosity of the
destroyed texture of all other samples and reaches a rather high vEll#2%. It can be
assumed that EPS form atidinal low-energy bonds in the structure of protein gel, which
have the ability to restore the formed matrix more quickly after destru@tkin et al.,

2009)A s i mi

Il ar

effect

wa s

observed

by

ot her S

2013),who found the formation of a more elastic and rapidly recovering protein gel in the
presence of EPS, compared to the protein clot as a control.
In the information environment, there is no clear and unambiguous classification of
yogurts according to tHevels of "low / medium / high thixotropy" (i.e., by threshold values).
Some studies indicate that after a strong shear, the restoration of the structure of yogurts is
possible in the range of Z8D% to 4050% (Chen et al., 2024; Lee et al., 2010). Theesfd
was decided to apply the following criteria to assess the level of thixotropic ability of yogurt
by the degree of structure restoration:

- more than 70% high thixotropy (the texture is almost completely restored after

destruction);

- 30-70%- mediumthixotropy (partial restoration of the texture);
- less than 30%low thixotropy (the system is almost not restored).
According to the proposed classification, only samples 3 and 4 show average thixotropy
due to the increased content (1%) of skimmed milk powder and in the presence of EPS

produced

by

t he

YoFl exE Pr emi

um 5

cul tur e.

Thus, milk proteins in the composition skimmed milk powder show high texturing
ability, and EPS more effectively improve the thixotropic properties of the gel. Therefore, it
is possible to predict a possible synergistic interaction between skimmed milk powder and
EPS to combine their positivffects on the textural and mechanical characteristics of the
yogurt, in particular to increase its thixotropic ability. This assumption will be tested in

further studies.

The synergetic capacity of yogurt samples during storage was also determined (table)
taking into account the possibility of modification of the yogurt microstructure by

exopolysaccharides produced by lactic acid
Table Syneresis of yogurt samples during storagéo
{ I YL {G2NY ASRRENT 202 Y
n T M n HY
[ 2yG1l mpPddbnZ mndocZ mn SHMP| M PO H Z
{FYLAMnDPPcZ MODPTOZ MODPMMZ MHDPDZ
{FYLH MHDPY OV MMDPH PW mn dPc pV\ mmPH c W
{FTYL{ bPyH § ddOMdP | pPHH § pdPom §
{FYLY ddfivp nd y PBEcA ®| y DHT WE y Dy R D
Note: Values are the measstandard deviation. Means within the same
column with different superscripts are

Syneresis was highest in all fresh yogurt samples, which can be attributed to the large
number of temporarily formed leenergy bonds capable of causing substantial

reconfigurations
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storage, but the variability was minimal, and no clear trends were observed. Therefore,
further studies of this parameter will be conducted on a larger set of fermented samples,
including those combined with skimmed milk powder (SMP).

It should also ba&oted that no statistical differences (p > 0.05) were observed for the
control sample and sample 1 throughout the storage period, indicating that 0.5% SMP had
little effect on yogurt syneresi s. I n contr
5 aulture, showed the lowest whey separation, reflecting the high mefstidimg capacity
of EPS and associated modifications in the yogurt microstructure (Han et al., 2026). These
results confirm the technol ogi cadrcukkufef ect i ve

Sensory evaluation of yogurt samples

The results of the sensory evaluation of yogurt samples, carried out by sensory profiling
according to the main sensory attributes (appearance, texture, coloratasfiavo) with
subsequent calculah of the total weighted score taking into account the weighting
coefficients, are shown in Fig. 5.

25

20 T {__I_

Points

10

control samplel sample2 sample3 sample 4
o0 o14

Figure 5. Sensory evaluation of yogurt samples according to a set of quality indicators
immediately after production and after 14 days of storage

Based on the data obtained, fresh samples 3 and 4 exhibited excellent quality. During
storage up to 14 days, some sensory characteristics (taste, flavor) require improvement,
which remains an important task for further research.

Overall, considering thevaluated quality indicators, samples 3 and 4 showed the
highest performance, highlighting the technological impact of 1% skimmed milk powder
(sample 3) and EPS produced by the YoFIl exE
new starter culture allowa significant reduction in fermentation time and prevents- post
acidification during the first 7 days of storage. Skimmed milk powder effectively structures
the yogurt gel but increases production co
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Premium 5. T thixotropic ability of yogurt containing 1% skimmed milk powder (lower
dosages are ineffective) was rated as moder
5 increased the degree of gel recovery to 42%. Therefore, a rational approach for future
resar ch may be to combine the functional ar
Premium 5 starter culture with varying amounts of skimmed milk powder.

Conclusions

The YoFl exE Premium 5 yogurt staexieer cul
significantly shortening fermentation without a pronounced lag phase and stabilizing yogurt
acidity during the first 7 days of storage. Skimmed milk powder at 1% increases yogurt
viscosity through protein matrix formation, while exopolysaccharides improve rbpyot
increasing gel recovery from 30% to 42% at
Premium 5 with skimmed milk powder may further enhance functional and technological
properties. Fresh samples with skimmed mi.l
excelent sensory quality, but additional stabilization is needed during storage beyond 14
days. Future research should explore synerg
cultures to achieve high viscosity, thixotropy, and stable quality over extermladestising
bioprotective cultures.
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emulsion polydispersy and promoted floc formation, as indicat
by a higher flocculation index, irregular particle distribution, &
greater surface area of the fat phase.

Laser diffraction and microscopy revealed that ultrasc
treatment reduced average droplet size androwad size
distribution, resulting in greater system homogeneity, as evide
by lower flocculation index and polydispersity values across
sauces. Rheological analysis using the OsfitbddWaele anc
Casson models confirmed pseudoplastic behavidt Bystems and
demonstrated that rheological properties were dependent ol
composition of the oil phase.

Sauces containing more than 75% sunflower oil exhibited sir
rheological characteristics. Viscosity and ultimate shear s
increased with higer hemp oil content, while greater flocculatit
reduced structural compactness and stability. The sauce wit
highest hemp oil content demonstrated pronounced thixotropy ¢
high structural recovery coefficient.

Conclusions.Incorporating aquafaba wiitolended oils makes i
possible to create stable emulsions that not only remain cons
over time but also demonstrate enhanced functional
technological qualities.
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Introduction

Food emulsions play a significant role in the food industry. One of the most popular
emulsions isnayonnaise, a widely used sauce in various culinary applications. In traditional
formulations, emulsifiers are primarily anirdle r i ved pr oteins ;( Ur b§n
Vathsala et al., 2023along with planbased stabilizers and thickeners, includingng,
starch, and pectin. The use of mixed ionic and-ivaic surfactants as emulsifiers has also
been reported (Mikulcovg et al ., 2-lfaded ) . Ho
mayonnaise alternatives has encouraged the substitution of animaliengsewith plant
derived components. Such reformulations not only lower the caloric cohteanhget al.,
2022;Stabnikova & Paredds - pez, 2024) and reduc-€angelaoduct
et al.,, 2011; Sarkar et al., 2020), but also enhance mitogiial safety.Plantbased
emulsifiers that may be employed include sucrose palmitate (Jufret et al., 2022), quinoa and
amaranth proteins (G¢grbegz et al ., 2018) , t
isolate (Niazi et al., 2025), a range wiconventional plant proteins isolated from green
biomass, leaves, and grasses (Gubsky et al., 2025), as well as aquafaba proteins (Sachko et
al., 2023).

Utilizing by-products from plant processing to improve food quality is a sustainable
strategy for conerting agricultural residues into vakaelded productsMironeasaet al.,
2024; Stabnikova et al., 2023a, b). For example, aquafaba, the liquid obtained from cooked
chickpeas, can be repurposed from waste into a functional ingredient owing to its valuable
protein and polysaccharide contefite quantitative characteristics of aquafaba are strongly
influenced by the legumeriety and processing conditions, including cooking time, legume
to-water ratio, temperature, pressure, pH, and salt content (Schraidt 2023)Aquafaba
proteins are mainly watesoluble, lowmolecularweight albumins and globulins, accounting
for 18 29% on a dry matter basis (DMW), and are characterized by-aamepact structure.
Its mineral profile shows relatively high concentraioof potassium (237 mg/100 g),
copper (0.060.17 mg/100 g), and manganese (D41 mg/100 g). The carbohydrate
fraction consists primarily of monosaccharides such agmlBctose, Eglucose, and L
arabinose, with smaller amounts ofxlose and Bfructose. The elevated saponin content
(4140 mg/g DMW), planderived glycosides with surfa@etive and foaming abilities,
contributes to aquafaba functional properties (Sahin et al., 2024). Owing to its compositional
characteristics, aquafaba serves as agctife plantbased emulsifier capable of forming
stable emulsions with prolonged storage st
2022).

Another aspect of improving the sensory and physicochemical properties of
mayonnaises and mayonnalsEsed saces is the use of blends instead of single oils. Firstly,
such an approach makes it possible to optimise the fatty acid composition of mayonnaise. To
create blends, oils from both traditional and niche crops are used, such as dill, flax, black
cumin, arugla, mustard, milk thistle, pumpkin, and sesame, among others (Sharma et al.,
2019;Starikov et al., 2023). The incorporation of niche crop oils into blends extends the shelf
life of the final product due to the presence of essential compounds such @sepoly,
quinones, flavonoids, alkaloids, and tocopherols, which exhibit antioxidant and antimicrobial
activities. The antioxidant activity of many of these compounds exceeds that of synthetic
antioxidants. For instance, the antioxidant effect of thymamen which is contained in
black cumin oil, ranges from 2.1% to 3.5%, is higher than that of butylated hydroxyanisole
(E320) and butylated hydroxytoluene (E321) (Asfaw, 2628Biecik et al., 2025)Secondly,
oil blending allows finguning of the physicochemical and sensory characteristics of
mayonnaise. Different oils possess unique flavor profiles and aromas. Thus, the use of blends
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not only improves nutritional value but also enables the develwopoi@novative products
with unigue textures and flavor qualities that meet the demands of the modern market.

Encapsulation of oils and their blends into nanoemulsions is a promising strategy both
for enhancing oxidative stabilify G¢ r b ¢ z e @nd farlimproving tBelb®gvailability
of individual componentéBajerskiet al., 2016)

The aim of this study was to develop k&t mayonnaise emulsions based on blends of
sunflower, hempseed, and black cumin oils, using aquafaba from canned whita$tens
primary emulsifier. The focus was placed on investigating the structural, rheological, and
sensory characteristics of the obtained emulsions, which are crucial for understanding their
stability and consumer properties.

Materials and methods
Materials

The ingredients used in the formulation of the mayonnaise samples were obtained from
the Ukrainian retail network and met the established food quality criteria, confirming their
compliance with safety standards for food production.

Mayonnaisesamples preparation

The mayonnaise samples were prepared according to the method (Sachko et al., 2023).
The formulation of all sauces (per 100 g of product) included the following ingredients:
mustard powder 1.0 g, cream powder (46%)1.0 g, sodium chloridé 1.0 g, sucrosi 1.5
g, sodium bicarbonatei 0.05 g, pectini 0.04 g, xanthan gumi 0.03 g,
carboxymethylcellulosé 0.03 g, foodgrade vinegari 8.0 g, concentrated lactic adid.3
g, wateri 41.15 g, aquafaba obtained from canned white beans (Veres tradérh&i®)g,
and vegetable oil 30.0 g.In the control mayonnaise sample (MO0), the oil phase was
composed exclusively of refined sunflower oil. Samples M1 and M2 were formulated using
blends of sunflower, hempseed, and black cumin oils at ratios of 70:25:55250154
respectively. These formulations provideeb:¥-3 fatty acid ratios of 10:1 and 5:1. The
composition of the oil blends was calculated according to the method described by Matveeva
et al. (2013). The addition of 5% black cumin oil was intended barce lipid oxidative
stability while maintaining acceptable organoleptic properties of the final pr@i¢tuatmizi
et al., 2019).

Methods
Sensory analysis

The sensory properties of the mayonnaise samples were assessed using a descriptive

profiling method on a0 scale, where 0 represented the absence or minimal expression of

a characteristic and 10 indicated its maximum intensity. The evaluated attributes included
aroma, appearance, texture (consistency), color, taste, aftertaste, pungenoysgpiaind

acidity. Each sause was evaluated individually to enable a quantitative description of
consumeirelevant characteristics. The evaluations were carried out in a specialized sensory
laboratory in accordance with 1ISO 8589:2007. Mayonnaise samples presented in
numbered disposable containers in random order. The final score for each attribute was
calculated as the arithmetic mean of the values assigned by all panel members.
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Emulsion sedimentation stability

The sedimentation stability of the erswn was evaluated using an accelerated
centrifugation method. For this purpose, 10 mL sauce of the mayonnaise sample was
transfered into centrifuge tubes and subjected to a centrifugal force at 5000 rpm for 5 minutes.
After centrifugation, the height dii¢ separated liquid laysers (aqueous and oil fractions) was
measured. The sedimentation stability coefficient ¥ was then calculated using the
following equation:

S=[(VeiV)IVd L 100 %,

where \Lis the volume of the undisturbed (or undestroyed) emulsion, arsltile volume
of the separated aqueous or oil phase.

Determination of particle size distribution

The particle size distribution of the emulsion was measured using a laser diffraction
instrument (PCA 1190, Anton Paar, Austria). The emulsion was dilutted with distilled water
at a 1:100 ratio at room temperaturtwo (~20
conditions: without ultrasonic treatment and with ultrasonic treatment, which was applied for
5 minutes while continuously stirring the sample. Based on the measurements, the following

parameters were calculated:
Surfaceweighted (Sauter) mean diateeD[3,2]:

D[ 3, 2“hid3F *riwd?
Volumeweighted (De Brouckere) mean diameter D[4, 3]:
D[ 4, 3“%hd'E X3
Polydispersity of the emulsiorfSpan):
Span = ([9 i D10)/Dsp,
where nis the number of droplets with diameterahd Do, Dso, and 3o are the percentile

values indicating the size below which 10%, 50%, or 90% of all particles are found.
The flocculation index was calculated according to the formula:

FI= D[4,3])/(D[3,2].
Microphotographic analysis
For microphotographianalysis, the mayonnaise samples were diluted with distilled
water at a 1:10 ratio. Microphotographs were captured using a Micromed microscope
equi pped with an integrated Pixelink 1K car
Evaluation of rheological properties ofemulsions
The rheological properties of the mayonnaise samples were investigated using a

rotational vi scometer Visco QC 300R (Anton
shear stress on shear rate in the range ofl00Lswas measured using a coaxial cylinder

686 b b HJkrainian Food Journal . 2025. Volume 14. Issue4db b b



t t tFood Technologyt t t

system (CC12) in accordance with ISO 32212021 and DIN 53019:2008. To determine
the yie})d snerasuus emMénts were conducttgpd at a
spindle, V75.
To describe the rheologicdehavior of the sauces, the experimental data were
approximated using the Ostwatte Waele (powelaw) model, which is commonly applied
for food products:
U ="KLo

where K is the consistency coefficient, which indicates the system viscos#yheflow
behaviour index
@d the Casson equation

U= Je)o (‘s +él'q

where 6 is the compact ndsheyiadstketsfaccardingtothe of t
Casson maideils tamed pll astic viscosity.

The thixotropicbehavior of the mayonnaise samples was evaluated using a three
interval thixotropy test (3ITT). The first and third intervals were conducted at a shear rate of
20 s T, while the second interval was conds!
The Thixotropic Breakdown Coefficient was calculated according to the following equation:

To= 10 d2) A d

where d is the initial Vi scosity, and d [
measurement interval.

The Structural Recover€oefficient (SRC %) was calculated using the following
equation:

SRC =1 d)[/( ()] L100%,

where d is the maximum viscosity value r ea
viscosity value recorded at the end of theseeomhda ge; and d i s the vi:

at the end of the third stage.
The total surface area of the fat phase in the emulsion systenwés be calculated
by the following formula:

Sa=6Viad (D[S, 2]),
where \iis a fat phase content.
Statistical analysis

A minimum of three parallel measurementgs performed for each parameter. The
quality of data fitting was assessed using the coefficient of determin@fdrand the
standard error of estimate'@ ).gThe final results are presented with their corresponding
standard deviation (SD)Statistical analysis was conducted usmeway Analysis of
Variance (ANOVA) and differences in mean values relative to the control sauce were
evaluated using Dunnett'egt hoc test (significant differences are indicatediltyindices
next to the reported values).
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Results and discussion
Sensory evaluationof mayonnaise samples

The sensory characteristics of mayonnaise samples are a critical determinant of
consumerppeal and market success. Therefore, a detailed evaluation of these parameters is
a key step in developing and ensuring the quality of novel mayonnaise formulations. The
components of the oil blends usequhrticularly hempseed and black cumin oiave
distinctive aftertastes, requiring careful adjustment of their proportions to achieve a balanced
flavour profile without excessive intensity that could be perceived negatively by consumers.
Figure 1 presents comprehensive data, including the surface apygeafahe mayonnaise
samples in consumer packaging, their texture upon extrusion (dispensing from the tube), and
the sensory attribute profilogram.

aroma
10

acidity appearance
6 —=— M0
4 —e— M1
> 2 —a— M2

spicine! texture

n M H
| —
aftertaste color

taste

Figure 1. Appearance and sensory profile (profilogram) of the investigated mayonnaise
samples:
MO, control with sunflower oil; M1 and M2 with blends of sunflower, hempseed, and black
cumin oils at ratios of 70:25:5 and 45:50:5, respectively

Mayonnaise samples MO and M1 were characterised by a larger curve area compared
with M2, indicating more favourable sensory properties. At the same time, the perceived
facidity |l evel d in samples M1 and M2, prep
control sample MO. The pH values of all mayonnaise samples were similar, ranging from
3.58t0 3.64. This effect can be attributed to the distinctive spicy notes of hempseed and black
cumin oils, which may partially mask the acidic taste.

These findingsare consistent with the literature (Helikh et al., 2021; Kryskova et al.,

2023), which reports that the incorporation of hempseed oil up to 50% does not negatively
affect sensory characteristics, whereas higher levels (above 75%) significantly reduce
prodwct quality. Although aquafaba from canned white beans contains a relatively low
protein content (0.36 g/100 g), it was sufficient to form a stable emulsion. Ledgnned

aquafaba is known for its high emulsifying activity index (EAI); for example, thedA
chickpea aquafaba is nearly eight times hi

m|/ g, respectivel y) Thev§edichentatiorz stability ecoefficent . | 2
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measured on the second day after preparation was 98%. This higtystabilbe attributed
to the presence of heapluble hydrophilic proteins in legume aquafaba, which exhibit high
thermal stability and strong emulsifying capacity, as well as to the sufficient content of
saponins that help prevent emulsion destabilisafchmidt et al., 2023)All studied
mayonnaises exhibited 99%edimentatiorstability after 24 hours. Furthermore, no visual
changes or signs of separation were detected in the emulsions after one month of storage.
The stability of food emulsions largelgpends on droplet size: the smaller the droplets,
the greater the kinetic stability of the emulsion against physical destabilisation phenomena
such as creaming, coalescence, and Ostwald ripening. According to Kim et al. (2020), relative
stability of food enulsions is typically achieved when the droplet size is below 500 nm. The

size of the dispersed phase is strongly ini
et al ., 2019) , the nature and concethératio
technol ogi cal conditions used for emul sion

G¢erbegz et al . (2018) reported the for mat
stabilised with quinoa and amaranth protei
sampl es. Comparable values (~0.3 Om)i were

7.5%) stabilised with sucrose palmitate (Jufri et al., 2022) and for hempseed oil emulsions
stabilised with thenoh oni ¢ sur factants Span @&3)/Theween ¢
simplest method for confirming flocculation phenomena in such systems is optical
microscopy (Fig. 2).

[o 1 [2

Figure 2. Microphotographs of emulsion samples MO, M1, and M2:
MO, control with sunflower oil; M1 and M2 with blends of sunflower, hempseed, and black
cumin oils at ratios of 70:25:5 and 45:50:5, respectively

Mayonnaise samples MO and M1 predominantly consisted of particles of comparable
size, although some larger droplets were also visible. In contrast, amdltsés magnified
image of sample M2 revealed a noticeably broader particle size distribution, ranging from
very fine to considerably larger droplets. A distinct localisation of smaller droplets on the
surfaces of larger ones was observed, indicatinggbaiftocculation, which is reflected in
the increased D[4,3] value.

To assess the effect of flocculation, the droplet size of the emulsion phase was measured
both before and after ultrasonic treatment of the mayonnaise samples (Table 1), while the
distribuion curves themselves are shown in Fig. 3.
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Table 1
Characteristics of particle size distribution in mayonnaise samples
Sauce| Measurement Volume weighted distribution,x Y D[3,2],
regime D10 | D50 | D90 D[4,3] | Span| C XY
o wuUS 1.88| 5.33| 10.61 6.20 1.64 | 1.63 3.79
us 1.74| 4.49| 8.11 5.04 1.46 | 1.47 3.42
M wuS 1.90| 5.56| 11.53 6.57 1.73 | 1.72 3.81
us 1.72| 4.38| 8.09 5.01 1.45 | 1.50 3.35
H wuUS 1.88| 5.11| 17.81 8.58 3.11 | 3.47 2.47
us 1.53| 3.41| 7.62 4.36 1.78 | 1.88 2.31
Note: wUSI without ultrasonic treatment; USwith ultrasonic treatment.
e 11—Mo o\ e {1——M0 4
c 5 2 —— M1 c 8- 2—M1 2
2 3—m2 2 | 3——M2
> 3 S 3
a 4 s 6
B @
o o
g% 8.
H o
® 24 [}
£
5 5,
2 3 g
047 T T T z T T 0y T T T T T
0.01 01 1 10 100 1000 0.01 0.1 1 10 100 1000
Particles diameter, pm Particles diameter, um
a b

Figure 3. Volume-based patrticle size distribution of mayonnaisemulsions on the first day after
preparation:
(a) without sonication, (b) with sonication

Analysis of the resulting curves showed that sonication caused a shift in the droplet size
distribution toward smaller diameters in all samples, while in sample M2 the distribution
changed from bimodal to monomodal. These observations confirm the oceumwénc
flocculation phenomena in the studied systems. To evaluate the effect of flocculation, droplet
size measurements of the emulsion phase were conducted both with and without ultrasonic
treatment (Fig. 3). Analysis of the resulting curves showed thatagimm shifted the droplet
size distribution toward smaller diameters in all samples, while in sample M2 the distribution
changed from bimodal to monomodal. These results confirm the presence of flocculation
processes in the studied systems. For samplesid M1, the D[4,3] values were similar
(~5.015. 04 Om) . I n contrast, sample M2 exhibi
ultrasonication, reflecting the disruption of floccul@he flocculation index (Table 1)
increased in the order MO < M1 < M2aspective of treatment. Sample M2, containing the
oil blend at a 45:50:5 ratio, exhibited the highest degree of flocculation.
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Under wUS conditions, Span values were similar for samples MO and M1 (1.61 and
1.63, respectively) but nearly twice as highdample M2. This indicates a higher degree of
homogenization and a more uniform droplet size distribution in MO and M1. The substantial

increase in Span and floccul ation index (F
linolenic acid contentinthei | phase and the presence of f
reported that relpilmecliengi ¢ amei d na3-mddnic ¢iUt h
acid ~52%) increased mayonnaise dropl et S i

Ur b8 nkov 8019 tobseevéd flocculation when emulsifier concentrations were
insufficient.

The total surface area of the fat phase in the emulsion syStgnis(a key factor in
emulsion stability, as a larger surface area requires a greater amount of entolaidréeve
stabilization. In the studied systems, MO and &hibited the same fat phase surface area,
4.7 1 10 m|/ mj, whereas sample M2 showed a
This confirms the importance of considering the type of ognmwtietermining the emulsifier
quantity needed to form a stable dispersed systensimilar effect was reported by
Urb8nkovg8 et al. (2019), where the particl
tamanu oils, emulsified with sodium caseinate,enars ed from 2.2 to 7. 8
oil content rose from 5% to 30%.

Viscosity is an important characteristic of emulsions, directly influenced by the size of
the dispersed phase. The experimentally obtained flow curves indicate that the studied
systemsexhibit typical pseudoplastic (shedwinning) behavior (Fig. 4a).

[

A
140 /
L ]
o 1204 /A /’/ 100
£ A ® ]
= 100 rd ./ ./ g
O g A /. —_— =
= /! @ /. =
w A o / 0
o I/ O 10 4
g 60 4 :.f..} z
5 i —a—MO S | —e—mo
“1 —e— M1 — M1
204 —a—M2 — M2
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Shear rate, 1/s Shear rate, 1/s
a b

Figure 4. Rheological behavior of the emulsion samples
flow curves for the emulsion samples (a)
and changes in emulsion viscosity under the sheeate (b)

Shear thinnindoehavior was observed for all emulsions, with viscosity decreasing as
the shear rate increased from 0.1 to 100.0
nearly identical, reflecting the similar properties of their dispersed phases due to the high
surflower oil content in the blends. In contrast, the flow curve of sample M2 indicated that
higher shear stress was required to disrupt its internal structure. Across the entire
measurement range, sauce MO exhibited the lowest viscosity (Fig. 4b), whiée Mauc
containing the highest proportion of hempseed oil, showed the highest initial viscosity at a
shear rate of 0.1 s T. At shear rates above
that sauce M2 displayed greater resistance to deformatiogheer shear rates.
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The obtained flow curves were analysed using the OstdaldVaele and Casson
models. The results indicate that both models provided a satisfactory description of the shear
stresgshear rate relationship for all samples (Table 2).

Table 2
Yield stress values and coefficients of the rheological model equations
Sauce Ostwald-de Waele model Experimgntal data
K N R? y
MO | 26. 35N0. 312N 0.99 76.5
ML | 38. 41N0. 367N 0.995 106.%
M2 | 35. 48N0. 276N 0.990 81.7
Casson's model
Sauce c hy ty R?
MO |0. 372N 0. 08KR(72. 221 0.996
ML |[0.311N 0. 15K 81 921 0.999
M2 |0. 168K 1. 93R(40. 4°F 0.998

Note: Different letters in the column indicate a statistical difference of the mean
relative to the control sauce, according to Dunnett's post hoc test at a significance
level of p<0.05.

This is supported by the high correlatmpefficients and low root mean square deviations
between the experimental data and values calculated from thdinean regression
equations. For the Ostwdide Waele model, the obtained n values <1 confirm the
pseudoplastic behavior of the emulsions. kow values correspond to a greater decrease in
viscosity with increasing shear rate, as observed for the highly flocculated sauce M2. The
experimentally determined yield streds),( representing the point at which the elastic
structure of the emulsion dims to break down, is presented in Table 2. The lower yield stress
of sample M2 compared with M1 is consistent with Casson model calculations, indicating
reduced structural strength. These results are in agreement with the microstructural
observations (. 2), which show that sample M2 is more flocculated, leading to a looser
internal structure.

According to the Casson equation, the dynamic yield sttgs®X samples MO and M1
exhibits statistically identical values, which are higher than thedrmfle M2. This indicates
the greater structuredness of emulsions MO and M1, which contributes to increased
viscoelasticity. This fact is corroborated by the correlation between the structure compactness
coefficient €) and the emulsion droplet size distribution parameters (Fig. 5).

A reduction in the droplet size and polydispersity of the dispersed phase promotes the
formation of a more compact and stable emulsion structure, as evidenced by an increase in
the structue compactness coefficient (Gubsky et al., 2023). Shear flow, which is commonly
applied in rheological experiments on food emulsions and emtlisised products, induces
both reversible and irreversible structural changes that are ofterdéipemdent. Thes
changes are reflected rheologically as variations in viscosity. The recovery of the structure to
its initial state after the cessation of shear reflects thixotropic behavior.
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Thixotropicbehavior is more accurately characterized using a dedicatediseeghree

interval test rather than relying solely on flow curve hyster@sisT) (Fig. 6).
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Figure 6. Results of the threeanterval thixotropic test (3ITT)
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for emulsions MO, M1,and M2

The stepwise threeinterval test (3ITT) consists of three phases: the first interval
simulates the resting state of the emulsion, the second applies an abrupt structural breakdown,
and the third monitors the tirrdependent recovery of structuggrameters. In this study,
viscosity was used as the controlled parameter. The thixotropic breakdown coefficients and
the structure recovery coefficient, calculated from the 3ITT curves, are presented in Table 3.
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Table 3
Thixotropic behavior of the emulsion samples

Sauce Thixotropic_ Breakdown | Coefficient of structural
coefficient (Thb) recovery (CSR) %

{0 0.18% 71.1

{1 0.18¢ 73.1

[ 2 0.212 87.3

Note:Different letters in the column indicate a statistical difference of the
mean relative to theontrol sauce, according to Dunnett's post hoc test
at a significance level of p<0.05.

For all investigated emulsions, a sharp drop in viscosityolvasrved during the second
interval, corresponding to structural breakdown and a change in consistency. The relatively
high breakdown coefficientTf) for emulsion M2 indicates that its structure is easily
disrupted under external stress. At the same &mejsion M2 exhibited the highest structure
recovery coefficient (CSR), whereas this coefficient was considerably lower for samples MO
and M1. These results indicate that, despite its susceptibility to breakdown, emulsion M2
recovers its structure relagity quickly. This behavior can be attributed to the larger dispersed
phase particle size and higher flocculation tendency of emulsion M2 compared with MO and
M1. These characteristics facilitate the rapid reformation of the spatial structure once the
extenal stress is removed. The combination of easy structural breakdown and quick recovery
represents highly desirable properties for mayonrgse sauces.

Conclusions

A stable emulsion formulation with a balanced fatty acid composition was developed
using blends of sunflower, hempseed, and black cumin oils (30% fat phase) and canned bean
aquafaba as a natural emulsifier. Such samplesredueed nutritional valugnd,due to the
use of vegetable proteins, may be of intereswémyan nutrition The study confirmed the
high emulsifying efficiency of aquafaba, attributed to its thermostable hydrophilic proteins
and saponins, which promote stable emulsion formation. Olires treatment further
reduced droplet size, disrupted flocs, and produced a more homogeneous dispersed system.
However, increasing the proportion of hempseed oil broadened the droplet size distribution
from 1.64 to 3.11. Mayonnaises containing more th&@f5hempseed oil exhibited
pronounced flocculation, observable by optical microscopy, and a higher total fat phase
surface area7(. 3 1  1),0Gndicating thatjigher emulsifier concentrations are required
to maintain stability in such formulations.

Rhedogical analysis showed that all mayonnaise samples exhibited pseudoplastic
behavior, regardless of oil phase composition. Formulations with over 50% hempseed oil
displayed higher viscosity at low shear rates, lower yield stress, and lower sensory scores.
The most favorable balance of sensory and physicochemical properties was observed was
achieved with the 70:25:5 sunflower:hempsegldck cumin oil blend, which combined
sufficient thixotropy with a high structure recovery coefficient, making it suitatie f
mayonnaise production requiring easy breakdown and rapid structure regeneration.
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Abstract
Introduction. This study aimed to determine the effect of subst
interactions in composite protein mixtureand the enzyme

transglutaminase on the functiotathnological, structurahechanical,
and sensory properties of formed tatoucture cooke@dmoked sausage:
as well as on their nutritional and biological value

Materials and methods.The substrate prate mixtures differed in
the proportions of animal and plant proteins and in the presenc
transglutaminase. The sausage mince consisted offaepark, chicken
fillet, chicken mince, and side fat. Experimental samples were prod
by replacing 2.0% ofemifat pork in the formulation with substrai
protein mixtures containing transglutaminase.

Results and discussionA binary protein mixture of porcine bloo
plasma and soy protein isolate, when treated with micrc
transglutaminase (MTGase), effeetiy forms a monolithic structure ii
model minced meat systems for coolszdoked sausages. This effect
attributed to the enzymeds -lmlsi
between proteins, thereby improving textural characteristics and-w
holding capacity.

To enhance the functional performance of these ingredients,
behavior in binary composite mixtures was evaluated. A mixture
porcine blood plasma protein and soy protein isolate at a 1:1 ratio i
presence of 0.9% microbial TGasexhibited the most favorabl
functional technological properties, including high wabénding
(78.85%) and wateholding (52.90%) capacities, along with a 5.21
increase in sausage yield. This formulation also promoted the form
of a uniform monolithé structure, improved elasticity and thern
stability of cookeesmoked sausages, and enhanced their ser
properties.

Sausage samples produced with the specified mixture compo:
exhibited a dense and uniform structure, along with a harmonious
and aroma. In contrast, other formulations showed certain drawb
samples with the highest levels of protein and microbial transglutam
were excessively dense, whereas those with lower protein and er
contents lacked sufficient elasticity.

The mesured water activity of the cookedmo k e d s a|
0.92) indicates their suitability for loftgrm storage. Additionally, ¢
reduction in the imbalance of amino acid composition, expressed
3.65% decrease in the difference coefficient of aminosmice (DCAS),
contributed to a 4.16% increase in the biological value of the produt

Conclusion. A composite mixture of porcine blood plasma and ¢
protein isolate in combination with microbial transglutaminase
recommended for producing formed tatoucture cookeegsmoked
sausages, as it improves structure, sensory quality, yield, and biol
value.
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Introduction

One of the methods for improving technology to form a stable structure of restructured
meat products is the use of the enzyme transglutaminase (TGase) (lvanov et al., 2021,
Mirzaei, 2011). In the production of meat products, the safety of enzyme use lies in their
protein nature, and consequently, their denaturation during thermal processing (Feiner,
2010). The temperature range of adceanscal act.i
activity achieved approximately at 55 AC (
temperatures of 65 AC and iZBoWAE, (Whidtebucet
Oort, 2013).

In the meat processing industry, two main enzymatiepg@rations containing
transglutaminase (TGase) are used: enzymes of bacterial origin (Feiner, 2010) and blood
based systems in which blood is fractionated according to clotting factors and subsequently
recombined. In these blodzhsed systems, a componertibiting transglutaminase activity
is present (Prakasan et al., 2015). However, microbial transglutaminase obtained through
industrial cultivation of microorganisms of the genseptoverticilliumis increasingly
applied in the food industry, particularly in the fish, meat, dairy, and confectionery sectors
(Duarte et al., 202Kieliszek and Misiewicz, 2004

The technological function of TGase is based on the structuring of protein molecules
disryoted by mechanical or biochemical processes, promoting the formation of covalent
bonds between amino groupdiakdnddheeretbegctcr
component meat systems. TGase interacts differently with individual proteins depending on
conditions (RuizCarrascal and Regenstein, 2002; Shevchenko et al., 2020). The extent of
this reaction is primarily determined by the availability of glutamine and lysine residues, as
well as by reaction conditions such as pH and temperature, which musitfaf the
enzymeds opti mal act i vi-comainingeenzgretic pr€paratisns g u e n
are formulated to provide the enzyme and protein substrate in the appropriate ratie (Castro
Briones et al., 2009).

Becauseof enzymatic action, higmolecular compounds containing intraand
intermolecular glutamylysine bonds are formed. Covalent bonds formed under the action
of TGase between free amino groups and gaitanboxyl groups of glutamine are resistant
to proteolysis. Bonds are formed both withie firotein molecule and between its separate
molecules. This allows the formation of a homogeneous dense structure in restructured meat
products.

TGase also contributes to the deamination of amino acids and the biosynthesis of new
ones, which improves theurictionalt e chnol ogi cal propertdies of
Su8rez and Xiong, 2003) . The protein struc
temperature range and resistant to further mechanical impacts.

However, for twestructure minced systems abokedsmoked sausages, the specifics
of combining proteins and transglutaminase enzyme in mixtures with specific substrate
interaction with microbial transglutaminase are still insufficiently studied. It is important to
investigate how individual ingredies (animal and plant proteins, microbial
transglutaminase) and mixtures developed based on them affect the furtettbinalogical
and structuramechanical properties of minced systems and provide synergy between recipe
components. The use of optimizeabtein mixtures with specific substrate interaction with
microbial transglutaminase will promote the formation of monolithic structure, elasticity, and
thermal stability of cookedmoked sausages.
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The development of new functional protein mixtures suétebl enzymatic cross
linking by microbial transglutaminase can improve the sensory, nutritional, and biological
properties of sausages, which is especially important under conditions of protein deficiency.

The aim of this study is to investigate the effe€ microbial transglutaminase on
composite protein mixtures in terms of their functier@hnological, structurahechanical,
and sensory properties in formed tatoucture cookedmoked sausages, as well as the
resulting nutritional and biological vadu

Materials and methods

Materials

Substrate protein mixtures.Composition of substrate protein mixtures: porcine blood

fi AiParhigh®ydundtidbal anima gret@mptoduaeyl by
spraydrying the soluble fraction of porcine blood, made from thermostable functional
proteins; soy isolate (Aher Daniels Midland Company (ADM)); microbial transglutaminase

Zi p i micrdBial dorne af balcidrind@pemdenP r o E )
enzyme produced I§treptoverticillium mobamengseith activity 50 units/g of powder.

Recipe composition of sidied cookedsmoked sausage sampleOne of the
structural components of cooksthoked sausages is strips of whole muscle beef, and the
other is a minced system of sefat pork.

Model minced sausage systems were prepared based ofaspurk (40%), chiken
fillet (20%), chicken mince (20%), and side fat (20%uring the preparation of the
experimental cookedmoked sausage samples, the developed substrate protein mixtures with
various compositions of functional ingredients (Table 1) were added at &pkacing an

pl asma protein

(MTGase Jiangsu

equivalent amount of serft pork.

Table 1
Recipe composition of substrate protein mixtures
Components Blend 1| Blend2 | Blend3 | Blend4 | Blend 5
Porcine blood plasm&b 2.0 T 1.6 14 1.0
Soy isolate % T 2.0 0.4 0.6 1.0
TransglutaminaséMTGase) % | 0.70 0.75 0.80 0.85 0.90

Preparation of sausage sampleddodel minced systems of cooksthoked sausages
consisted of strips of whole muscle beef tenderloin and minced meat frorfasqrork,
placed longitudinally along the sausage baton, parallel to the whole muscle part. The mince
was prepared in a mixer f8rminutes, formed into a protein sausage casing with a diameter
of 55 mm, and thermally processed in a theaghamber according to the thermal processing

program for cookedmoked sausages in natural protein casing.

During the preparation of the mince fore experimental cookesmoked sausage
samples, analytically selected mixtures of enzyme and protein or protein mixtures were added
in an amount of 2% to replace serdfiat pork. Before thermal processing, the samples were
subjected to settling for 12 hauat a temperature of@ A C
cookedsmoked sausages and for enzyme activation (at this temperature, the enzyme activity

is 50 units/g) (Figure 1).
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Blend4 Blend5
Figure 1. Sausage samples with different compositions of substrate protein mixtures

Thermal processing of experimental sausage samples was carried out until the
temperature in the center of the sausage batons reached270 A C. The finish
productswerethn s moked and cooled to a temperatur

Methods for studying the properties of substrate protein mixtures

Determination of pH of the mixture. The pH value was measured using a laboratory
pH meter in an aqueous extract prepared in a ratio of mixater = 1:10. For this, 5 g of
the mixture was placed in a 250 mL conical flask, 50 mL of distilled water was added, and it
was extracted for 30 minutes with periodic stirring. After extraction, the extract was filtered
through filter paper and the péf the filtrate was measured with a laboratory pH meter
(Puolanne and Kivikari, 2000).

Determination of moisture content. Moisture content was determined according to
ISO 1442:1997, applicable for meat and meat products. This method involves drying a meat
or meat product sample at a specific temperature to a constant mass. The weight loss of the
sample during drying is corggred the amount of moisture.

Determination of water-binding capacity (X1). The waterbinding capacity of the test
objects was determined by the Gitdamm press method modified by V.l. Volovinska and
B.Ya. Kelman. The method is based on extracting waten &t 300 mg sample by pressing
with a weight of 1 kg for 10 minutes. The size of the spot remaining on the filter paper after
sorption of the released moisture is outlined with a pencil. The size of the wet spot (outer) is
calculated as the difference been the total area of the spot and the area formed by the meat
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(product). The watebinding capacity (percentage of bound water relative to total water) was
calculated by the formula:

_(¢-8.4B100

X1 is acontent of bound watefs, relative to total water;

A istotal moisture content in the sample, mg;

Bisarea of the wet spot, c¢cm].

Determination of water-holding capacity. A sausage sample weighing 0035 g was
sliced into thin pieces (3 mm) from the center of the product to minimize the influence of
outer layers. The sample was placed between two sheets of filter paper to absorb moisture
released under pressure. Awdgighor press was applied, typic:
After pressing, the filter paper was weighed, and the difference in weight before and after
pressing was used to calculate the amount of moisture released from the sample (Baur and
Ensminger, 197).

Determination of emulsion stability (X2). The stability of the emulsion from coarsely

ground raw material was determined by heat
for 15160 s. Then, four <calibrated centrif
the emulsion and centrifugedt a r ot at i onal speed of 500 s

emulsified layer was then measured. Emulsion stability was calculated by the formula:

m, = Y1100
V2

V3 is avolume of emulsified oil, ml;

V., is total volume of the emulsion, ml.

Determination of penetration stress.Penetration stress of sausage products was
determined using a digital Brookfield DV1 viscometer by the depth of indenter penetration
into the sample at 20 AC. Three measpler ement
at a distance of at least 10 mm from the edge of the product and at maximum distance from
other measurement points to avoid deformation interference. The penetration value was then
converted to penetration stress.

Determination of sensory properties osausagesSensory evaluation was conducted
using five criteria: appearance, consistency, color of the cut, odor, and taste. Each parameter
was rated on a fivpoint scale, where 5 = excellent and 1 = unsatisfactory. A panel of experts
assessed the prodscaccording to these established parameters to determine compliance
with quality standards (Fudali et al., 2021).

Determination of water activity. Water activity (a) of model minced systems and
sausages was measured using a Rotronic Hygroi Ralamalyzer.

Determination of protein content. Protein content was determined by the Kjeldahl
method (ISO 1871:2009).

Determination of biological value. Protein biological value (BV) was determined
using the corrected amino acid score, considering thedimgiti ami no aci d and
protein digestibilityy PDCAAS, as proposed by FAO/WHO in 1991 according to the formula
(Schaafsma, 2000).

Statistical analysis.All experiments were conducted in triplicate or more, and the
results were expressed as migstandird deviation. Statistical evaluation was performed
using oneway analysis of variance (ANOVA) in IBM &5 Statistics (Somers, NY, USA)
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Results and discussion
Compositions of substrate protein mixtures

At the first stage, the physicochemical and structunachanical properties of gels
were studied These gels contained varying amounts of structuring components, including
porcine blood plasma proteins, soy protein isolate, and mixtures of porcinegisoda
proteins and soy protein isolate with microbial transglutaminase (MTGasejor@ihg
properties were evaluated by determining the critical gelation concentration, yield stress, and
syneresis after storingthe gels 88 AC f or 1 2 tstame summiarized ih Eable e s u |
1.

Table 1
Physicochemical and structurai mechanical properties of gels from substrate protein mixtures

Sample Critical gelation | Yield stress, Moisture
concentration, % kPa separation %
(syneresis)

Blend 1 7 Mixture 1
(MTGase 0.7 + blood 0.7 0 OB 1090 0 BT 29 0 N®
plasma 2.0%)

Blend 2 1 Mixture 2
(MTGase 0.7% + soy 0.8 0 T 1114 0 N4 2.8 0 0®
protein isolate 2.%)

Blend 3i Mixture 3 (MTGas
0.80% + blood plasma 1.6 0.6 8 OB 1055 0 N® 2.4 0 09
soy protein isolate 0%4)
Blend 47 Mixture 4 (MTGas
0.85% + blood plasma 1.4 0.8 5 0D 1104 0 N4g 22 0 OB
soy protein isolate 0%)
Blend 5i Mixture 5 (MTGas
0.9% + blood plasma 1.0% 0.9 0 0D 1134 0 K& 20 0 0D
soy protein isolate 1.0%)
Note: Values are the medistandard deviation. Means within the same row with different superscripts
are significantly different at p O 0.05.

It was found that increasing the content of structuring components led to a higher critical
gelation concentration, which in turn resulted in an increase in yield stress (Table 1). The
yield stress of the different gels ranged from 105.5 to 113.4 kPasvillat are within the
acceptable range for sausages in casing. Sample 5 exhibits gel structures resistant to
syneresis. An optimal ratio of animal to plant proteins (1:1) ensures uniform formation of a
threedimensional matrix, increasing gel strength atakticity. This is explained by the
synergistic action of plasma proteins and soy protein isolate. Blood plasma contains albumins
and globulins, which are good donors of lysine residues, while soy protein isolate contains
glutamine residues, which areqd accept or s. I n t-hwlutamylre sence
lysine crosdinks form between them, densifying the structure. Thus, the combination of
blood plasma and soy protein isolate in the presence of MTGase promotes gelation through
protein-protein interations, such as crodimking of globulins (Xiong, 2017). The minimal
syneresis value (2.0%) also indicates high whti#ding capacity of the system, correlating
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with higher resistance to deformation. Therefore, the high yield stress of Sample 5 is
explaned by the most efficient formation of covalent crlisks between blood plasma

proteins and soy protein isolate under MTGase action, resulting in a dense, elastic gel with
reduced syneresis (Kuraishi et al , 1997; 7

Functional-technological properties of model minced systems and cookextnoked
sausages

At the next stage, studies were conducted to investigate the effect of MTGase on the
functionattechnological properties of model minced systems during settling. The mince
included, n varying amounts as structuring components, the enzyme TGase, proteins (blood
pl asma, soy protein isolate), and their mi)>
studies are presented in Table 2.

Table 2
Functional-technological properties of model minced systems and cooksdoked sausages
depending on the composition of substrate protein mixtures

Substrate protein mixtures

Parameter Blend1 | Blend2 | Blend3 | Blend4 | Blend5
Settling time (fermentation) 10 h

Waterbinding 770 8 | 775 2 0F|77.8 4 0F|782 7 NF|787 2 RB

capacity %

Waterholding 511 4 RZ|521 2 N%|523 7 R&(524 1 62|528 4 A7

capacity %

Mass loss during 1,51 o ge| 216 2 0G| 215 2 BB| 214 3 BF| 209 3 BF
thermal processingb

Emulsion pH 6.2 ND# | 6.2 N2? | 6.2 NIB* | 6.2 NI?* | 6.3 NA°
Settling time (fermentation) 12 h

Waterbinding 77.28 N8| 78.1 2 1 &| 784 8 R&|785 2 N B|78.85 NBR
capacity %
Waterholding 51168 D6*|52.1 9 K% |5251N 24°|52.48 N2 | 52 90K B1°
capacity %

Masslossduring |51 7 g fg1y| 208 6 [8%(205 8 864204 6 NG| 199 6 B
thermal processingb

Emulsion pH 6.2N4 | 6.2N®@0* | 6.2N 072 | 6.2 NI8* | 6.3N QA7
Note: Values are the meassandard deviatioMeans within the same row with different superscripts
are significantly different at p O 0.05.

According to experimental data, confirmed by statistical analysis, the funetional
technological properties of model minced systems and cemkedted sausagesmain
unchanged. This can be explained by the simultaneous increase in substrate addition (mixture
of blood plasma and soy protein isolate) along with increased enzyme content. Therefore,
quality indicators remain stable, while the nutritional value oftleeluct increases.

Fermentation time has a statistically significant positive effect on functional
technological properties: it increases waigrding and wateholding capacities and reduces
mass loss during thermal processing. The composition of protgtares shows a tendency
to improve the same parameters: increasing wateting and wateholding capacities and
reducing mass loss during thermal processing. The positive effect of prolonged fermentation
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is observed for all types of protein mixturadiich is an important technological conclusion.
Completion of the enzymatic "crefinking” process and settling is indicated by stabilization

of pH and reduction of moisture loss, not exceeding 1%, resulting from gel network
densification (Table 2).

Study of structural-mechanical properties of model sausage samples

In the production of twastructure cooked@moked sausages, an important aspect is
obtaining a monolithic product with a dense structure. A disadvantage that may occur using
classicakechnology for cookedmoked sausages is structural separation and detachment of
minced elements after thermal processing, as well as an atypical appearance of the cut,
negatively affecting both sensory properties and slicing of the finished product.

To asess the degree of influence of substrate protein mixtures on struceatahnical
characteristics of model cooksthoked sausage samples, water activity and yield were
measured in samples with 2.0% of meat raw material replaced by protein mixtures of
different composition. Considering the functional properties of selected protein mixtures with
different structural conformations, hydration was established at a ratio of 1:4.

The dynamics of changes in shear stress, cutting force, yield, and water aftivity o
model cookeesmoked sausage samples depending on the composition of substrate protein
mixtures are presented in Table 3.

Table 3
Structural -mechanical parameters, yield, and water activity of model cookegmoked sausage

Parameter Substrate protein mixtures
Blend 1 Blend 2 Blend 3 Blend 4 Blend 5

Shear 1988 7 (04| 2058 2 [0&|2123 9 RB | 2140 3 MF| 2147 7 M@
stress, kP4

f%‘ség”ipa 2062 3 BB| 2091 8 [0 (2111 6 RE | 2151 2 MG | 2160 2 BE
Yield, % | 772 2 B@® | 821 4 NP (822 2 N@ |8235 R#Z | 824 3 R@
Water 0.9 1 4.00%| 0.9 1 3.008| 0.9 1 2.008" 0.9 1 0.000| 0.9 0 9.600
activity, Q,

Note: Values are the measandard deviation. Means within the same row with different superscripts
are significantly differentat@®@ 0. 0 5.

Analysis of the results (Table 3) indicates that shear stress in the model sausage samples
varied depending on the composition of the substrate protein mixtures. An increase in shear
stress of 1.88% can be attributed to protein eliaging, which leads to changes in their
physicochemical and structuiratechanical propertiet. was established that the formation
of covalent bonds induced by MTGase alters the rheological properties of the sausages.
Although the overall statistical analysis didt reveal significant differences among all
substrate protein mixture groups, pairwise comparisons demonstrated the high efficiency of
the modified mixtures. A statistically significant difference was observed between the control
mixture Blend 1 (77.282.30%) and the most effective Blend 5 (828226%). Replacing
Blend 1 with Blends 5 resulted in an average yield increase of 5.2%, which is a critically
important technological parameter

Analysis of structuraimechanical parameters (shear stress artohguforce) revealed
a clear trend of structure reinforcement from Blend 1 to Blend 5. Shear stress increased from
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198.87 kPa (Blend 1) to 214.77 kPa (Blend 5), likely due to optimization of tHfergehg
properties of the protein matrix through covalleomnd formation between primary amines of
GIn and Lys residues in protein molecules (Santhi et al., 2017).

Simultaneously, water activity gradually decreased from 0.914 (Blend 1) to 0.909
(Blend 5). This parameter correlates with increased yield and wantivat mixtures Blend
215 bind free moisture more effectively. Lower water activity is favorable for improving
microbiological stability and extending shelf life of the final product.

Thus, the highest strength properties (shear stress and cutting (foabéy 3) were
observed for Blend 5, which contained 0.9% MTGase, 1.0% blood plasma, and 1.0% soy
protein isolate in an optimal ratio. Based on the obtained data, Blend 5 is the most
technologically efficient mixture, providing the highest product yieldximum shear stress
(indicating the formation of the densest structure), and lowest water activity, creating
favorable conditions for longer product shelf life.

Therefore, combining substrate protein mixtures with MTGase is reasonable to improve
the struatirakmechanical properties of sausages, as covalent bonds formed by
transglutaminase are highly resistant to proteolysis and thermal processing (Pfleiderer et al.,
2005; Toldr8 and Reig, 2021).

Moreover, blood plasma proteins are a better substrate foragd Gue to their easily
accessible, flexible, and open chain structure. In comparison, globular whey proteins are less
reactive because disulfide bonds stabilize the globular conformation, limiting binding site
accessibility. Proteins with a high glutaminentent, such as soy proteins, are also good
substrates for transglutaminasdnder the action of MTGase, credsking between
glutamine and | ysine resi dues -(dghutamyBlysine pr ot ¢
( o-Glu)Lys) complexegHan andBertram, 2017).

Thus, the effect of MTGase in forming additional bonds between plant and animal
proteins contributed to the formation of a denser and more monolithic structure in model
cookedsmoked sausage samples (Table 3). These new protein bondivedfferctain
moisture in the sausage matrix and increase resistance to deformation forces. MTGase
facilitates interactions between meat proteins and hydrophilic groups of the substrate protein
mixture, resulting in reduced moisture loss during thermalgasing and a 5.2dincrease
in sausage vyield (Lee et al., 2017).

Sausage strength with meat replacement by substrate protein mixtures increased by
1.95%. Therefore, the addition of substrate protein mixtures positively affects overall
structural strengtnd increases yield of cookethoked sausages.

The study of structurahechanical properties showed that using substrate protein
mixtures significantly improves strength characteristics of thermally processed sausage
samples. This is because the viscosftthe minced component of model sausages increases
due to the high protein content in both substrate protein mixtures and meat raw material.
Increased adhesion forces between protein molecule surfaces promote the formation of a
reinforced protein structar(Mohanan et al., 2020).

Scientific studies indicate that MTGase addition increases apparent viscosity of the
mince, regardless of sodium alginate addition or salt concentration. This may result from
protein solubilization with covalent bonds formed betwesin and Lys (Chen et al., 2023;
Moreno et al.,, 2008). Microbial transglutaminase catalyzes the formation of isopeptide
b o n d(sglutatdyl)lysine croséinks between glutamine (GIn) residues in peptide chains
a n damito groups of lysine (Lys) residu@s plasma protein and soy protein isolate
peptides, enhancing gel textural properties (Li et al., 2018; Wang et al., 2019). Therefore,
inclusion of substrate protein mixtures in coolsmdoked sausages significantly improves
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texture (elasticity and strertgt mechanical resistance, and wdtelding capacity of model
samples.

Thus, shear stress and cutting force measurements on the Brookfield DV1 viscometer
demonstrated that the most optimal ingredient composition is Blend 5. Its use in-cooked
smoked sausa&g contributes to formation of the best structural properties, confirming the
high functionality of its composition as a substrate protein mixture forstuatture cooked
smoked sausages.

In conclusion, analyzing the structurakchanical characteristicd model sausage
samples shows that meat proteins in combination with substrate protein mixtures containing
high amounts of GIn and Lys for crelisking under MTGase influence positively affect
overall structural strength of cooksthoked sausages. Thadlows prediction of the
interaction of structuring components and regulation of quality indicators in meat products
(Azaza et al., 2009; Ramd@iaz et al., 2022; Wei, 2019).

The results of water activity (@ studies in cookedmoked sausages (Fig. 2) sled
that model sausage samples with substrate protein mixtures can be classified as @ioup C (
O 0).in9%t@ms of product stabilityMeaning of@Q O 0 indcates that the product is
resistant to longerm storage (Ruifarrascal and Regenstein, 2008rause the amount of
water biologically available for microorganisms is reduced (Shevchenko et al., 2020).

Amino acid composition of model cookessmoked sausage samples

To assess the influence of substrate protein mixtures on the biological vahoeleif
cookeds moked sausages, their amino acid compos
protein, the mass fractions of which and overall balance fully satisfy the requirements of the
human adult body. The results of amino acid composition anaif/gtse model cooked
smoked sausage samples are presented in Table 4.

Analysis of the amino acid composition of control and experimental sausage samples
shows that the biological value index increases by4MBen applying the substrate protein
mixture Blend 5. The analysis reveals a significant excess of the amino acid SCORE for
several amino acids: valine (119.58%), isoleucine (146.42%), and tryptophan (104.5%)
(Duarte et al., 2019).

In the control samplehe limiting amino acids were phenylalanine and tyrosine,
whereas their content in the experimental samples was slightly higher (74.00 mg/100 g in the
control vs. 77.97 mg/100 g in the experimental samples).

A reduction in amino acid imbalance, as indidaby a 3.65% decrease in the DCAS
index, suggests more rational protein utilization for anabolic purposes and contributes to a
4.16% increase in biological value compared to the control. These results confirm that the
biological value (BV) of duastructue cookeesmoked sausages improves with the addition
of swine blood plasma proteins and soy protein isolate, which provide a better balance of
aromatic amino acids in the final product

Sensory properties of model cooked@moked sausages

The overall sensory evaluation of the model sausage samples was high. The highest
scores were observed for taste, color, and consistency, as illustrated by the quality profiles of
the samples (Fig. 2).

Table 4
Amino acid composition of model cookeésmokedsausages (mg/100 g)
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Cooked smoked sausage
Cooked smoked with 2% lean pork Reference
Amino acid sausage (control) replacement by Blend 5 standard
(experimental) (mg/100 g)
content | % SCORE content % SCORE
Protein, mg 18050 T 19038 T 1000
Essential amino | 4, 40.88 11356 351
acids:
Valine 4911 11421 5142 11958 43
Isoleucine 46.07 13961 4832 14642 33
Leucine 82.16 124.48 8271 12532 66
Lysine 86.29 156.89 77.89 14162 55
Methionine + 2496 | 9984 2531 10124 25
Cysteine
Threonine 4355 12443 44.69 127.69 35
Tryptophan 9.99 99.90 10.45 10450 10
Phenylalanine +1 -, /5 74,00 4678 77.97 60
Tyrosine
Histidine 29.97 124.88 30.75 12813 24
BV 80.34 84.50 10000

Appearance
5.0

Average o7

” e
score 12
"

Color

Blend 1
— - —Blend 2
----- Blend 3
........ Blend 4
----Blend5

. — —,

Taste "®aomcao - _—===> Scent

N -
~

Consistence

Figure 2. Quality profiles of model cookedsmoked sausagsamples depending on the
composition of substrate protein mixtures

Modification of proteins with MTGase allows changes in solubility, hydration, and

thermal stability, thereby improving structural properties of the mince base, particularly at
the junction between structural elements: winolgscle and minced parts of disttucture
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cookedsmoked sausages. The best sensory properties were observed in Sample 5, which
contained 0.9% MTGase, 1.0% blood plasma, and 1.0% soy protein isolate in an optimal
ratio within the mince base.

Efficiency of substrate protein mixtures in malel cookedsmoked sausages

The use of substrate protein mixtures, particularly Blend 5, effectively stabilizes meat
protein systems, reduces technological losses, and prevents structural separation, positively
influencing the structuraihechanical propeds of sausages. The synergy between plant and
animal proteins and microbial transglutaminase enhances elasticity and structural strength
and increases the yield of the final product. The developed substrate protein mixture also
demonstrates high functionechnological properties, confirmed by positive sensory
evaluation of duastructure cooke@moked sausages.

The results showed an increase in wdiading and wateretention capacity of mince
and thermally processed sausage samples during 12 hgsdiylirl.57% and 1.74%,
respectively, and a reduction in mass loss during thermal processing by 1.82%. Practical
application of the substrate protein mixture in the optimal component ratio of Blend 5 in
cookedsmoked sausage production allows an increashear stress by 1.88and cutting
force by 1.95%. These valwues align with pr
also reported improved rheological and textural characteristics with protein mixtures and/or
transglutaminase application.

The yieldof final sausages increased by 5.21%. Due to the stability of thei feater
emulsion and preservation of texture, the finished products meet high quality standards,
maintaining uniform color, harmonious taste, and aroma.

The use of Blend 5 substrate pratehixture in the proposed composition can be
recommended for industrial production of dsalucture cookedmoked sausages. It
improves sensory stability: products have elastic consistency, harmonious taste and aroma,
enhancing market competitiveness.

The results confirm the feasibility of using substrate protein mixtures in sausage
production. Their application positively affects structural strength and stability, increases
mechanical characteristics, promotes monolithic structure, elasticity, and tiseahikty of
cookedsmoked sausages, and enhances-fifeeHtability by reducing water activity 1@, O
0.92 Reduction of imbalance according D&CAS by 3.65% contributes to an increase in
biological value by 4.16%.

As substrate protein mixtures arepeomising tool for producing highuality meat
products with improved structuratechanical properties, the main directions for their
implementation in duastructure cooke@moked sausages include: controlled dosing (excess
causes excessive hardness) @memical composition modeling to optimize ingredient ratios
in mince systems and restructured meat products to positively influence both sensory
properties and biological value.

Conclusions

The use of composite protein mixtures, including blood plasma, soy protein isolate, and
microbial transglutaminase, improves the structure, elasticity, thermal stability, and sensory
properties of duastructure cookedmoked sausages. Partial replacenoérsiemifat pork
with these mixtures enhances gel formation and monolithic structure. Reduced water activity
and improved amino acid balance contribute to increased storage stability and biological
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value. Overall, the optimized combination of protein cormgrds and MTGase provides an
effective approach for producidggh quality functional sausages.
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Abstract

Keywords: Introduction. The objectiveof this study was to assess t

impact of storage temperature, gas composition, and rel
Pomegranate humidity on the quality of pomegranate varieties under-teng
Storage refrigerated storage conditions.
Ascorbate oxidase Materials and methods. The study examined local (Nazi
Polyphenol Gabig, Irdane) and new (Gashang, Yeni Guleishe) pomegra
oxidase varieties. Phenolic compounds, including anthocyanins, v
Peroxidase quantified using GOMS. The enzymatic activities of ascorba
Catalase oxidase, polyphenol oxidase, peroxidase, and catalase

determined using specplotometric methods.

Results and discussionPomegranate varieties were stored
refrigerated chambers under four conditions: a controlled

Article history: medium (CGM) with34 % CO 1i3&n dO 2 ( var.i
with I3 % CO 1i3&MdO 2 (variant tibnl
Receivedl16.08.2025 (variant Ill), and CGM withB4 % CG@d2i3 % O , a
Received imevised offromi2t o T 4 Ai©5% relative hutnidity (variant IV).
form 03.12.2025 Storage durations were 6,ilV4
Accepted31.12.2025 respectively. Natural and microbiological losses were monito

and sensory evaluation was performed at the beginning, mi
and end bstorage using a 1point scale, considering taste, textu

color, and overall acceptability. Variant IV resulted in the low
losses and highest sensory scores, demonstrating tha

Corresponding combination of controlled gas composition, low temperature,

author: high humidity is most effective in preserving fruit quality. The

Kl hama Ka: findings indicate that the Iridane and Yeni Guleyshe varieties

E-mail: particularly suitable for longerm storage and commerci

kazimovailhama465¢ cultivation.

@gmail.com Analysis of anthocyanin composition revealed signific
differences among varieties. High levels of delphinidin
cyani din derivatives, espec
enhance their biological and functional value, contributing to sti
antioxidant activity. Optimized storage conditions thus péa
crucial role in maintaining both the sensory quality and hee
promoting properties of pomegranate fruits.

Conclusions. Conventional refrigeration conditions led to
sharp decline in sensory properties. The fourth storage ve
(temperattroe 1 4AQ,oma Tcontr ol

DOI: 4% CO i3@mdO 2 under high 198%

10.2426 304 provided the highest sensory evaluation (9.2 points) and the

974X-2025-14-4-9 lowest losses of the fruits (1.1.9%).
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Introduction

The growing interest in healthy lifestyles and nutrechh foods hasdriven the
development of new product lines in the food industry. Pomegrapatéc@é granatunt..),

a fruit native to South Asia and widely cultivated in tropical and subtropical regions, is prized
for its high content of bioactive compounds, includingrhies, polyphenols, flavonoids,
anthocyanins, essential minerals (such as potassium), and vitamins (C, A, and folic acid)
( Gi m@astda et al.,, 2021; Noreen et al., 2025). Global pomegranate production
currently reaches approximately 8.1 million toos|tivated over a total area of 835,950
hectares, and continues to increase annually. Azerbaijan ranks among the leading
pomegranatg@roducing countries worldwide, alongside India, Iran, Turkey, Egypt, the USA,
Afghanistan, Tunisia, Spain, Peru, Pakistgaly, South Africa, and Mexico (Ezeora et al.,
2024).

Regular, yearound consumption of pomegranate is recommended to maximize its
health benefits, as its unique composition provides strong antioxidant and
immunomodulatory effects, contributing to oviéreell-being. In addition, pomegranate and
its derived products exhibit anticarcinogenic and-arftammatory activities (Akhundova et
al., 2025; An et al., 2021; Zarfeshany et al., 2014), support cardiovascular health (Saeed et
al., 2025), and daily iake has been associated with reductions in body mass index in healthy
individuals (Stabnikova and Paredes p e z , 2024) . Pomegranat e
demonstrated strong inhibitory effects against human pathogens sugtieptococcus
mutansandAeromaas hydrophilg(Habib et al., 2023), while ellagitannins in pomegranate
extract are converted in the intestines into urolithin A, which benefits the human gut
microbiota and supports intestinal health (Bandow et al., 2025; Oseyko et al., 2019).

Thesemultifaceted benefits underscore the potential of pomegranate both as a fresh
fruit and in processed forms such as juice, extracts, and functional foods (Zhang et al., 2025).

Pomegranate has more than 500 cultivars distributed worldwide (Kandylis and
Kokkinomagoulos, 2020). However, the type of cultivars that have prevailed in certain
regions reflects the preferences and taste of the local populations. In general, the same basic
pomegranate fruit is known by different names in different regions, and thimnlybecause
husk and aril color can markedly vary when grown in different regions. These differences
mainly affect fruit size, husk color (ranging from yellow to purple, with pink and red most
common), aril color (ranging from white to red), seed hasd, maturity, juice content,
acidity, sweetness and astringency (Kandylis and Kokkinomagoulos, Z023)omposition
of this fruit is characterized by its richness in individual representatives of phenolic
compounds with natural antioxidant and antimigal properties, particularly flavonoids,
biflavonoids, procyanidins, and other monomers, oligomers, and polyi@ansaf and
Bhatnagar2019)

Pomegranate has gained increasing global production and consumption in recent years
because of its diverse afations and notable nutritional benefitwever, pomegranate is
highly prone to weight loss and spoilage during postharvest handling and storage, which
negatively affects consumer acceptability by reducing freshness, taste, and potential health
promotirg compounds (Fawole and Opara, 2013). Therefore, establishing storage conditions
that maintain fruit quality over extended periods is essential.

The present study aimed to evaluate the effects of different storage conditions
temperature, gas compositi@nd humidity- on the quality of pomegranate varieties during
long-term refrigerated storage.
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Materials and methods
Materials

The research objects included local pomegranate varieties widely cultivated in
Azerbaijan, namely Nazik Gabig and Iridaas,well as newly developed varieties, Gashang
and Yeni Guleyshe, grown at the Goychay Experimental Station of the Azerbaijan Research
Institute of Horticulture and Subtropical Plants (Figure 1).

= ' <

Iridane

Gashang Yeni Guleyshe
Figure 1. Studied pomegranate varieties

Nazik GabigWidely cultivated in the Ganij&azakh region, the fruits are flattered
round, brightred, with a thin peel, and weigh 2&50 g on average. Harvesting occurs in
the second half of October.

Iridane. A local variety grown in Shirvan, Absheron, and Ganja, with round or
elongated fruits weighing 22050 g on average (up to 3E50 g). The thirskinned fruits
have large arils (100 arils weigh 3639 g, occasionally up to 45 g) and high juice yield (52
54%). Both fruit and juice are dark chegglored, with 14.4% sugar and 1.84% titratable
acidity. Storage ability is moderate, transport toleealow; mainly used for juice and as a
dessert fruit.
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Gashang Cultivated in Shirvan, this mediuhreight tree has drooping branches and
few thorns. Fruits are large (40800 g), with thick, bright dark crimson peel, thick internal
partitions, and large, dearils arranged regularly, with a sweetur taste.

Yeni Guleyshe&Grown in Shirvan, Karabakh, and Ganja, the tree has a rounded crown
with dense, upright branches. Fruits are globular witlyledrical neck, thin glossy peel,
large dark cherry arils, @nsmall thin seeds. Average fruit weight is 220 g, with svesetr
taste, sugar contett6.95%and acidity 1.84%. The thin internal partitions yield bright red,
high-quality juice, and the fruits are widely consumed locally.

Storage conditions

The pomegranateuits were presorted, individually cleaned of foreign impurities, and
placed in storage containers with a capacityidfBkg before being stored in refrigerated
chambers. During #hstudy, the pomegranafeuits were stored in refriged chambers
under four differentonditions

Pomegranatdruits were stored in refrigerated chambers under four conditions: a
controlled gas medium (CGM) withi8d % CO i3&n d 2 (vari anit®l ), C

co ahud Q (variant odnivariant If)oancdhCEM with 4% iCgCe r,at i
2iI3% O a temper at ui9%% mlativerh@midityqvariart IViRable an d
1).
Table 1
Storage conditions of pomegranate fruits
Storage Storage Atmosphere Chamber Relative Internal fruit
variar?t conditigns conditFi)ons temperature, | humidity, | temperature,
AC % AC
Refrigeration 10
chamber with 3i4 % Cf fromO . from +3
I and 80i 90
controlled " to+3 to+5
213% O
atmosphere
Refrigeration “a 0
chamber with 1i3 % C( fromO . from +3
1] and 80i 90
controlled " to+3 to+6
213% O
atmosphere
Refrigerated
chamber unde fromO . from +3
I standard S to+3 80190 to+6
conditions
Refrigeration
gg;a::?ggdwnh 3i4 % C( fromi2
v atmosphere at and t0id 92i 95 fromOto+1
P 2i3% O
low
temperature
Storage durations were 6,lI,4andIV3espeaively. O7 mont hs f
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Methods

The quality parameters of pomegranate varieties were examined across all variants once
a month until the end of storage.

Chemical composition ofpomegranate fruits. Besides, the changes in key quality
indicators, such as total sugars, titratable acidity, phenolic compounds, and vitamin C, were
determined Kasil, 2004)

Determination of phenolic compounds Using the modern analytical method of Gas
ChromatographiyMass Spectrometry Flamini and Traldi, 2010) the individual
representatives of phenolic compounds, including anthocyanins, were quantified in the local
Nazik Gabig and new Yeni Guleyshe pomegranate varieties.

Determination of ezymatic adivity . During the storage of pomegranate fruits under
different conditions, the changes in the activity of enzymes belonging to the oxidoreductase
class (ascorbate oxidase, polyphenol oxidase, peroxidase, and catalase) were studied (Hasil,
2004; Nabiyeet al., 2008).

During the storage of pomegranate varieties both natural and microbiological losses
were also identified. The degustation of each variety was also carried out separately at the
beginning, middle, and end of the storage peri@efgla andPace,2016)

Statistical analysis
_ Al experiments were performed in triplicate. The results are expressed as mean
Nstandard deviati on. Statistical anal yses
Microsoft Excel.

Results and discussion

During storage of pomegranate varieties under the first three conditions (vairiéts |

in refrigerated chambers, the chamber tempe
humidity of 80 90%. Owing to the relatively thick peel of pomegranate fruits, internal
temperature of the fruits in varianid I | | remained above 0 AC, wh

for quality preservation. During loatgrm storage, the internal fruit temperature was
regularly monitored at t@ay intervals using a Pocket Test Tihemeter.

The results showed that the internal tem
and, in some cases, reached +5 to +6 AC.
fermentation processes, leading to increased nutrient losses. Thetefareplementation
of the fourth storage variant was required to ensure more effective preservation. The primary
objective of variant IV was to reduce fermentation activity and limit nutrient depletion
associated with respiration. Under this storage ¢mmdithe internal temperature of the
pomegranate fruits was maintained at 0 to
conditions. Prior to storage under the different variants, the activities of oxidoreductase
enzymes, including ascorbate oxidase, poiyml oxidase, peroxidase, and catalase, were
evaluated, as these enzymes play a key role in oxidative processes during fruit storage (Table
2).
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. Table 2
Enzyme activity (O g / yobgdomegranate fruits before storage
Storage Local pomegranate New pomegranate
variant Enzyme varieties varieties
Nazik Iridane Gashang Yeni
Gabig Guleyshe

| Ascorbate oxidase | 0.66N0 . ( 0.55 0. | 0.80NO .| 0.88NO .
Il Polyphenol oxidasg 0.74NO0. ¢ 0.7NO. | 0.78NO .| 0.7ANO.
d
q

I Peroxidase 210N0. d 1.98N0. [1.3N0.| 221N0.
vV Catalase 0440 0.  0.36N0 . | 0340 .| 0.30NO.

OlOlolo

Enzymes are organic compounds present in all living organisms and play a crucial role
in sustaining life. Fundamental biological proceésexluding photosynthesis, respiration,
nutrient absorption, and the synthesis and transformation of proteins, lipids, and
carbohydrate® occur with the participation of enzymes (Patel et al., 2016). During the
storage and processing of pomegranate fruits and other food products, complex loi@chemi
reactions take place, the regulation of which largely depends on enzymatic activity.
Therefore, the objective of this study was to investigate enzyme activity and the dynamics of
its changes during storage.

One of the key enzymes involved in pomegrarfaiit maturation and the enhancement
of nutritional value is ascorbate oxidase, an aerobic dehydrogenase belonging to the
oxidoreductase class. This metalloprotein catalyzes the oxidation of ascorbic acid to-dehydro
L-ascorbic acid. In the storage andogessing of planbased products, including
pomegranate fruits, it is essential to establish conditions that reduce or completely inhibit the
activity of this enzyme. Otherwise, increased ascorbate oxidase activity leads to a decrease
in vitamin C contenand accelerates its utilization during respiration (Aslanova et al., 2014).

Polyphenol oxidase has been relatively less studied in pomegranate compared to other
fruits and berries. Chemically, polyphenol oxidase is a coenzyme and contains copper as an
acfive group. This enzyme catalyzes a wide range of polyphenols, facilitating the conversion
of orthe and paradiphenols into orth@uinones.

Catalase breaks down hydrogen peroxide, which forms during the tissue respiration
process in fruits and vegetabl@s;luding pomegranates, into water and molecular oxygen.
Through this catalytic activity, living cells, including human cells, are protected from the
harmful effects of hydrogen peroxide.

The primary objective of studying enzyme activity is to regulateabodic processes
that may occur during the lortgrm storage of pomegranate varieties under different
conditions in refrigerated chambers. It is well known that giasied products, including
pomegranates, should be stored under conditions that prev@rgeshin enzyme activity,
keeping them stable or in a permanently inactivated (inhibited) state. An increase in enzyme
activity facilitates the consumption of key quality components of pomegranate varieties in
the respiration process. To ensure the t@ngy preservation of food products, including
pomegranate varieties, with maintained quality, enzyme activity must be continuously
monitored throughout the storage perig@£imova and Nabiye\2022)

Besides, before storage, the main quality indicatopeofegranate varieties, including
soluble dry matter, total sugars, titratable acidity, phenolic compounds, and vitamin C, were
examined. A review of the literature revealed that pomegranate juice contains more than 400
organic and inorganic compoundiasi, 2004) The dry matter of pomegranate juice mainly
consists of simple sugars, which are representatives of carbohydrates. It is well known that
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sugars are the products of the photosynthesis process. During photosynthesis, not only
carbohydrates but alsawher essential organic and inorganic compounds necessary for life
are synthesized. Even oxygen, which is crucial for the survival of all living organisms, is a
product of photosynthesis. As a result of the proper functioning of this processhasant

food products, including pomegranates, can possess high nutritional value.

In modern times, ecosystem disruption, drought, climate change, and stress factors
affect the proper progression of the photosynthesis process. As a result, these factors can
negatiely impact the quality of food products, including fruits and berries. Therefore, it is
crucial for people to strive for ecosystem conservation. As mentioned earlier, the dry matter
of pomegranate mainly consists of simple sugars. Among these, glucdsechosk are the
most abundant (approximately 509%4s pomegranate fruit ripens, the amount of simple
sugars in its composition gradually increases. According to literature sources and the results
of our research, unripe pomegranate varieties contain Emveunts of glucose and fructose
compared to ripe fruits. Therefore, only fully ripened pomegranates should be used for both
fresh consumption and lortgrm storage. Additionally, pomegranate juice contains other
sugars such as pentoses, sucrose, pedistaces, and various other compounds.

The main quality indicator of pomegranate varieties is their richness in organic acids.
In the composition of pomegranate fruit, organic acids are found in high amounts in the juice,
while they are present in smalguantities in the peel, membranes, and seeds. Pomegranates
contain aliphatic polybasic organic acids. These acids are also referred to as natural, hon
volatile, and titratable acids. The total acidity of fully ripened pomegranates ranges from 2%
to 7%, deending on the variety. In wild pomegranate varieties, total acidity is higher,
reaching 5%12%. In fully ripened pomegranates, citric acid constitutes approximately
75%i 80% of the total acidity, while oxalic acid and other acids make up 18%. As noted
in the literature, citric acid, along with oxalic acid, contributes to blood purification, blood
pressure regulation, and the normalization of blood pressure and cholesterol levels in the
body.

The main physicochemical and biochemical parameters of fpiyed pomegranate
varieties before storage are presented in Table

Table 3
Physicochemical and biochemical parameter$f) of pomegranate fruits before storage

Parameter Local pomegranate varieties| New pomegranate varieties
Nazik Gabig Iridane Gashang | Yeni Guleyshe

Total dissolved solidgy 17.2N0 . 2| 17.4N0. | 17.&N0 . 17.4N0 . 2
Total sugar 13.6N0 . 3] 14.4MN0. | 1540 . 15.N0. 4
Titrable acidity 23N0. 0] 1.50N0. ( 1.66N 0 . 1.90N0. 0
Phenolic compounds 1.3N0. 0( 1.3N0. ( 1.0NO . 09NO0. 0
Vitamin C 16.6N0. 7/ 22.IN0. | 17.&6NO . 20.N0. 9

Note: The amount of vitamin C is expressed in mg%.

The total acidity in the studied pomegranate varieties ranged between 2.3% and 1.94%
(Table3). The data also show that the Gashang variety differs frorotttegs in terms of
total dissolved solids (17.6%) and total sugar content (15.4%). The highest titratable acidity
was observed in the Nazik Gabig variety (2.3%), while the highest levels of phenolic
compounds were found in the Nazik Gabig and Iridane tiesi€1.3%). Vitamin C content
was highest in the Iridane (22.1 mg/%) and Yeni Guleyshe (20.2 mg/%) varieties,
distinguishing them from the others.
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Pomegranate varieties are rich in wedeluble vitamin C, a biologically active
compound essential for métalic processes, protein and enzyme synthesis. Vitamin C
deficiency can lead to colds, fatigue, loss of appetite, and disrupted lipid metabolism,
increasing blood cholesterol. As shown in Table 3, the analyzed pomegranate varieties
contain high levels ofitamin C, supporting their inclusion in the daily diet for maintaining
health.

Total phenolic compounds are important quality indicators in pomegranate varieties.
These biologically active substances exhibit strong antioxidant, antimicrobial, antivital, an
antimutagenic effects, support blood circulation, enhance memory, and reduce fatigue.
Anthocyanins and their glycosides also aid in eliminating radiation, making pomegranate
juice and red wine beneficial for exposed individuals.

The study examined enzynagtivity and quality indicators of different pomegranate
varieties during storage under various conditions (Téple

Table4
Enzyme activity (%) of pomegranate fruits during storage under different conditions

CGM with CGM with In CGM with
Enzyme 3-4% CO2 1-3% CO- refrigerated 3-4% CO2
and 23% Oz | and 23% O chamber | and 2-3% Ox,
-2t0-4°C
Nazik Gabig
Ascorbate oxidase 81.IN2 . 4 622N2. 1 39.N1. 96.0N 1 . 2
Polyphenol oxidase 84.IN2. 6 63.6N2. 3 40N 1. 100.0N O . (
Peroxidase 80.0N2. 5 686N2. 4 143N1. 100.0N O . (
Catalase 70402 . 3 636802. 2 13.6N1. 955N 1. 3
Iridane
Ascorbate oxidase 69.0N2. 22 57.8N2. 0 20.0N1. 94.0N1 . 4
Polyphenol oxidase 7582 . 4 553N2. 1 33N 1. 100.0N O . (
Peroxidase 78.8N2. 5 646N2. 3 18.N1. 98..0N1 . 1
Catalase 720N2.3 61IN2. 2 220N1.4{ 950N1. 3
Gashang
Ascorbate oxidase 770N2. 4 72:N2. 3 31.N1. 945N 1. 4
Polyphenol oxidase 85.MN2. 7 71.40N2. 4 45W1. 100.0N O . (
Peroxidase 788N2. 5 694N2. 4 250N1. 100.0N O . (
Catalase 720N2.3 66MWN2. 2 220N1.4{ 98WN1. 1
Yeni Guleyshe

Ascorbateoxidase 799N 2.5 636802. 2 31.8N1. 93.4MN 1. 4
Polyphenoloxidase 80.N2. 6 63N2.3 38N1. 96.5N 1. 2
Peroxidase 80.0N2. 5 686&V2. 4 143N1. 100.0N O . (

Catalase 75.0N 24 70.0N B 13.6N D 100.0N @

Table 4 shows that during lorigrm refrigerated storage, enzyme activity remained
partially active under variantslll. Under variant Il (normal refrigeration), peroxidase and
catalase activity sometimes exceeded initial levels. In local varietiesigeese decreased
by 78.8 80% in variant |, 64.669.4% in variant I, and 14i.25% in variant Ill, with similar
trends for catalase. Ascorbate oxidase and polyphenol oxidase activity decreased most under
variant |, indicating higher nutrient consumptiorvariants Il and Ill. In contrast, variant IV
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nearly completely inhibited enzyme activity: peroxidase and polyphenol oxidase by 100%,
ascorbate oxidase by 96%, and catalase by 95.5%.

Comparison of variants shows thahtada he hi
stronger inhibitory effect on enzyme activity. During letegm storage under varianidll,
enzymes were not fully inactivated, and in some cases, activity even increased. Internal fruit
temperatures ranged fromg +85 tAC,+4d Ae&C,i mcmars
pomegranate skin. In the variant IViB% CQ@®3 % Q@ , 2tf o oim4 AC, wi t h i
fruit temperature maintained at ON1AC), en
local variety Nazik Gabig, ascorbate oxgdaactivity decreased by 96%, polyphenol oxidase
and peroxidase were completely inactivated, and catalase activity decreased by 95.5%. In the
variety Gashang, activity of ascorbate oxidase decreased by 94.5%, polyphenol oxidase and
peroxidase were fully mctivated, and catalase decreased by 98% (Table 4). At the end of
storage under variant IV, the pomegranate varieties almost completely retained their external
appearance, allowing storage not only fo6 fnonths but up to 8 months.

The main physicochemitand biochemical parameters of pomegranate varieties during
storage under different conditions have also been studied @gable

Table 5 indicates that conditions in variant IV best preserved dry matter and total sugars
in both local and new pomegranaarieties, while variant Ill showed the greatest losses,
with variants | and Il showing intermediate reductions.

Figure 1 showthat variant IV experienced the smallest decrease in antioxidant phenolic
compounds and vitamin C compared to the other varidiis is largely due to stronger
inhibition of polyphenol oxidase and ascorbate oxidase, which catalyze these compounds.
Reduced enzyme activity in plabased products, including pomegranate, slows nutrient
degradation during storage. The results indi¢hat limiting enzyme activity in refrigerated
pomegranate significantly reduces respiration, and maintaining a gas compositig¥wof 3
COand2i3% O , and al2temp4AG@thest opr &€serves fr

Before storage, the anthocyanin contehfully mature pomegranate varieties were
determined using chromatograjphyass spectrometry, with the results presented in Table 6.

Anthocyanins are watesoluble flavonoid pigments responsible for the characteristic
color of pomegranate juice and represthe most widely distributed flavonoids in this fruit.

Their aglycone forms, known as anthocyanidins, include six major compounds commonly
found in fruits: cyanidin, delphinidin, pelargonidin, peonidin, petunidin, and malvidin
(Stabnikov et al., 2025).like catechins, anthocyanins readily form glucosides by binding
with sugars and organic acids, which enhances product stability during storage. At
concentrations of 300 mg/L or higher, anthocyanins significantly suppress oxidative enzyme
activity and inhbit certain pathogenic microorganisms. Biologically, anthocyanins
contribute to cholesterol regulation, cerebral vasodilation, memory improvement, and the
removal of radionuclides from the body, supporting the health value of pomegranate products
(Bagirzack et al., 2024; Nabiyev and Moslemzadeh, 2008).

Anthocyanin profiling by GCMS (Table 6) showed marked cultivdependent
differences. Delphinidi#8-O-glucoside ranged from 15.54 mg/L in Nazik Gabig to 19.48
mg/L in Iridane, while cyanidin derivatives (aydin-3-O-glucoside and cyanidif,5O-
diglucoside) were the predominant anthocyanins in all cultivars, reaching the highest levels
in Iridane and Yeni Guleyshe. In contrast, cyanigli@®-rutinoside and pelargonidig-O-
glucoside were present in the lowastounts. Overall, Yeni Guleyshe and Iridane exhibited
higher total anthocyanin contents than Nazik Gabig and Gashang, enhancing their biological
and functional value. These results highlight the importance of optimizeestoolje
conditions to preservanthocyanins during longgrm storage.
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Table 5

Physicochemical and biochemical parameter®o) of pomegranate fruits during storage under
different conditions

CGM with CGM with In CGM with
Parameter 3-4% CO2 1-3% CO> | refrigerated | 3-4% CO>
and 2-3% Oz | and 2-3% O chamber | and 2-3% Ox,
-2t0-4°C
Nazik Gabig
Total dissolved 52N0. 3 70NO0. 4] 12.9NO. 3.8N0. 2
solids
Total sugar 5IN0. 3 7.3N0. 4] 14WO. 26N0 . 2
Titrable acidity 8.7N0. 4 21.0N0. 8 30.4N1. 56N0. 3
Phenolic 6.9N0. 4 10NO . 5| 16.NO. 3.8N0. 2
compounds
Vitamin C 18 N0. 9 22MN1. 0 40.N1. 11.8N 0
Iridane
Total dissolved 57N0. 3 8oNO. 4| 11.%No0. 3.N0. 2
solids
Total sugar 55N0. 3 76N0. 4] 1280 1.8N0. 1
Titrable acidity 8.7N0. 4 10.N0. 5 13.&O0. 48N0. 3
Phenolic 770 . 4 11.4N0. 5 20.8NO . 4.0N0. 2
compounds
Vitamin C 2IN1 . O 276N1. 1] 31.6N1. 8.5N0. 4
Gashang
Total dissolved 45N0. 3 6.7N0. 4| 11.NO. 3.4N0. 2
solids
Total sugar 6.5N0 . 4 84N0. 5/ 13NO0. 3.2N0. 2
Titrable acidity 78N0. 4 108N0 . 5 18.NO . 44N0 . 3
Phenolic 8.8N0. 4 10.8N0. 5 20NO . 49N0. 3
compounds
Vitamin C 172N0 . § 195N0. 9 34.IN1. 11.2N 0
Yeni Guleyshe
Total dissolved 57N0. 3 6.0N0. 4| 11.5NO. 280 . 2
solids
Total sugar 59N0. 3 72N0 . 4] 13.8NO. 28N0. 2
Titrable acidity 9.2NO0 . 4 108N0. 5 17.5N0. 4IN0 . 3
Phenolic 76N0. 4 1IN0 . 5 23.9NO0. 43N0 . 2
compounds
Vitamin C 158N0. 8§ 224N1. 0 40.8N1. 6.4N0 . 4

Note: The amount of vitamin C is expressed in mg%
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Figure 1. Reduction (%) in the content of phenolic compounds and vitamin C in th&eni
Guleyshepomegranate variety during storage under different conditions

Table 6
Content of anthocyanin(mg/l) in fully ripe pomegranate fruits before storage

Anthocyanins Nazik Gabig | Iridane | Gashang| Yeni Guleyshe
Delphinidin-3-O-glucoside 15.5365 | 19.4803| 17.4275 18.4803
Delphinidin-3,5-O-diglucoside 6.7350 8.8863 | 7.6260 9.7833
Cyanidin-3-O-rutinoside 0.4183 0.7560 | 0.5253 0.8660
Cyanidin-3-O-glucoside 30.4870 | 37.6190| 31.5726 35.5090
Cyanidin-3,5O-diglucoside 36.6453 | 41.3137| 38.5863 39.4137
Pelargonidin3-O-glucoside 3.1259 3.5816 | 3.2019 4.0819
Unidentified 0.8870 1.072 | 0.9080 1.1722

The study also aimed to investigate the loss rates during the storage of pomegranate
varieties under different conditions. It is known that during the-teng storage of fruits
and vegetables, including pomegranate fruits, both natural and microbiblogszs occur.

During the storage period, the conditions in the refrigerated chamber should be optimized to
minimize natural and microbiological losses. The storage of pomegranate varieties in the
refrigerated chamber was carried out for 6 months undi&mntd, 4 months under variant Il,

3 months under variant lll, and for 7 months or more (until the end of May) under variant V.
Natural and microbiological losses during the storage of pomegranate varieties under
different variants have been determined.

Detailed data on natural, microbiological, and total losses for each storage variant and
cultivar are presented in Table 7. In local varieties, Nazik Gabig and Iridane showed the
lowest losses in variant | (2.8% and 2.4%), increasing to ~5% in varianidl~10% in
variant lll. Similar trends were observed in the new varieties, Gashang and Yeni Guleyshe,
with losses of 3.1% and 2.7% in variant |, 5.4% and 4.8% in variant Il, and 11.6% and 10.2%
in variant Ill. Across all cultivars, variant IV had the lastenatural and microbiological
losses, demonstrating its superior effectiveness for-femg storage.

Sensory evaluation was performed to assess the quality of pomegranate varieties during
storage under different conditions, using apbint scale (Tabl8).
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Table 7

Loss rates (%) during the storage of pomegranate fruits under different conditions

Variant | Variant Il Variant lll Variant IV
Pomegranate| Storage for Storage for Storage for Storage for
varieties 6 months 4 months 3 months 7 months
NL |{ML | TL | NL|ML |TL |{NL|ML | TL | NL | ML |TL
Nazik Gabig [ 19|09 |28|3.1|21|52/63|42|104|1.2|06 |1.8
Iridane 17107 |24|13.0|20|50[(6.2|46|106|16|0 1.6
Gashang 19|12 (31|32|22|54/68|48|11.6|1.2|0.7 |19
Yeni Guleyshg 2.0| 0.7 | 27| 24|24 |48|6.6|3.6 |102|1.1|0 1.1
Note: NL, natural loss; ML, microbiological loss; TL, total loss.
Table 8
Tasting score (points) of pomegranate fruits after storage under different conditions
.. | Variant| | Variantll | Variantlll | Variant IV
Pomegranate varieties 6 months | 4 months | 3 months | 7 months
Nazik Gabig 8.8 8.4 7.6 9.4
Iridane 8.6 7.6 7.0 9.6
Gashang 8.5 8.0 7.1 9.2
Yeni Guleyshe 9.0 8.6 8.0 9.7

Sensory evaluation yielded scores ofi®.8 in variant I, 7.68.6 in variant I, 7.08.0
in variantlll, and the highest values, 927, in variant IV. After longerm storage, Iridane
and Yeni Guleyshe achieved the top scores of 9.6 and 9.7, respectively. Overall, storage
under variantIV (84 % CO®3 % Q , 1 2 i95% relative hindidity) ®aained
superior sensory quality and minimized natural losses compared with other variants.

Conclusions

The study demonstrated that storage conditions significantly affect the preservation of
pomegranate fruit quality. Under conventional refrigeratih,studied local and newly
developed cultivars showed pronounced reductions in soluble solids, total sugars, titratable
acidity, phenolic compounds, vitamin C, and sensory attributes. In contrast, storage under a
controlled atmosphere with reduced tempge (romi2toi4 AC) and an opt.i
composition (834 % CO i3&n d 3 proved to be the most
minimal losses of key quality parameters and slowing physiological and biochemical
processes in the fruits. Storage underardarlV resulted in the highest sensory scoresi (9.2
9.7 points) and the lowest total losses {1.9%). The results also revealed significant
cultivar-dependent differences in anthocyanin composition and content. In particular, the
elevated levels of delpfidin and cyanidin derivatives in the Yeni Guleyshe and Iridane
cultivars enhanced their biological and functional value. Given the important role of
anthocyanins in human health, the application of optimal refrigeration regimes during long
term storages essential to minimize the depletion of these biologically active compounds
through respiratory processes and to preserve the nutritional quality of pomegranate fruits.
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Introduction. Enriching yogurt with functional ingredients is
relevanttask; however, their incorporation may significantly affe
the sensory and physicochemical properties of the prot
necessitating additional study.

Materials and methods. The technological effectiveness
adding (a) the LBLC + SeNPs supplement (biomasscfobacillus
bulgaricus3511 and_actococcus cremoris220 containing seleniun
nanoparticles synthesized by these strains) and (b) cardamon
source of technologically active extractive compounds is studiec

Results and discussion. The LBLC+SeNPs suppieent
substantially affected the activity of the starter culture LAB in yog
demonstrating a characteristicdbaped doseesponse relationshi
within the concentration ran
a selenium cont en tatioo éf thé&staBedculdn
LAB was observed, whereas exceeding this concentration le
inhibition of their activity. The values of active acidity and synere
of the yogurt samples correlated with LAB activity throught
fermentation, indirectly confining the interrelationship among the
indicators. Within the tested selenium concentration range,
seleniumcontaining supplement significantly influenced t
apparent viscosity and thixotropic behavior of yogurt, increasing
values of these paratees nearly twofold compared with the contr
this effect is attributed to

The extractive compounds of dried cardamom, added at an i
level of 0.1 0.5%, caused a slight suppression of LAB activity dur
fermentaion. The effect of cardamom on the apparent viscosit
fermented milk was minor; however, it enhanced thixotropy, wt
is technologically important in the production of drinking yogt
When applied at rational dosages, both functional additives pbgit
contributed to the overall quality of the final product during 28 d
of storage, including the prevention of excessive-pogtification.
Further research should focus on combining the functional
technological properties of the seleni@mrichedbiopreparation anc
cardamom extractives to formulate a new type of nutrition
enhanced yogurt.

Conclusions. The incorporation of the studied function
additives into yogurt significantly improves the overall qua
characteristics of the product.
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Introduction

Selenium is an essentishice element required for maintaining human health (Dinh et al.,
2018; Niu et al., 20245krotskaet al., 2025 It is a key component of numerous selenoproteins
involved in immune function, thyroid hormone metabolism, antioxidant protection, reproductio
and cardiovascular health. Adequate selenium intake helps prevent various disorders, including
cardiovascular diseases, infertility, muscle degeneration, cognitive decline, and increased
susceptibility to infections (Brigelies | o h ®, 2 OKh@vip antiotidans rolevie linked to
glutathione peroxidase, which protects cells from oxidative damage (Hariharan and Dharmaraj,
2020; Zoidis et al., 2018). Although selenium deficiency poses serious health risks, its safe intake
range is narrow, making caneflietary control essential. Recommended daily intake for adults
generally ranges from 30 to 75 eg/day, der
Kieliszek and Blazejak, 2016; Stabnikova et al., 2022).

In the food industry, seleniwenriched microbigproducts are primarily developed for the
production of functional foods. These selenifamified products not only meet the growing
consumer demand for nutrition and wellness but also enhance the added value of food items.
Common applications includedtuse of seleniuranriched yeast and lactic acid bacteria in the
manufacture of bakery and dairy products, as well as in the development of selemium
functional beverages (Du et al., 2024; Luo et al., 2025; Stabnikova et al., 2008, 2022; Shu et al.,
2020; Wang et al., 2025).

It is known that Se can affect the physicochemical characteristics of food systems. In
particular, Du et al. (2024) established the mechanism by which seleniiched yeast affects
dough rheology. The addition of sodium seletdtgeast cultures (to produce seleniantiched
yeast) has been found to inhibit the yeast's energy metabolism and the synthesis of glutathione,
glycerol, and linoleic acid, ultimately leading to dough softening. It was shown that as the amount
of seleniumaccumulated in yeast cells increases, their enzymatic activity arforigesg
capacity decline, resulting in slower fermentation and proofing of the dough (He et al., 2023;
Stabnikova et al., 2008). Therefore, the impact of accumulated Se on the aictividgbility of
microorganisms employed in fermented food production requires further detailed investigation.

Selenium accumulated by yeasts and bacteria offers advantages when incorporated into
fermented dairy products due to its low toxicity and higlamilability (Kieliszek et al., 2023).

It has been demonstrated that certain lactic acid bacteria (LAB), inclldictpbacillus

bulgaricus Lactobacillus acidophilusBifidobacterium bifidum Streptococcus thermophilus
Lactobacillus caseilactobacillls rhamnosysand Bifidobacterium longumare capable of
biotransforming selenite (a toxic form) into bioavailable, less toxic selenium nanoparticles, and
Sdaminoacids(noh oxi ¢ forms) (Mart2nez et al ., 2020
prodicts with selenium nanoparticles in the form of biomass of lactic acid bacteria that
synthesized them during cultivation in media containing inorganic selenium (Stabnikov et al.,
2025; Stabnikova et al., 2023).

Csap- et al. ( 2 01 5)obtgnedfrdnu aowesded selergeenriched f r o m
yeast (Selple2 300) . The mil k, containing 53.0 N 2.
cooled, and inoculated with a starter cultureLattobacillus delbrueckisubsp.lactis and
Lactococcus lactisubsp.cremais for fermentation. The resulting yogurt had a high selenium
content of 58.5 N 0.40 Og/kg.

A seleniumenriched yogurt was developed using the irsgleniumtolerant strain
Lactiplantibacillus plantarunNML21, which is capable of converting inorganic selenium in the
form of sodium selenite (Na SeO ) into orga
seleniummenrichedL. plantarumNML21 in yogurt production made it possible to obtain a
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seleniumerriched functional product with high antioxidant activity and excellent
physicochemical properties.

Guo et al. (2023) investigated quality changes of yogurt fermented with selemiiamed
lactic acid bacteria durinfl days of refrigerated storageompaed with the control, selenium
enriched yogurt showedstower increase in titratable acidigpproximately 1015% lower by
the end of storageyignificantly reduced syneregiby about 2030%), andhigher apparent
viscosity and wateholding capacityhroughout storage. In addition, viable LAB counts remained
0.5 1.0 logoCFU/g highetthan in the control at day 21, indicating improved microbial stability.

Osman et al. (2020) reported that during 10 days of storage, yogurt samples contéining 0.2
0.6 mg/Lof selenium exhibited a slight decrease in titratable acidity, an increase in viscosity, and
a reduction in syneresis. A selenium concentration of 0.4 mg/L was identified as the threshold for
producing yogurt without flavor or odor defects.

Thus,the avaifibleinformation on the effect of selenium on yogurt quality parameters is
somewhat contradictory and requires clarification. The nature of this effect likely depends on the
composition of the selected selenium preparation, its dosage and method dii@ppiwtype
of lactic acid bacteria, and the duration and conditions of storage of the fortified yogurt, all of
which should be considered in each specific case (Wang et al., 2021). Therefore, fortification of
yogurt with selenium preparations requickeailed study to determine its specific impact on
physicochemical, rheological, and microbiological parameters, including during storage.

To impart unique sensory properties to yogurts with Se and to offset potential flavor and
aroma defects, natural flavadditives can be used. There is some experience in producing yogurts
with natural flavor additives, including spices such as cinnamon, cardamom, thyme, and ginger.
These additions can enhance organoleptic properties, provide antioxidant benefitsegeaily ge
maintain probiotic viability during storage.

Thus, probiotic yogurts have been developed with spice oleoresins (cardamom, cinnamon,
and nutmeg) and probioticgctobacillus acidophilusnd Bifidobacterium animalisubsp
lactis). The best sensopyoperties were obtained with cardamom oleoresin. The presence of spice
oleoresins did not affect the probiotic populations in the yogurt during 4 weeks of storage
(Vijayalakshmi et al., 2014). Yogurt samples with cardamom water extract at concentifations o
100250 Og/ L showed reduced pH, decreased perc
properties (Ismael et al., 2024). The suitability of combining yogurt with cardamom was also
confirmed by Santos et al. (2025). Cardamom imparts a uniquetfiaxagurt without negatively
affecting the viability of lactic acid bacteria during storage. Furthermore, encapsulated cardamom
oil is known to extend yogurt shelf life and stabilize its sensory and antibacterial properties for up
to 21 days (TeymutYeghaneh et al., 2025).

Therefore, it is worth investigating the potential use of cardamom in yogurt as a flavoring
and aromatic ingredient, with a view to its possible combination with selemharaim of the
present study was to investigate the effectsefBLC+SeNPs supplement (lactic acid bacteria
biomass with biosynthesized selenium nanoparticles) and cardamom as a flavoring additive on
the physicochemical, rheological, and microbiological properties of yogurt.

Materials and methods
Materials

For yogurt production, the Iprovit starter culture, contailStrgptococcus salivarissbsp.
thermophilusandLactobacillus delbruecksubspbulgaricus was used.
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Experimental yogurt samples enriched with selenium were prepared using a dietary
supplenent consisting of lactic acid bacteria biomakacfobacillus bulgaricus3511 and
Lactococcus cremoris1220) together with selenium nanoparticles (LBLC+SeNPs)
biosynthesized by these bacteria. The LBLC+SeNPs supplement was added to the yogurt as a
powders spension in 0.15 M NacCl, taking into a
( RDA) for selenium of 55 g/ day. The suppl e
corresponding to selenium contentsiveyf 2. 25,

To study the effect of natural flavor additives on yogurt properties, ground cardamom
(origin: India; composition: proteiris 11%, fatsi 7%, carbohydrates 68%) was used as the
additive.

Preparation of yogurt samples

Yogurt samples with a fatontent of 1% were prepared from standardized milk: control
sample without additives; sample 1 (2.25 ¢9g
(13.75 €g Se/ 100 ml); sample 4 (0.1% car dam
cardamom).

Yogurt samples were prepared in 200 ml volumes. The dietary supplement with SeNPs was
added to standardized milk before pasteurization, followed by stirring for 1 minute.

Dry cardamom was added to the standardized milk before pasteurization, duringviinich,
vigorous stirring, the watesoluble extractive compounds of cardamom are extracted into the
aqueous phase of the milk, eliminating the need for preliminary preparation of an aqueous
cardamom extract (Ismael et al., 2024). Pasteurization was cauntieat a temperature of
87\2 A Ci3minutes. Zo separate the milk from the cardamom segments, the hot mixture was
filtered through foulayer cheesecloth. The mixtures, cooled to a temperaturdbf 40A C, wer e
inoculated with pure cultures 8treptococcus salivaritgibspthermophilusandLactobacillus
delbrueckiisubsp.bulgaricus( 1 0 -formihgounity (CFU)/mI) and fermented until active
acidity reached pH 4.8 or lower. Before fermentation, the dry lyophilized starter culture was
acvat ed f or 2A @ oiusrestedmatk. DUrhdNférmentation, the active acidity of
the yogurt samples was determined every hour.

The resulting yogurtACsamgltes wer cdouoasl, ed h
degree of syneresis watetermined. The viscosity and thixotropic capacity of the yogurt samples
were determined after 14 days of storage, which is the average shelf life of the product. The
concentration of lactic acid bacteria in the samples was determined after 1, 7, Bldapsl &
storage.

Methods

Active acidity (pH) was measured potentiometrically using an ADWA AD1200 ATC
laboratory pH/mV/ISE/temperature meter.

The number of lactic acid bacteriacells in yogurt samples was determined by serial
tenfold dilutions. The yogurt sample was diluted with sterile saline (0.85% NaCl) and then plated
on solid MRSA (De MafRogosaSharpe agar) medium (CondalLab, Spain). To create anaerobic
conditions, the Petri digls were overlaid with an additional layer of MRSA medium cooled to 45
AcC. Col ony counts and domnbng angsu@-/ml yagarthwereer s i on
performed after incubationat&7/C f or . 48 hour s
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Syneresisof milk protein yogurt curds wadetermined by centrifugation. After mixing,
25 mL of yogurt in a cal i br a6k @bratoryiderdrifugeas c e
(Germany) for 20 min at 1,000 rpm and 20 AC.
expr essed a bprodutt (Pplischuk ét &.02029). o

The effective viscosity of yogurt samplegias measured using a Kinexus Pro+ rotational
rheometer (Malvern Instruments Ltd, United Kingdom). For the study, the upper geometry C25
DIN L0142 SS and lower geometry PC25 DIN350 AL were selected. Prior to measurement,

yogurt samples were mixed for 30 s, poured
was | ower ed, and the sample was equilibrat
determined during a sheateaweep in the forward direction (0110 0 s 1) and i n
direction (1000 . 1 s T ) . Vi scosity and thixotropic b

samples were evaluated on the 14th day of storage, corresponding to the averkifgepsiieti
when the product exhibits its most pronounced rheological characteristics.

The degree of structural recoveryof yogurt samples, upon decreasing the shear rate to
0.1 s 1T at the end of rotational Vi ®cosity
method, with the effective viscosity at the beginning of the measurement taken as 100% (Liang
et al., 2022).

Statistical analysis

All assays were performed in triplicate. MeSstandard deviation or mean values were
reported. Statistical analysis dédita was done using a eway analysis of variance (ANOVA)
and the differences between the means of samples were analyzed by Tukey's test at a significance
level of 0.05.

Results and discussion
Activity and viability of lactic acid bacteria during yogurt fermentation and storage

Yogurt samples were fermented and stored at a temperath2 € f or 2 hour s.
concentration of lactic acid bacteri&treptococcus salivariusubsp. thermophilus and
Lactobacillus delbruecksubspbulgaricusin fresh yogurtvere determined (Figure 1).

Addition of Secontaining biopreparation had a significant effect on lactic acid bacteria cell
counts in yogurt samples, exhibiting a characteristehbped do$eesponse relationshipg
similar doséresponse relemnship was reported by Yang et al. (2017). When the threshold
selenium concentration is exceeded, bacterial growth may be suppressed due to the formation of
reactive oxygen species and damage to cell membranes. In the present study, sample 1 contained
a \ery low selenium dose and showed LAB counts comparable to those of the control, indicating
no pronounced effect of selenium on the microbiological background of yogurt. In contrast,

sample 2, with a selenium cont ahactivatohoS6. 88 O
salivariussubspthermophilusandL. delbrueckisubspbulgaricus with cell numbers increasing
18f ol d compared with the control (223 1 10

growth may be attributed to selenium involvement in the synthesis of antioxidant enzymes,
thereby reducing oxidative stress in beatecells during fermentation (Zan et al., 2024).
However, a further increase in selenium content in sample 3 resulted in a sharp decline in LAB
counts, indicating inhibition of bacterial activity. Thus, determining the optimal dosage of the
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bioadditive br yogurt fortification is essential, as selenium concentration directly affects the
development of starter culture lactic acid bacteria.

250
T

200

150

100

concentration

50

Cel |

Control Sample Sample Sample Sample Sample Sample
1 2 3 4 5 6

Figure 1. Lactic acid bacteria cell concentration in fresh yogurt

Regarding yogurt sample$ 8 a moderate inhibiin of LAB activity by cardamom
extractive compounds at the selected dosage was observed, as evidenced bys-éold3
reduction in bacterial cell counts compared to the control sample. Nevertheless, the overall
LAB population in samplesi4 remained stitiently high, rangingfron8 2. 5 T 10 t o
T 10 OnRith/isrodnsidered technologically acceptable for fermented dairy products.

Available literature data on the effects of cardamom extracts on lactic acid bacteria are
inconsistent. In particular, Ismael et al. (2024) reported no inhibitory effect of aqueous
cardamom extract on LAB at low concentrations and noted the formatioprofiact with
high sensory quality and stable pH values. In contrast, the findings of Sobhy et al. (2023)
demonstrated pronounced antibacterial activityld@-cineole the main component of
cardamom essential oil, which may suppress not only pathogenigangianisms but also
other bacterial species, depending on the dosage and the composition of the growth medium.
Therefore, further investigation of the effects of biologically active compounds of cardamom
is required in each specific application, includihgir influence during product storage.

Additionally, the degree of syneresis and active acidity of the yogurt samples were
studied(Table 1).

The values of active acidity of the yogurt samples generally correlate with the activity
of lactic acid bactea and indirectly confirm the relationship between these parameters.
Regarding syneresis, the wat@lding capacity is also associated with LAB activity, as these
mi croorgani sms are capable of producing vi
2024) The macromolecules of these biopolymers can significantly modify the microstructure
of yogurt gels, in particular by binding water, reducing whey separation, and, under certain
conditions, forming complex structured gels with milk proteins. Howeveretfeist depends
on the molecular structure and quantity of
rheological characteristics of yogurt samples containing functional additives were also
investigated in thisesearch
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Table 1
Degree of syneresis and active acidity of yogurt samples
Yogurt samples| Degree of syneresis, mL/100ml Act i ve a
Control 30.3 N1, 4. NB17
with LBLC + SeNPs
Sample 1 19 N0l 4 . N220
Sample 2 1 6 No19 4 . Aos13
Sample 3 2 2 .N39 4 . Rosl5
with cardamom
Sample 4 2 4 N0 4 . Na.20
Sample 5 2 8 .NE2 4 . Na21
Sample 6 31 Ns 4 . ND18

di fferent

Changes in the concentration of viabile LAB cells in yogurt samples during storage for

superscripts are

Note: Values are the meatssandarddeviation. Means within the saneelumn with

significantly

up to 28 days is shown in Figure 2a, b, and their finalirsoare shown in Figure 3.
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Figure 2. Changes in oncentration of lactic acid bacteria cells during storage of yogurt samples

b b HJkrainian Food Journal .

with selenium (a) and cardamom (b)

2025. Volume 4. Issue4b b b

733

di

f



t t tFood Technologyt t t

3.0

25 - i

concentratio
N
o
1

Cel |

W]

Control Sample Sample Sample Sample Sample Sample
1 2 3 4 5 6

Figure 3. Lactic acid bacteria cell counts in yogurt samples on the 28th day of storage

According to Figures 2a and 3, the number of LAB cells in the yogurt samples
containing the biopreparation LBLC + SeNPs gradually approaches that of the control,
despite a substantial initial difference. This convergence is most pronounced between days
14 and 28, patrticularly in yogurt sample 1. Sample 2 exhibits the greatest change, whereas
sample 3 shows the least variation in LAB counts in the yogurt during peslastorage.

For the yogurt samples containing cardamom (samplés 4 gradual, nearly linear
decrease in LAB cell counts is observed throughout the entire storage period (Figures 2b and
3).

According to international requirements (Codex AlimentariusAl$T243-2003),
yogurt must contain at | east 10 L ba@dardusg of
and S. thermophilusat the time of consumption. All yogurt samples fully complied with
these requirements throughout the selected storage periodtedibsp observed partial
decline in LAB cell viability, especially between days 14 and 28.

However, different effects of functional additives on LAB cell concentrations in yogurt
samples on day 28 (Figure 3) can be observed, particularly for samples & ahe
maximum LAB count recorded in freshly prepared yogurt sample 2, supplemented with a
seleniumc ont ai ning preparation to achieve a Se
stimulation of bacterial growth; however, aftérld days of storage, LABounts approach
those observed in the control sample.

At the same time, the freshly prepared Sample 6, containing the maximum level of
cardamom (0.5%), exhibited the highest LAB content, indicating that compounds present in
this spice support bacterial Widity. This effect was similarly observed by Ismael et al.
(2024).

The values of active acidity and syneresis of the yogurt samples generally correlate with
the activity of lactic acid bacteria and indirectly confirm the relationship between these
parametrs. Functional additives exhibit different effects on the fermentation of the milk
mixture and on the content of viable lactic acid bacteria cells in yogurt samples during
fermentation. To activate LAB during fermentation and thus shorten the duratibe of
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technological cycle, it is advisable to use a biopreparation LBLC + SeNPs providing a
sel enium content of 6. 88 Og/ 10im5%doesn@ar dam
exert a significant effect on fermentation. The determined doses of functiontalesddre

considered rational for preventing excessive {ac#fification of yogurt containing
cardamom.

Influence of functional additives on the rheological characteristics of yogurt

The rheological characteristics of yogurt depend on the composition of the milk base,
particularly the content of total solids, protein, fat, and carbohydrates (Yu et al., 2016), as
wel | as on the technological a.p2Q2Pesaeaa@lng con
205;S° zer i At i k et al ., 2024) . A significant
the protein gel is exerted by lactic acid bacteria, which are capable of producing viscous
exopol ysacchar i des ) (TheRuBdiona &iditwds sisecein thisastudy, 20
may indirectly influence EPS production through their specific effects on LAB activity or
may suppress bacterial viability by day 14 of storage, which requires further investigation.

Figure 4 presents the clyas in the effective viscosity of the control yogurt and samples
containing the lowest and highest levels of the selefiontaining biopreparation (samples
1 and 3) and cardamom (samples 4 and 6) during forward measurement over a shear rate
range Ortmsosoi=to o2 = 100 s T, as well as du
shear, allowing assessment of the thixotropic behavior of each sample.

To gain a more detailed insight into the behavior of the studied food systems during
rotational measuremg the most important values of their rheological characteristics were
analyzed (Table 2).

According to Figure 4 and Table 1, the most structured yogurt samples were 2 and 3,
whose effective viscosity at the beginning of measurement (65.1172 and 68.RP143-rs ,
respectively) was al most twice that of the
be attributed to the influence of selenium on the metabolism of lactic acid bacteria. In
particular, Krausova et al. (2020) found that selenium, especiallywhe s ed t o fis el
LAB strains, enhances EPS production, which strengthens the protein gel structure. Changes
in the viscosity characteristics of all yogurt samples containing the selenium biopreparation
LBLC + SeNPs are linked to the effect of this eégrihon LAB activity (Figs. 1 and 3).

The cardamonrtontaining samples (4) exhibited viscosities close to those of the
control sample, indicating a minimal effect of this spice on lactic acid bacteria activity. The
ef fect of c a r dhaological cloaracteyistiog depends n its form (powder,
extract, or essential oil) (Ismael et al., 2024). Future studies should examine how different
forms of cardamom influence the microbiological and viscosity properties of yogurt.

A comparative analysiof the thixotropic behavior of the yogurt samples was conducted
using a criterion classifying food systems as exhibiting low or medium thixotropy. After
disruption under high shear, yogurt gels typically recover up to 30% of their structure (Lee
and Luce, 2010). This value was therefore adopted as the threshold for assessing an adequate
level of thixotropic behavior in the samples.
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Table 2
Rheological characteristics of yogurt samples
Sample Ef fective viscosity ( mPa| Degreeof
gradient structure
o = 10. ] 2 = 10¢( 2 = 10. ] recovery,
(forward run) (backward run) %

Control [35. 1276 0.5326 N| 9.2309 N 26.34
with LBLC + SeNPs

Sample1/45. 0034 0.4513 19. 3601 43.02

Sample?2|65. 1172 0.5293 23.5216 36.12

Sample3 68. 2143 0.4780 N22.4233 32.87
with cardamom

d
0.6541 N 13.25091 38.14

Sample4] 34. 7599
Sample5 33. 4921 0.5966 N112.8738 38.44
Sample6] 32. 7921 0.5628 10.0300 31.34

Note: Values are the medissandard deviation. Means within the same colunm with different R
superscripts are significantly different at p O

A low degree obtructure recovery (26.34%) was observed for the control sample. The
high thixotropic behavior was demonstrated by samples 1, 2, 4, and 5, which contained
moderate amounts of functional additives (no more than 2% for the selenium biopreparation
and no morghan 0.3% for cardamom). Exceeding these doses likely reduces the production
of viscous exopolysaccharides by lactic acid bacteria, which, through numereesdogy
interactions, are capable of rapidly restoring the disrupted protein gel structuagtidolar,

Han et al. (2016) found that EPS macromolecules increase the relaxation time of structural
bonds, thereby altering the thixotropy curve. It is also known that EPS reinforce theiprotein
casein gel by interacting with casein micelles or fillingdgowithin the gel, which increases
initial viscosity and provides better mechanical stability (Buldo et al., 2016). Thus, it can be
concluded that the functional additives used in the yogurt positively influence the rheological
characteristics of the fiharoduct, specifically by structuring the gel and enhancing its ability

to spontaneously recover its structure after disruption, an important factor in the production
of drinking yogurt obtained by tank fermentation.

The appearance of the yogurt sampes t e r 1 day of storage a
Figure 5.

Figure 5 visually demonstrates the significant impact of functional additives on the
consistency of stirred yogurt. A thick, homogeneous texture was observed in sample 2,
containing the selenium biogparation LBLC + SeNPs at a Se concentration of
6.88 Og/ 100 mL, as well as in sample 5, wit

Thus, based on a combination of physicochemical and microbiological indicators, the
selected functional additives were shown tbssantially improve yogurt quality. These
findings are of practical significance and support further research on combining the
functionattechnological properties of LBLC + SeNPs and cardamom to develop a new type
of fortified yogurt.
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Figure 5. Appearance of yogurt samples
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Conclusions

The seleniuncont ai ning biopreparation LBLC + S
(LAB) activity in yogurt in a Ushaped dosdependent manner, with the optimal effect at
6.88 Og/ 100 mL, while higher concentcisati on
slightly reduce LAB activity, including dit
improved yogurt viscosity and thixotropic behavior, whereas cardamom mainly enhanced
thixotropy. Using these functional additives at appropriate doses enhanced yoguail
quality by maintaining LAB viability, improving gel recovery, and preventing excessive
postacidification.
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Abstract

Introduction . The surfactanproducing strainsAcinetobacter
calcoaceticudMV B-7241 andRhodococcus erythropoliMV Ac-
5017 can synthesize gibberellin phytohormones, although gen
at low levels One approach to enhance gibberellin production is
introduction of biosynthetic precursors into the cultivation medil
which may stimulatenetabolic flux toward hormone formation.

Materials and methods. Bacteria were cultivated in liquic
media supplemented with 1800 mgL erythritol, which was
introduced either during the lag phase or at the onset of the stati
growth phase. Phytohormerconcentrations were quantified usi
high-performance liquid chromatography coupled with tandem n
spectrometry (HPLE@MS/MS). Extracellular surfactants wel
extracted with a methariahloroform mixture, and the activity c
key enzymes involved in sud&nt and gibberellin biosynthesis w
measured in celree extracts using spectrophotometric assays.

Results and discussionIn the presence of 30800 mgL
erythritol as an exogenous precursor, and regardless of the c
source used in the culture nieah (refined oil, ethanol, or biodiest
production waste), the concentration of biologically act
gi bberellins GA a n d Acin&tébacter
calcoaceticusndRhodococcus erythropoliscreased significantly
by approximately 1.5to 16-fold rdative to cultures grown withou
erythritol. This pronounced enhancement indicates that eryth
effectively increases metabolic flux through the gibbere
biosynthetic pathway.

Under such conditions, a I14.7-time increase in the-Gethyt
D-erythritol4-phosphatecytidylyl transferase activity, a key enzy
of these phytohormones biosynthesis in the meghythritol4-
phosphate pathway, was observed in the cells of both stidies
presence of erythritol in the cultivation medium of strains IMV
7241 and A&017 didn't affect the surfactant synthesis.

Conclusions The data obtained provide a basis for !
development of an efficient, integrated technology for the
synthess of surfaceactive compounds and phytohormones, w
potential applications in plant production.
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Introduction

Recently, there has been a growing interest among biotechnology researchegd|@u so
integrated microbial technologies (Linda et al., 2024; Katagi et al., 2024; de Sefjakir2024).

Their appeal lies in the fact that several valuable metabolites can be obtained during the
implementation of a single technological process, which allows significantly reducing the cost of
target products, increasing their competitivenesthe market and the overall efficiency of
biosynthesis.

Previous studies (Pirog et al., 2019) demonstrated that the surfactdmting strains
Acinetobacter calcoaceticud/V B-7241 andRhodococcus erythropolid1V Ac-5017 are
capable of synthesising yibhormonal compounds, including auxins, cytokinins, and
gibberellins, on various substrates such as sunflower oil and biodiesel production waste. In
addition, the positive effects of the strai
(Piatetskaand Pirog, 2023). However, the concentrations of phytohormones produced by strains
IMV B-7241 and IMV Ae5017 were relatively low, substantially limiting the effectiveness of
the complex preparation for crop production.

It has been shown that the synthesisuxintype phytohormones can be enhanced by
supplementing the culture mediumPofcalcoaceticuBMV B-7241 andR. erythropoligMV Ac-

5017 with exogenous tryptophan, a key precursor of auxin biosynthesis (Pirog et al., 2020). Based
on these finding®, was hypothesised that a similar strategynely, the addition of an exogenous
precursor of the target product biosynthesiild also be effective in stimulating gibberellin
synthesis.

In eukaryotes, including industrial producers of gibberellins, these phytohormones are
synthesised via pathways involving mevalonic acid (Salaeezzo et al., 2018Yntil the late
1990s, the mevalonate pathway was considered the only mechanism farsim¢hbsis of
isoprenoid precursors, including gibberellins. However, in the 1990s, the 1msttyitol-4-
phosphate (MEP) pathway for isoprenoid biosynthesis was discovered, which functions in
bacteria, green algae, and higher plants (Rohmer et &), 199

The MEP pathway begins with the condensation reaction of pyruvate and D
glyceraldehyde-phosphate to form-eoxyD-xylulose5-phosphate, which is subsequently
converted to Z-methytD-erythritol4-phosphate (Rohmer et al., 1993). Since gluconeogenes
reactions are required for the synthesis of MEP pathway intermediates during cultivation on non
carbohydrate carbon sources, it has been suggested that the addition of exogenous erythritol, a
possible precursor for gibberellin biosynthesis, to the mediay be accompanied by an increase
in the synthesis of these phytohormones.

In this context, the aim of this study was to identify the key enzymes involved in the
methylerythritol 4phosphate pathway #. calcoaceticuMV B-7241 andR. erythropolidMV
Ac-5017, and to evaluate the effect of exogenous erythritol on the synthesis of gibberellins and
surfactants during cultivation of these strains oncabohydrate substrates.

Materials and methods

Research objects

The research objects were strains cogitising bacteria isolated from aibntaminated
soil, identified asAcinetobacter calcoaceticus-9 andRhodococcus erythropoliKU-8 and
registered in the Depository of Microorganisms of the D.K. Zabolotny Institute of Microbiology
and Virology of the NAS of Ukraine under the numbers IMV7BI1 and IMV Ae5017,
respectively.
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Cultivation conditions

Cultivation ofR. erythropolidMB Ac-5017 was carried out in a liquid mineral medium
(o/L): NaNGT 1.3, NaCli 1.0, NaHPOQiT 1 201 0.6, KHPOy 1 0.14, MgSQT 7.@I7 0.1,
FeSQA 7,®li 0. 0 0 1 ,i7.@8cThe Sour& of carbon and energy was ethanol, as well as
refined oil at aconcentration of 2% (volume fraction) (Pirog et al., 282).

A. calcoaceticusIiMB B-7241 was cultivated in a medium with the following
composition (gL): (NHz).CO i 0.35, MgSQA 7.®i 0.1, NaCli 1.0, NaHPQ: i 0.6,
KHPOQ, 7 0. 14, 17 Thedme@iunwas supplemented with yeast autolysai@®5%

(by volume) and a solution of trace element®.1% (by volume). A solution of trace
elements with the following composition (g/100 ml): Zn8Q-®i 1.1, MnSQA D17 0.6,
FeSQA 7.®i 0.1, CuSGA 5®ii 0.004,CoSQA 7,®li 0.03, HBOs 1 0.006, KIi 0.0001,
EDTAT 0. 5. 1®&0. Biédiesl production waste (biofuel plaBgporizhzhiaregion)

and refined sunflower oil at a concentration of 2.0% (volume fraction) were used as a carbon
source (Pirog et al, 2022).

Erythritol was added as a 1% solution at the beginning of the process or at the end of
the exponenti al growth phalse at a concentr e

As an inoculum, a culture in the exponential growth phase was used, grown in a medium
of the above coposition with 0.5% (volume fraction) of the corresponding substrate. The
amount of inoculum (110° cells/ml) was 510% of the volume of the nutrient medium.
Bacteria were cultivated in 750 ml flasks with 100 ml of medium on a rocker (320 rpm) at
283 0 fdo ©68 h.

Determination of surfactants and phytohormones concentration

After theR. erythropolisMB Ac-5017 andA. calcoaceticusMB B-7241 cultivation
in a medium with refined oil, the residual oil was removed from the culture liquid by three
fold extraction with hexane (ratio 1:1). The biomass was separated by centrifugation (5000
g) for 25 min.

The surfactant isolation was cali out using modified method of Bligh and Dyer
(1959), after extraction with a chloroform and methanol mixture (2:1) from the supernatant
of the culture liquid as described in our work (Pirog et al., 2024). The concentration of
extracellular surfactants{ywas determined by the gravimetric method.

Extracellular phytohormones, gibberellins, were isolated from the supernatant of the
culture liquid by extraction with ethyl acetate at a pH of 2.5. The obtained extracts were
evaporated in a vacuum ati405 . #h@ dry residue was dissolved in 80% ethanol and
transferred to microtubes. The obtained ex
Preliminary purification and concentration of phytohormonal extracts (accumulating thin
layer chromatography) wererca i ed out on plates with sildi
(Chemapol, Czech Republic) in a mixture of solvents introduced sequentially: chloroform,
12.5% aqueous ammonia, and ethyl acetate: acetic acid (20:1). The qualitative and
guantitative composition ofgibberellins was analysed by higlerformance liquid
chromatography using an Agilent 1200 liquid chromatogesphipped with G6120A mass
detector(Agilent TechnologiesUSA).

The separation of aliquots of extracts was carried out on an analytical column (Zorbax
Eclipse Plus C18, 4.6 mm I 250 mm, 5 &m)
thermostat temperature was maintainec at 30
was carried out in the system acetonitfilevater+acetic acid in a gradient mode: 0 min:
acetonitrile/0.1% solution of acetic acid in deionized water (30/7020 min:
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acetonitrile/0.1% solution of acetic acid (70/3030 min: acetonitrile/0.1% acetiacid
solution (100/0) at a constant flow rate of 0.5 ml per minute. The duration of the column
equilibration after analysis (pesin) was 15 min. Standards of gibberellins&GAd GA
(SigmaAldrich, Germany) were used for identification.

Gibberellins vere detected using a diode array detector with signal recording at
wavelength 210 nm. The molecular weight was determined using a-gumeyeupole mass
spectrometric detector. lonisation was performed in the combined mode (electrospray and
chemical ionisBion at atmospheric pressure), resulting in the formation of negative ions. lon
detection was carried out in the SCAN and SIM (selected ion monitoring) modes, with a
massto-charge (m/z) range of 26800. GA and GA were identified by comparing the
retenton times, molecular mass values of ions, and spectral characteristics of the obtained
peaks. The quantitative content of &#d GA was determined by the method of external
calibration using the SIM mode for ions 345 and 331 m/z (monitoring of the 3183
m/z values according to the time table).

HPLC/MS analysis of gibberellin extracts Af calcoaceticudMV B-7241 andR.
erythropolis IMV Ac-5017 was performed at the Center for the Collective Use of
Chromatography and Mass Spectrometry of the Ndtidoademy of Sciences of Ukraine at
M.G. Kholodny Institute of Botany of the NAS of Ukraine.

Enzymatic analyses

Trehalose phosphate synthase (EC 2.4.1.15) activity was analysed by the formation of
uridine diphosphate, which was determingekbctrophotometrically by the oxidation of
NADH at 340 nm in coupled reactions with pyruvate kinase and lactate dehydrogenase.

The activity of 2C-methytD-erythritol4-phosphate cytidylyltransferase (EC
2.7.7.60), one of the key enzymes of the MEP pathefagibberellin biosynthesis, was
determined by the rate of lactate formation, which was determined by the oxidation of NADH
at 340 nm in @onjugateeaction with pyruvate kinase and lactate dehydrogenase (Kuzuyama
et al., 2000).

Statistical processing

All experiments were conducted in triplicate or more, and the results were expressed as
meari\standard deviation.

Results and discussion

Activity of the methyl-erythritol -4-phosphate pathway key enzyme in
A. calcoaceticudMV B -7241 andR. erythropolisIMV Ac -5017 isoprenoid biosynthesis

The enzyme Z-methylD-erythritol4-phosphate cytidylyltransferase catalyses the
formation of 4(cytidine5-diphospho)2-C-methytD-erythritol from cytidine triphosphate
(CTP) and 2C-methytD-erythritol4-phosphate, a key intermediate in the metrythritolr
4-phosphate pathway of isoprenoid biosynthesis (Diamanti et al., 2022; Kuzuyama et al.,
2000). The presence of@methylD-erythritol4-phosphate cytidylyltransferasetivity in
A. calcoaceticusMV B-7241 andR. erythropolisstMV Ac-5017 cells grown on different
substrates (Table 1) may indicate the functioning of the MEP pathway in these bacteria.
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Table 1
Activity of the methyl-erythritol -4-phosphate pathway key emyme during the growth of
Acinetobacter calcoaceticu$/B B -7241 andRhodococcus erythropoliBviB Ac -5017 on
different substrates

2-C-methyl-D-erythritol -4-
Strain Growth substrate phosphatecytidylyltransferase
activity, nmol/
Acinetobacter Refined sunflower oil 5263N263
calcoaceticus | Biodiesel production waste 667N33
Rhodococcus Refined sunflower oil 278N13
erythropolis Ethanol 103N5

The data presented in Table 1 served as the basis for further studies to determine the
effect oferythritol on the gibberellins synthesis in surfactant producers.

Gibberellin synthesis in erythritol-supplemented cultures ofA. calcoaceticusMV
B-7241 andR. erythropolisiIMV Ac -5017

Today, it has been proven that the ability to synthgdis¢ohormones of gibberellin
nature is inherent in many living organisms. Various species of plants, bacteria, fungi and
yeast produce more than 130 forms of gibbe
the same time, only some of them, in partic@#;, GAs, GAs and GA, are characterised
by high biological activity, while other forms are physiologically inactive and serve as
intermediates in the biosynthesis of active gibberellins. Our previous studies (Leonova et al.,
2020) showed that A. calcagtecus IMV B-7241 and R. erythropolis IMV AB0O17 produce
GA and GA

In experiments on the effect of erythritol on the gibberellin synthesis, surfactant
producers were grown in a medium with refined oil, biodiesel production waste, and ethanol.

Our prevous studies (Pirog et al., 2020) have established a positive effect of exogenous
tryptophan (a precursor of the phytohormone auxins biosynthesis) on the auxins formation
during the cultivation of A. calcoaceticus IMMAB41 on biodiesel production wastedaR.
erythropolis IMV Ac5017 on ethanol. Thus, there is a potential opportunity to increase the
synthesis of both auxins and gibberellins on these substrates with the simultaneous
introduction of tryptophan and erythritol into the medium. This, in twili,significantly
enhance the efficiency of integrated technologies for surfactant and phytohormone
production, as well as the practical application of these exometabolites in plant production.

The erythritol concentration choice (3600 mgL) and the mment of its introduction
into the medium (lag phase and the beginning of the stationary phase) was because the
concentration of exogenous precursors is usuall2Q®% of the concentration of the main
growth substrate, and phytohormones are secondary rlitdgapthe synthesis of which
begins in the stationary phase of growth (Cen et al., 2020).

Table 2 shows the biologically active gibberellin synthesis in the presence of erythritol
in the culture medium of A. calcoaceticus IMV/R41.

The data presented Trable 2 show that during the cultivation of strain IMV7B41 on
biodiesel production waste, the concentrationGéf; increased with an increase in the
precursor content in the medium.
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Table 2
Effect of erythritol on the biologically active gibberellins synthesis byAcinetobacter
calcoaceticusuf 1 -7241

Ervthritol Gibberellin
v : Erythritol addition concentration, % of
Substrate | concentration, h oh trol
mglL (growth phase) contro
GAs GA4
100 lag phase 116 79
beginning of stationary phase 187 84
200 lag phase 406 80
beginning of stationary phase 909 87
Refined 300 lag phase 911 178
sunflower ail beginning of stationary phase 1590 182
400 lag phase 938 165
beginning of stationarghase 1500 178
500 lag phase 476 115
beginning of stationary phase 586 115
100 lag phase 21 87
beginning of stationary phase 55 96
200 lag phase 25 101
o beginning of stationary phase 64 115
Biodiesel
. lag phase 33 159
production 300 — >
beginning of stationary phase 97 170
waste
400 lag phase 43 174
beginning of stationary phase 429 169
500 lag phase 60 156
beginning of stationary phase 984 158

Note: Controli concentration of gibberellins in medium without erythritol.

The amount 06GA4 practically didn't depend on the moment of erythritol introduction,
unlike GAs, the concentration of which was higher in the case of the precursor introduction
at the beginning of the stationary growth phase. The optimal concentratoythoftol for
the GA; formation was a concentration of 500 ing&n increase in synthesis of almost 10
times compared to that without the precursor). An increase ins@@fthesis by 1561.74%
was observed at erythritol concentrations from 300 to 50Q nhggerestingly, regardless of
the application time, lower concentrations (18Q0 mgL) of erythritol had a more positive
effect on GA formation (increase in synthesis ofi@870%) than GA(increase in synthesis
of 211 97%). At the same time, when appliedthe stationary phase of growth at higher
concentrations (4000 mgL), the precursor had a more positive effect on the; GA
formation (increase in the amount by #284%) (Table 2).

During the cultivation oA\. calcoaceticutMV B-7241 on refined oil, th GAs and GA
amounts increased with increasing erythritol concentration from 100 to 400. rimg/
comparison, at 500 mig/of the precursor, the synthesis of both gibberellins decreased (see
Table 2). The synthesis of GAas well as on biodiesel productiamste)did notdepend on
the moment of adding erythritol to the medium with refined oil. At the same time, the
concentration of GAwas higher when the precursor was added in the stationary phase of
growth compared to its addition at the beginning of dlvain IMV B-7241 cultivation
process. The optimal erythritol content in the medium for the formation eff@s 300400
mg/L (an increase in synthesis by 9988 and 15000590% when the precursor was added
in the lag and stationary phases, respectiv@gple 2).
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It should be noted that the effect of adding erythritol to a medium with refined oil or
biodiesel production waste on the formatioré{s was practically the same: in the presence
of the precursor (depending on its concentration), an incrieatiee synthesis of this
phytohormone by 7982% was observed compared to the indicators without erythritol.
Other patterns were found for tB8&\; formation in the presence of the precursor in a medium
with various substrates: the introduction of differeoncentrations of erythritol into a
medium with refined oil and biodiesel production waste was accompanied by an increase in
the synthesis dbAs by 1161590 and 22984%, respectively (Table 2).

In our opinion, the substratiependent effect of the presor on theGAsz synthesis can
be explained as follows. The order of gibberellin synthesis frérpdroxykaurenic acid is
as follows (Kamiya, 2025):
gibberelinGA,Y gi bb@A¥e | ¢ii mbGAE | gil mMb@Mm el gii mMb®Azel | i n

SinceGA4 is an intermediate metabolite in the synthesi&A, it is quite likely that
the composition of biodiesel production waste contains components that inhibit the activity
of enzymes responsible for the transformatioah into GAs. Such inhibitors of exyme
activity can be monovalent cations (potassium and or sodium), or alcohols (ethanol,
methanol).

Table 3 presents data on the erythritol effect in the cultivation mediBmenfthropolis
IMV Ac-5017 on the synthesis of biologically active gibberellins

Table 3
Effect of erythritol on the biologically active gibberellin synthesis by
Rhodococcus erythropolis MB -0
. Gibberellin
Erythritol . o N
Substrate | concentration, Erythritol application time concentration, % of
mall (growth phase) control
g GAs GAq
100 lag phase 125 131
beginning of stationary phase| 105 113
200 lag phase 161 156
Refi beginning of stationary phase, 135 129
efined
sunflower 300 — lag pha;e 262 234
oil beginning of stationary phase| 158 130
400 lag phase 380 361
beginningof stationary phase 211 151
500 lag phase 177 109
beginning of stationary phase| 150 58
100 lag phase 121 116
beginning of stationary phase| 132 129
200 lag phase 130 125
- beginning of stationary phase| 143 138
Biodiesel
. lag phase 152 136
production 300 beainm :
eginning of stationary phase 186 157
waste
400 lag phase 171 164
beginning of stationary phase| 233 206
500 lag phase 305 287
beginning of stationary phase| 468 407

Note: Controli concentration of gibberellins in medium withauythritol.
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Regardless of the growth substrate nature in the cultivation mediBmesjthropolis
IMB Ac-5017, the increase in the content of the gibberellin biosynthesis precursor was
accompanied by an increase in the concentration of the formed gibbe@Niremd GA,.
The maximum increase in the phytohormone amount during the cultivation afetimel §tB
Ac-5017 on ethanol (36280% of the control) was achieved in the presence of 40D afig/
erythritol, and on refined oil (40468% of the control) in the presence of 500 nhgbf the
precursor in the medium (see Table 3). It should be noted hhalevel of gibberellin
synthesis depended not only on the erythritol concentration, but also on the moment of its
introduction into the cultivation medium Bf. erythropolidMB Ac-5017.

Thus, the concentration of synthesised phytohormones was higherdade of adding
an exogenous precursor in the lag phase of the producer's growth on ethanol compared to that
when adding erythritol at the beginning of the stationary phasé 38R5and 106211%,
respectively). In the process of growing the strain IMV-5847 on refined oil, the
gibberellins synthesis was higher when adding erythritol at the beginning of the stationary
growth phase than at the start of the process40Z%nd 11&€87%, respectively) (see Table
3). It should be noted that regardless & @nythritol concentration and the moment of its
introduction into the cultivation medium &. erythropolidMB Ac-5017 with both ethanol
and refined oil, an almost identical increase in the synthesis level of both biologically active
gibberellinsGA; andGA, was observed.

At the next stage, the key enzyme of gibberellin biosynthesis activity was determined
in A. calcoaceticusMV B-7241 andR. erythropolissMV Ac-5017 cells grown on various
substrates in the presence of erythritol (Table 4).

Table 4
Effect of erythritol on the key enzyme of gibberellin biosynthesis activity in
Acinetobacter calcoaceticudIB B -7241 andRhodococcus erythropoliBviB Ac -5017

Strain Substrate concentration, phosp yudy
transferase activity,
mg/L )
nmol / mi nlk mg
Acinetobact Refined 0 5263 N263
cgllggac():e%(c::jsr sunflower oil 300 7519N375
wl | -7241 Biodiesel 0 667N33
production waste 500 1071N53
Rhod Refined 0 278N13
odococcus sunflower oil 500 484N24
erythropolis ) 103 N5
| MB -5p17 Ethanol 200 159 N7

Note: Erythritol was added to the culture medium at the beginning of the stationary phase of growth of
strains IMV B-7241 and IMV Ae5017.

The data presented in Table 4 indicate that the exogenous precunsoihied in the
gibberellins synthesis in the metkaiythritol4-phosphate pathway: -@-methytD-
erythritol4-phosphatecytidylyl transferase activity in cells of both strains grown under
conditions of maximum increase in the gibberellin phytohormonesasist (see Tables 2
and 3) was 1#41.7 times higher than during the cultivationfofcalcoaceticusMV B-7241
andR. erythropolidMV Ac-5017 in a medium without erythritol.
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In our work (Pirog et al., 2025), it was noted that, unlike a fairly large number of
publications on the auxin biosynthesis intensification in the presence of the precursor
tryptophan, there is no information about the effect of erythritol on the formafion
gibberellins by microorganisms. In our opinion, one of the reasons for this state of affairs is
the fact that at present the main highly efficient producers of gibberellins are the fungi
Gibberella fujikuroi(now reclassified aBusarium fujikuroj andFusarium moniliformein
which the synthesis of these phytohormones is carried out via mevalonic acid (Salazar
Cerezo et al., 2018), and not in the metryithrito4-phosphate pathway, as in bacteria. In
addition, the fungF. fujikuroi andF. moniliformeare industrial producers of gibberellic acid
(GAz3); therefore, primary scientific research today focuses on increasing the efficiency of
biotechnology based on these strains.

Thus, at present, the main approaches to intensification of gibberellin Sgritlyehe
fungi F. fujikuroiandF. moniliformeare the conditions for cultivating producers optimisation
and their improvement by metabolic and genetic engineering methods (Cen et al., 2020;
202 3; Hern8§ndez Rodr 2guez Eeetal,®024; Wang 6tal4 ; Pe
2023).

Previously (Pirog et al., 2025), we found that the introduction of43D mgL
erythritol into the cultivation medium of the surfactant produdecardia vaccinilMV B -

7405 was accompanied by B12 timesincrease in the concentration of biologically active
gibberellins GA and GA compared to the synthesis indicators in the medium without the
precursor. This work is a logical continuation of our previous studies on enhancing integrated
microbial technologes for plant production. In addition, these studies suggest that
introducing exogenous precursors of the biosynthesis of the target product into the cultivation
medium of the producer is a simple and highly effective method for intensifying the synthesis
of practically important metabolites.

Effect of erythritol on surfactant synthesis inA. calcoaceticusMV B -7241 andR.
erythropolisIMV Ac -5017

At the final stage, the level of surfactant synthesis was determined during the cultivation
of producers ira medium with erythritol (Table 5).

The data in Table 5 show that the presence of erythritol in the cultivation medium of
both strains with different growth substrates didn't affect the indicators of surfactant
synthesis.

Surfactants as well as phytohornesnare classified as secondary metabolites. The
producer's cultivation conditions determine the composition and properties of these
compounds. Thereforét is impossible to guarantee that preparations synthesised in the
presence of erythritol will possess the biological properties necessary for their effective use
in plant productionin particular antimicrobial activity against phytopathogenic bacteria.
The main component of the surfactant complexAoftalcoaceticusMV B-7241 andR.
erythropolisIMV Ac-5017, responsible for antimicrobial activitys aminolipids (Pirog et
al., 2020). The results of enzymatic studies showed that during the cultivhbothcstrains
under conditions that ensure maximum gibberellins synthiéhgiskey enzyme activity of
surfaceactive aminolipids was 1i8.6 times higher than during cultivation in a medium
without a precursor (Table 6). The activity of trehalose phosphatthasghe key enzyme
of glycolipid (trehalose mycolate) biosynthesisAn calcoaceticudMV B-7241 andR.
erythropolisIMV Ac-5017 was practically the same under the growth conditions of both
strains in the presence and absence of erythritol.

b b HJkrainian Food Journal . 2025. Volume 14. Issue4db b b 751



t t tMicrobiology, Biotechnology t t{ t

Table 5
Surfactant synthesis byAcinetobacter calcoaceticudIB B -7241 andRhodococcus erythropolis
IMB Ac -5017 in the presence of erythritol

; o Erythritol Surfactant
Strain Substrate Er(y tg&% adh(zgg;] concentration, | concentration,
° P mg/L giL
[ 0 1.740. 0
Refined —
suﬁf;g\?\,er lag phase 300 1.6N0. 0
Acinetobacter ol beginning of 300 1810 . 0
calcoaceticus stationary phase ~
wf 1-7241 T 0 2.84N0
Biodiesel —
production lag phase 500 2. 71KR0
waste beginning of N
stationary phase 500 3.08NO
T 0 1.8N0. 0
Ethanol lag phase 400 1.6XN0. 0
Rhodococcus beginning of 400 170 . 0
erythropolis stationary phase .
- T 0 1.22N00 6
| MB -l Refined -
sunflower lag phase 500 1.0N005
oil beginning of ~
stationary phase 500 1.INNO. O
Table 6

Erythritol effect on key enzyme of surfaceactive glyce and aminolipid biosynthesis activity in
Acinetobacter calcoaceticud/IB B -7241 andRhodococcus erythropoliBviB Ac -5017

Erythritol Activity, n mo |l / mi nL m
Strain Substrate concentration. NADP"- trehalose
mgiL glutamate phosphate
dehydrogenase | synthase
Refined 0 2608N1] 19NO0.
Acinetobacter suncf)li?wer 300 5630N2( 23N1.
calcoaceticus | g fec ] 0 708RKN35 33N1.
wf -7l production - -
waste 500 986 N49 39N2.
Refined 0 556 N27 23 N3
Rhodococgus sunfl_ower 500 1250K6 16R0 .
erythropolis oil ) )
| MB -5p¥j 0 82 N4 10KN0.
Ethanol 400 298RK14 10KO.

Note: Erythritol was added to the culture medium at the beginning of the stationary phase of strains

IMV B-7241 andMV Ac-5017 growth.
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Currently, there are few reports describing the ability of surfag@tucing
microorganisms to synthesise gibberellin phytohormones (Abdelmoteleb et al., 2022; Chen
et al., 2021; Hao et al., 2019). For example, Abdelmoteleb &022] isolated three strains
of Bacillus subtilighat simultaneously synthesised the lipopeptide iturin and produced 0.53
1.65 mgL of the auxin phytohormone indeBacetic acid and 1.64.97 mgL of gibberellin

GA . Similarly, Ch en @eBacilus htrophded8A42id capallleeomo n s t 1
concurrent production of an aminolipid complex with antifungal activity and the biologically
active gibberellin i@Amglat concentrations of

In 2024, Ding et al. (2024) reported th&acillus amyloliqguefaciensMG-2
simultaneously synthesised the lipopeptides fengycin, iturin, and surfactin, along with a
complex of auxirtype phytohormones, cytokinins, and the biologically active gibberellins
GA and GA , a s-paf@maace liguichchrdmatograpty.i g h

Bacteria of the genuBacillus, as shown in previous studies (Abdelmoteleb et al., 2022;
Chen et al., 2021; Ding et al., 2024; Hao et al., 2019), are predominanthaptatiated
microorganisms that naturally synthesise phytohormones and lipopeptides. In céxatrast,
calcoaceticudMB B-7241 andR. erythropolissMB Ac-5017 are frediving soil bacteria,
and information on the ability of such microorganisms to synthesise a surfactgsiexom
together with phytohormones of three classes (auxins, cytokinins, and gibberellins) is
currently lacking. A further advantage Af calcoaceticusMB B-7241 andR. erythropolis
IMB Ac-5017 is their capacity to produce metabolites of practical relevédorc plant
production using inexpensive substrates. Moreover, the surfactants synthesised by these
strains exhibit antimicrobial activity against phytopathogenic bacteria.

Conclusions

Thus, the results demonstrated that phytohormone gibberellin biosynthesis in the
surfactamproducing strainé.. calcoaceticutMV B-7241 andr. erythropolidMV Ac-5017
occurs via the methylerythritol -ghosphate (MEP) pathway. Supplementation of the
cultivation medium with erythrit@d an intermediate in isoprenoid biosynthesis within this
pathway led to a marked increase in the synthesis of biologically active gibberellins. In the
presence of 30®00 mg/L of this exogenous precursor across various grawstrates, the
concentrations of GA and -78lA and f(MVAdb0lded by
increased by 1i8.6-fold relative to cultures without erythritol.

These findings provide a foundation for the development of a highly efficient, integrated
technology for the simultaneous biosynthesis of surfactants and phytohormones for
application in plant production.
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Abstract

Introduction. The aim of this study is to identify the regulariti
governing mixedflow formation and to determine the influence of ejec
design elements on hydrodynamic characteristics.

Materials and methods. Ejection processes in ejectors with
cylindrical mixing chamber and active nozzles (jet and centrifjiga
nozzles) are studied experimentally on a hydraulic stand and
numerical modeling tools in the academic version of the ANSYS 20z
program with a maximum number of calculation cells of 512,000.

Reaults and discussionlt was found that the vacuum generatec
a conventional jet sulfitator with a geometric characteristic of 126 ¢
standard jet nozzle is relatively low, reaching onlyZ®Pa. In contrast
replacing the standard nozzle with a cdumgal jet nozzle markedl
increased rarefaction: at a distance of 20 mm from the nozzle outle
vacuum reached 42555 PaReplacing the jet nozzle with a centrifug
jet nozzle while maintaining the same geometric characteristic o
ejector resutd in stable operation of the sulfitation station. Fur
analysis identified a rational range of the ejector geometric charactt
of m = 25'40 when using a centrifugal jet nozzle, which ensured s
rarefaction in the range of 7800.4 kPa and relble gagphase ejection
Under a liquid pressure of 0.225 MPa at the nozzle, the eje
coefficient reached 2.5, which is sufficient to achieve the reqt
technological pH of the liquid during the diffusion process.

At a liquid pressure in the nozzleannel of the nozzle of 0.25 MP
its maximum speed reaches 20 m/s along the ejector axis. Due to tl
of energy for dispersion and resistance to the movement of droplet
gas environment in the mixing chamber, the liquid speed at the e
outlet decreases to 13.8 m/s. Two zones of mixed flow formation ir
ejector have been established. In the first zone at a distance of up
diameters of the mixing chamber, primary formation occurs with
formation of a homogeneous flow. In the secaode at a distance of L
to 3 diameters of the mixing chamber, phase redistribution occurs
ring flow regime is established. Based on these results, a rational
of a sulfitator for sugar production liquids was proposed to imp
controllabilityand process stabilization. The working nozzle must pro
sufficient surface area for phase contact, which is achieved
centrifugaljet type nozzles, and the geometric characteristic of the gj
should remain within the identified range ofi2B to ensure optima
vacuum generation and ejection efficiency.

Conclusions Experimental and numerical (CFD) studies of ejec
processes in liquidas sulfitators allowed us to establish the regular
of mixed flow formation and recommend rational sizios when
designing ejectors.
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Introduction

The advantages of ejectors make them widely used in various industries as effective
equipment for processes requiring high rates of phase interaction. One such application is the
sulfitation of liquids in sugar production. These advantages, howeveralzedenly when
the dimensions of the ejector are appropriately selected, taking into account hydrodynamic
behavior and technological requirements; otherwise, the equipment may fail to perform
effectively.

In the sugar industry, ejectors have been usedla@sitors without sufficient study of the
formation of mixed flows and the influence of key structural elements on hydrodynamic
characteristics. In practice, this has resulted in unfavorable environmental conditions during
sulfitation, difficulty in mantaining regulated technological parameters of the solutions,
increased reagent consumption, and higher energy costs. Therefore, the relevance of the present
research is evident.

A mandatory technological process in sugar production is the sulfationuimfslignd
sugar solutions, the main tasks of which are: (a) disinfection of water from microorganisms and
lowering its pH for the extraction of sucrose from beet chips in a diffusion apparatus; (b)
processing of sugar solutions to reduce the content efungars and improve the color of the
final product to normalized values (Saska et al., 2010). This process is carried out in classical
sulfitators of irrigation or bubbling types and jet (ejection) sulfitators.

Jet sulfitators consist of a liquighs ejectoand a cyclone separator for phase separation
(Ponomarenko et al., 2014). They offer several advantages over irrgatobbubblingtype
devices, including more intensive mass transfer between components, significantly lower
specific metal content, sirfgs design, and reduced sulfur dioxide emissions into the
atmosphere. However, during their operation, a number of design shortcomings were identified,
which are explained by inadequate research of ejection processes. Such shortcomings are: lack
of gas phae ejection in some operating modes, insufficient quality of liquid processing, SO
emissions into the production premises and into the atmosphere.

The practical limitations of ejector equipment can be addressed through a comprehensive
scientific study othe ejection processes occurring in the mixing chamber and by determining
the optimal hydrodynamic and design parameters. The choice of nozzle type is particularly
relevant: in a typical jet sulfitator, a perforated disk is used as the working nozzpdosdi
the liquid, effectively functioning as a jet nozzle (compact liquid jet) (Cramers et al., 2001).
Since sulfitation is a heat and mass transfer process that requires a large interfacial area for
efficient operation, such a nozzle proves to be ireffic

For such processes, the use of centrifjgialype nozzles is recommended, which are
characterized by a sufficiently high flow rate @.B) and a spray torch filled with liquid
droplets (Kandakure et al., 2005; Sliusenko and Ponomarenko, 202dgvéto despite the
fact that such nozzles have been studied experimentally (Balamurugan et al., 2007; Chen et al.,
2019), transient processes during droplet formation have been described (Dos Santos et al.,
2019), and data on determining their diameteve tieeen provided (Balamurugan et al., 2007,

Dos Santos et al., 2019), there is no unified idea of the mechanism of spray torch formation.

Establishing the patterns of mixed flow formation is necessary when designing ejectors,
since the efficiency of thewmperation significantly depends on the design. The main elements
of ejectors that affect the hydrodynamic characteristics are: (a) the design of the receiving
chamber, which is manifested in the hydraulic resistance of the ejected (passive) flow entering
the mixing chamber (Bergman et al., 2011); (b) the ratio of the main structural dimensions
(Lefebvre and McDonell, 2017) (the value of its main geometric characteristic m is the ratio of
the area of the mixing chamber to the area of the nozzle).
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Thus, in Afigriz et al. (2011) and Kandakure et al. (2005) it is noted that the highest
ejection coefficientk, the ratio of the passive flow rate to the active flow rate) for an ejector
with a compact liquid jet is achieved at m = 4. Balamurugan et al. (20073iaret al. (2014)
experimentally demonstrated that the maximkins at the value of the main geometric
characteristic m = 10, while Chen et al. (2019) and Liu (2014) noted that optimal mixing of
components in the ejector is achieved at m 220t shouldbe emphasized that in a typical
sulfitator, the geometric characteristic is m=126, which is significantly higher than these
optimal values and may explain its insufficient operational efficiency.

Materials and methods

A comprehensive study of thegection processes of jet devices with a cylindrical mixing
chamber and a compact (jet nozzles) and dispersed liquid jet (centrifugal jet nozzles) was
carried out by conducting fulicale experiments on a hydraulic stand and numerical modeling
of processei the academic version of the ANSYS 2020 R2 program with a maximum number
of calculation cells of 512,000.

Nozzle designs

The studies used jggpe nozzles (Figure 1), which are typical in industrial sulfitators
(Allauddin et al., 2024).

Figure 1.Jet nozzle: 1i nozzle; 2i body

The jet nozzle provides a compact liquid jet with a spray angledofi@grees, is the
working nozzle of a classic ejector. The dimensions of the experimental nozzle are indicated in
the drawing. The roughness of thezzle opening is Ra = 0.16, which corresponds to the
grinding operation. The flow rate of such a nozzle is quite high and is in the range @P893
which is its advantage.

Another type of nozzles that were studied are centrifugal jet type nozzlesr(@amko
et al., 2024) (Figure 2).
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Figure 2. Centrifugal jet nozzle:
17 inlet pipe; 27 housing; 3i twisting chamber;
47 nozzle; 51 inlet channel; 61 plunger with rod

The spray torch lies in the range ofi 800, and is formed by liquid dropletisat are
formed when it exits the nozzle opening at a short distance. A feature of the nozzle is that the
slotted inclined channels 5 for supplying liquid to the swirl chamber of the nozzle 3 are placed
so that both edges of the channel adjoin it tandbntiaut on different sides of the axis. Such
an entry of liquid into the swirl chamber contributes to the formation of a turbulent flow that
moves in the direction of the nozzle 4 and flows out of it in the form of a dispersed jet.

Ejector design

Ejection processes were studied in jet devices of two types: with a compact and dispersed
liquid jet. In the first case, the ejector had a geometric similarity with the ejector of a typical
water sulfitator for the diffusion process. The criterion for dhmilarity of ejectors is the
equality of the value of their main geometric characteristic m. The main dimensions of the
studied ejector: nozzle diametey =4 mm, mixing chamber diameter £45 mm, which
corresponds to the geometric characteristic ofvler sulfitator ejector m = 126. An ejector
with d: = 4 mm and mixing chamber diameter=D22 mm was also studied. Geometric
characteristic m = 30.25.

The design of the ejector and the receiving chamber is shown in Figure 3.

5 4 3 1

1L

D

Vs
! g = N \

Figure 3. Design of an ejetor with a cylindrical mixing chamber:
1i nozzle, 2i cover, 3i gas supply pipe,
417 receiving chamber body, 5 mixing chamber
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This design of the ejector allows you to change the type of nozzle and giats|
mixing chambers of different diameters, which allows for experimental studies of ejection
processes and visualization of the hydrodynamics of flows in ejectors with different
geometric characteristics while maintaining the design of the receiving chamber.1Table
shows the characteristics of the investigated ejectors and pressure ranges.

Table 1
Parameters of the investigated ejectors
Description Nozzle I\éhxmt;q Geometric l\éhxmt;q Range dOf
of the diameter, g amber | characteristic | €"AMOe! teste
ejector de. mm iameter, m length, pressures,
! D, mm I, mm P, MPa
Compact
liquid jet 4 45 126 152 0.050.25
ejector
Ejector with
dispersed 4 45 126 152 0.050.25
liquid jet
Ejector with
dispersed 4 22 30.25 152 0.050.2
liquid jet

Design of an experimental setup fostudying ejection processes

The design of the experimental setup is shown in Figure 4. The setup consists of a pump,
a pipeline system, a liquid tank, skaff and control valves, and control and measuring
instruments. The liquid (water) flow rate wasetatined using a rotary flow meter (accuracy
class 1.5). A sample pressure gauge (accuracy class 1.5) was used to control the liquid
pressure in the nozzle. The gas (air) flow rate was measured using a rotary meter (accuracy
class 1.5). A differential prese gauge was used to determine the vacuum in the ejector
receiving chamber.

The studies were conductedinawaster r envi ronment at a phas
and a relative humidity of 85%. Changes in the ejector operating modes were carried out by
adusting the liquid pressure in the nozzle, which was controlled by a pressure gauge. During
the studies, the readings of the liquid and gas flow meters at the beginning and end of the
experiment, the liquid pressure in the nozzle and the vacuum in tlirrgaghamber were
recorded.

Methodology and conditions of CFD modeling of ejection processes
For CFD modeling of ejection processes in ejectors with compact and dispersed liquid
jets and different values of the main geometric characteristic m, the AlREXSsoftware

package (ANSYS 2020 R2 with a maximum number of computational cells of 512,000) was
used.
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Figure 4. Design of the experimental setupt 1 tank with liquid; 2 7 pump;
31 mixing chamber; 41 nozzle with receiving chamber; 5 liquid flow meter;
61 pressure gauge; T gas flow meter; 8i differential pressure gauge

Eeceiving chamber

Figure 5. 3D model of the ejector

Figure 5 shows a 3D model (computational domain) of the investigated ejector. The
boundary conditions for the simulation are (Figure Bquid inlet into the nozzle
"Inlet_liquid", gas inlet into the receiving chamber "Inlet_gas", wall "Solid_wall" and outlet
of the twephase mixture from the mixing chamber "Mixture_Outlet".

Table 2 and Table 3 provide a list of parameters for CFD rimzpef ejection processes.
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Table 2
Basic parameters of CFD modeling of ejection processes

Indicator Value

Unstructured with a seal in the nozzle area and annular ga
Calculation grid the gas phase inlet to the mixing chamber. Maximum cell siZ
4 mm, minimum size is 2 mm.

Task type Non-stationary (Ansys, 2020)
Duration of
. 0.5s
computer calculation
St_ep be_ztween 0.001
iterations
Criterion for
convergence of 0.0001
results
Calculation accuracy Double precision
Work environments Water and air
Turbulence model k-U (Dos Santos et al., 2019)
Multlr%k:)%séel flow Euler's "Mixture" model (Ansys, 2020; Ishii and Hibiki, 2011

Zero speed components,
Initial simulation Pressure P = 101325 Pa,
conditions Tempera}tqre t = 20C _ .
The volume fraction odir is 1, i.e. 100% in the entire
calculation area

Table 3
Boundary conditions of CFD modeling of ejection processes

Type of
Boundary boundary Parameters
condition name "
condition

Mass flow rate of liquid: M = 0.2 kg/s

Inlet liquid Inlet Turbulencemo d e | parameter s

Volume fraction of component: watérl, airi 0
Pressure P =0 Pa

Inlet gas Inlet Tur bul ence model par g
Volume fraction of component: water0, airi 1
Solid wall Wall No-slip wall
Mixture Outlet Outlet Pressure P =0 Pa

Results and discussion

Rarefaction in jet sulfitator

Comprehensive studies of ejection processes in a jet apparatus with geometric
characteristics m = 126{¢ 4 mm, D = 45 mm) and a jet nozzle (compact liquid jet), which
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corresponds to the operation of a typical water sulfitator ejector for the diffusion process,
were carried out. Figure 6a shows the liquid distribution in the ejector in the form of a
compactet along the ejector axis obtained using CFD modeling.

Confirmation of such liquid distribution is visual observation of the operation of an
experimental ejector with the same geometric dimensions and a transparent mixing chamber
(Figure 6b).

It should e expected that when an ejector with such geometric dimensions operates,
the vacuum in the receiving chamber will be minimal or absent. This statement is based on
the fact that to create an ejection effect, it is necessary to create a closed geomertric regi
bounded by the walls of the mixing chamber and the outer contour of the spray torch (Zheng
et al., 2017). If this condition is not met, then only the gas phase circulates within the mixing
chamber (Mifsud et al., 2019). This conclusion is confirmedhbypractice of operating a jet
sulfitator (Ponomarenko et al., 2022), which shows that the wrong choice of geometric
dimensions of the main elements of the ejector leads to loss of equipment performance. An
unsuccessfully implemented idea of an ejectoricdegan lead to the abandonment of this
type of equipment.

Flow hydrodynamics modeling in the ANSYS CFX software package allows obtaining
both a quantitative and qualitative picture of the pressure distribution in thesexis of
the mixing chamber S et al ., 2024). Such data were
the injector nozzle (Figure 7).

The calculations performed for this ejector show that the vacuum in this cross section
is only 20 25 Pa. Such a vacuum is not enough for the equipmepetate effectively.

liquid.Volume Fraction
- 1.000

-0.373
- 0.139
- 0.052
' 0.019
-0.007

I 0.003 0 0.050 0100 (m)
0.001

0.025 0.075

Figure 6. Liquid distribution in an ejector with a jet nozzle and m = 126:
ai CFD modeling; b1 experiment
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Figure 7. Gas phase pressure across the cross section of the mixing chamber

Eector with centrifugal jet nozzle

It should be noted that sulfitation is a heat and mass transfer process for the effective
course of which requires a sufficient interfacial contact surface of the phases (Balamurugan
et al., 2007), and according to Fick's law (Mauro, 2021), theiatrad transferred substance
is directly proportional to the size of this surface.

The jet nozzle does not provide the creation of a significant area of phase contact (Lyons
et al., 2010), since mass exchange processes occur only on the outer sidiguititfiarhe
(Zhou and Prosperetti, 2020). Therefore, it is proposed to change the type of nozzle from jet
to centrifugaljet. This will improve the course of the sulfitation process by significantly
increasing the contact surface due to liquid disperdibere are extremely few studies on
the impact of such a replacement in the design of the ejector on ejection processes, they need
to be clarified and deepened. The implementation of these tasks will allow solving the
practical problem of optimizing the dgs of an industrial jetype sulfitator.

Replacing the jet nozzle with a centrifugal jet nozzle with a dispersed liquid jet allowed
us to radically change the pattern of liquid distribution in the ejector mixing chamber (Figure
8).

The liquid spray torchreaches the walls of the mixing chamber, which ensures the
formation of a guaranteed zone of reduced pressure, and therefore the ejection of the gas
phase. The results of CFD modeling and experimental research, shown in Figure 8, are in
good agreement.

Figure 9a presents a visual picture of the pressure distribution in the cross section at a
distance of 20 mm from the nozzle opening of the jet nozzle, and Figsteakits graph.

The results of the numerical experiment show the presence of rarefactigrttedoaxis of

the spray torch within 280 Pa, which decreases along the cross section of the torch, and on
its surface the pressure is equal to the pressure in the ejector mixing chamber. This result is
confirmed by experimental data (Chegini et al., 302t should also be noted that the
rarefaction along the axis of the spray torch decreases with distance from the nozzle and
disappears at a distance of about 150 mm. The obtained data on rarefaction in the spray flame
near the nozzle explain the ejectiof the gas phase into it.
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liquid.Volume Fraction
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Figure 8. Liquid distribution in an ejector with a centrifugal jet nozzle and geometric

characteristic m = 126:ai CFD modeling; b1 experiment
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Figure 9. Gas phase pressure across cross section of the mixing chamber:
a - visualization of pressure distribution during CFD modeling at a distance of 20 mm;
b i pressure distribution in radial direction
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Comparative characteristics of ejectors with jet and centrifugal jet nozzles

Comparison of the rarefaction along the axis of the spray jet for the jet and centrifugal
jet nozzles is presented in Figure 10. The obtained numeakads of the rarefaction in the
cross section for the centrifugiet nozzle lie in the range of 4855 Pa, which exceeds the
rarefaction indicators for the jet nozzle {28 Pa) by an average of 20 times. The explanation
for such a significant differemcin the rarefaction along the axis of the spray jet lies in the
features of its formation. During the centrifuget outflow of liquid from the nozzle, there
are two liquid flows: axial and centrifugal, which, when interacting, form a common flow.
The seond feature of such interaction is the rapid expansion of the spray jet and the
formation of liquid droplets at a close distance from the nozzle (Vambol et al., 2020). In this
case, the liquid droplets attach the corresponding part of the gas phasecartdesaxial
flow velocity is higher than the velocity of the liquid droplets moving along the peripheral
trajectory, this results in a rarefaction, and it is greater along the axis of the torch. It is possible
to predict that the higher the liquid sprpsessure, the greater the axial velocity and the
greater the rarefaction will be achieved.

When the liquid flows out of the nozzle in a jet, the spray angle is withinA2, i . e.
entire liquid moves almost at the same speed, dispersion on the drop ateugreater
distance from the nozzle, which leads to the creation of a much smaller rarefaction.

P, kPa

101.3 1
101.2
101.1
101.0
100.9

100.8 el 2

100.7
-30 -20 -10 0 10 20 30

Figure 10. Comparative values of rarefaction for jet(1) and centrifugal jet (2) nozzles
in radial direction

Thus, replacing the jatozzle with a centrifugal jet nozzle with the same geometric
characteristics of the ejector allowed stabilizing the operation of the sulfitation station.

Determination of rational characteristics of ejectors

As our research has shown (Figure 11), tHaevaf the main geometric characteristic
of the ejector m of the water sulfitator for the diffusion process in the sugar industry (m =
126) does not correspond to the optimal value at which the operation of the jet apparatus with
the highest ejection coétfent is achieved. It was found that its rational value is in the range
of 25/ 40.
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Therefore, studies of ejection processes in ejectors with a centrifugal jet nozzle were

continued in the zone of optimal values of geometric characteristics. At the saminéinks
to CFD modeling, results were obtained that are quite difficult to obtain experimentally.

K

25 R S

2.0 . SN

15 /- N

1.0 / i

0.5

0
> 4 6 8 10 12 D/,
————— P=0.225 MPa

P=0.100 MPa

————— P=0075 MPa

Figure 11. Dependence of volumetric ejection coefficient k on geometric dimensions of ejector

D/d. at different liquid pressures P

Patterns of mixedflow formation

Figure 12 shows the distribution of static pressure in the ejector at a mass flow rate of
0.2 kg/s, which corresponds to its pressure in the nozzle of 0.25 MPa with a nozzle diameter
of 4 mm and a mixing chamber diameter of 22 mm (m = 30.25

Under the conditions of the experiment, the static pressure in the nozzlekB&50

When the liquid exits the nozzle, the static pressure drops sharply (Figureetabsef

the conversion of potential compression energy into kinetic energy dbthe f

Analysis of the results obtained allowed us to establish that a zone of reduced pressure
of 78/ 100.4 kPa appears in the receiving chamber and in the area 1.5D from the beginning
of the mixing chamber. This guarantees the ejection of the gas phasi definitely allow
us to achieve stable
of primary formation of the mixed ejector flow, when the liquid spray jet expands and reaches

the walls of the mixing chamber. A zone efluced pressure is formed (Fig@t®, which is

confirmed by the graph of Figudb.

operation

of

t he

sul f

The length of the lovpressure zone along the ejector axis is insignificant, which is the

result of the reformatting of the mixed flow due to the impact of the droptetiseoejector

wall (Siddiqui and Khan, 2025). Then, some of the liquid droplets move along the wall of the
mixing chamber in the form of a liquid film, and the other part of the droplets changes the

trajectory ofmovement, moves to the ejector axiad agin hits the opposite wall. Such a

complex liquid flow contributes to the reformatting of the mixed flow, which is confirmed

by Figure 13b.
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Figure 12. Static pressure distribution in the ejector:
al static pressure on the ejector elements;
b1 static pressure distribution graph along ejector axis

Figure 13 shows the distribution of the volume fraction of the liquid along the length of
the ejector. At a distance of about 1.5D (sectithflom the nozzle cut, the liquid droplets
are evenly wtributed over the cross section of the mixing chamber. Between zbaesl |
[I-1l, the mixed flow is reformed due to the impact of drops on the wall of the mixing
chamber, and after the sectionlllla stable flow formation occurs. Along the axis bét
mixing chamber, the volume fraction of the liquid is minimal, and neavaligit is maximal,
which is clearly visible from the graph in Figut8b. The movement of the liquid in the
mixing chamber corresponds to the annular flow regime.

Thedistribution of the liquid velocity along the ejector axis was obtained (Fititke
According to the obtained graph, the maximum liquid velocity in the nozzle at the specified
nozzle research parameters reaches 20 m/s (distancm @6 the origin of oordinates,
which is located on the inner wall of the nozzle). Due to the significant loss of energy for
liquid dispersion at the outlet of the centrifugal jet nozzle (Ismailov et al., 2025), gas ejection
and the initial formation of a mixed flow, thereassharp decrease in the liquid velocity to
16 m/s and subsequently, due to the resistance to the movement of droplets in a gas medium
(Basmanov et al., 2025) along the length of the mixing chamber, the liquid velocity at the
outlet of the ejector decreas®13.8m/s.
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Figure 13. Distribution of the volume fraction of liquid in the ejector:

a’i longitudinal section;
b T crosssection of mixing chamber at distance of 3D from its beginning

Since the Euler model fi MHibikit 2011 )eabbows(udtos y s ,

visualize the distribution of each phase, we will use this opportunity and present the
distribution of the volume fraction of gas in the ejector (Figure 15).
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Figure 14. Liquid velocity distribution along the ejector axis
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Figure 15. Distribution of the volume fraction of gas in the ejector:
a’i longitudinal section;
b1 crosssection of the mixing chamber at a distancef 3D from its beginning

The obtained results of gas distribution in the ejector correlate witpréhéously
presented results of liquid phase distribution. At a distance b8 D5gas ejection into the
middle of the liquid flow occurs, and at a distance of more than 3D along the ejector axis, the
volume fraction of gas is maximum (~90%), and whppraaching the wall it gradually
decreases to ~10%. Gas ejection into the middle of the sprayed liquid flow is explained by
the presence of rarefaction. Analysis of phase distribution graphs insercigans of the
mixing chamber shows the presence dfight asymmetry of the flows relative to the axis,
which is explained by the following reasons and can be eliminated by adjusting the
dimensions of the ejector structural elements:

- deformation of the liquid jet under the influence of turbulence and réi@famcurring

in the ejector (Bhaduri et al., 2025);

- uneven distribution of the gas phase in the ejector receiving chamber (Jingyang et al.,

2023);

- insufficient length of the nozzle swirl chamber, which leads to asymmetric distribution

of liquid dropletsin the spray jet (Zhu et al., 2014).

The obtained results are confirmed by the results of studies by other scientists. During
experimental and theoretical studies of the ejector operation, it was found (Guangming et al.,
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2010) that it can operate onlyame optimal state with fixed geometric dimensions. We have
established such an optimal operating mode for ejectors with a centrifugal jet nozzle in the
range of geometric characteristic values &b

As for the studies of mass transfer in the ejector,as fiound that the geometric
characteristics of the ejector (nozzle diameter, mixing chamber length, ratio of nozzle and
mixing chamber diameters) significantly affect mass transfer (Cramers et al., 2001). Mass
transfer processes depend on the physical epties of the liquid and the geometric
parameters of the ejector, which are interconnected (Cramers et al., 2001). The volumetric
mass transfer coefficient increases with an increase in the fraction of the gas phase
(volumetric ejection coefficient) andeHength of the mixing chamber. When studying the
waterair ejector (Balamurugan et al., 2007), the optimal ratio of the area of the ejector throat
to the area of its nozzle was established, which is 10. This value of the geometric
characteristic is explaéd by the design features of the ejector. The mass transfer coefficient
and the area of the interface surface increase with increasing velocity in the nozzle. The
proposed correlation for predicting mass |
Ejectas used as mass transfer devices are particularly effective in the case of rapid or
instantaneous chemical reactions (Cramers et al., 2001).

Studies of pressure distribution along the mixing chamber (Balamurugan et al., 2007;
Li and Li, 2012) showed thatttis hoc k 06 occur s at the beginnin
is, sharp changes in pressure, density and velocity lead to an intensive exchange of impulses
of turbulent vortices. For ejectors ofthegas qui d system, the | ength
can ke up to 6 diameters of the mixing chamber, which depends on the design of the ejectors.
Such results confirm the presence of a zone of spray flame formation nezozitie;
however, the length of this zone is individual for ejectors of different designs.

Conclusions

A comparison of experimental and CFD studies on the operation of-fiqsi@&jectors
during the sulfitation of sugar solutions using jet and centrifiejalozzles was carried out,
confirming the reliability of CFD modeling for predictifgydrodynamic characteristics.
When a centrifugajet nozzle was used in a typical jet sulfitator, the vacuum at a distance of
20 mm from the iB6bzPa, raaphedi m@bel yi 20 ti
25 Pa observed f or hasbeeh demahstratet fof tleetfirsttinoezurzdére .
sugar solution sulfitation conditions. The rational range of the ejector geometric characteristic
for a centrifugafiet nozzle was found to be m =128, ensuring stable rarefaction ofi78
100. 4 k P ateed gjedtiorgofithergasrphase; previously, a value of m=126 was used
in sugar industry devices, which proved ineffective. These results can be applied to the
development of new jet sulfitator designs with increased efficiency, contributing to reduced
S Oemissions and improved quality of the final product.
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Introduction. The aim of this research was to examine
influence of brand mascots on consumer purchase intentions
Thai food sector. The study integrated the Theory of Plar
Behavior (TPB) with the construct of emotional engagement.

Materials and methods. This study employed an empirici
approach based on primary data collected through an online st
The target population comprised consumers familiar with mas
driven brands.368 valid responses were obtained. Data w
analyzed using confirmatory factanalysis and structural equatic
modeling to evaluate model fit.

Results and discussion.T h e studybs r
primarily male (48.9%), within the 284 age bracket (31.3%), he
a Bachel or6s degr employe 4.5 This
denographic profile reflects a young, economically active,
marketingresponsive consumer segment. All structural mode
indices demonstrated acceptable adequacy (e.g., CMIN/D
2.310), while reliability and validity metrics met the requir
thresholdswith the minimum Average Variance Extracted (AVE
0.548 and minimum Composite Reliabilty (CR) = 0.7t
confirming strong measurement quality. The empirical res
revealed thaEmotional Connectiof b = 0. 489) v
positive predictor oPurchase Intentigrunderscoring its pivotal rol
in consumer decisiemaking. In contrastAttitude exerted a
significant n & @1a3),iswggestiregf tHateration.
evaluations alone may not always align with affective or behavi
outcomes. Furthermore, Emotional Connection significantly
mediated the effects dflascot CharacteristicsSubjective Norm
andPerceived Behavioral Contrakinforcing its central role as a
emotional bridge between perception and intention. These finc
confirm that emotional engagement serves as a crucial determ
of consumer behavior, particularly in culturally expressive marl
such as Thailand, where affective symbolism and brand storyte
strongly influence purchase motivation.

Conclusiors. The findings show that food brand mascc
significantly influence consumer attitudes, intentions, and beha
Emotional resonance, rather than purely cognitive evaluation,
found to drive purchase intention. Accordingly, marketers in
Thai food sectoshould develop mascots that convey authentic
relatability, and emotional warmth aligned with consumer val
and cultural expectations, thereby strengthening brand loyalty
long-term engagement.
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Introduction

In the current global, dynamic and highly competitive market environment, businesses
are using every innovative way to capture
strategy being used to market a brand to consumers are mascots (Malik and Guptha, 2014;
Palladino et al., 2022). A brand mascot is considered a suitable strategy of presenting a brand
to the customer because of its unique characteristics, such as distinctive personalities, visual
identities, and narrative potential (Kim, 2018; Min et al., 90As indicated by Bisht (2021)
brand mascot serves as a powerful brand ambassador, capable of influencing consumer
behavior through visual identity and emotional story telling. Brand mascots are defined as
characters that are used to represent a compapsoduct. This means the characters may
be human, animal or cartoons and are commonly seen in ads for the brand. Besides supporting
the brandébés i mage, they play a role in gi
peopl eds minds radatalde (Reddy et al.g2024x mor e

The usage of mascots has essentially evolved into a critical marketing tool for mass
creation of corporate identity and public interest in a brand; whereas, they place a brand on
the radar in the view of the market by ieased brand awareness through visual engagement
opportunities (Ahmad et al., 2024). In the food sector, mascots are especially impactful, as
food purchasing decisions often involve emotional, habitual, and social components. Such
names of mascots are TharB Gon for Bar B Q Plaza, Zon Zon for Cafe Amazon, Chickira
for ChickA-B o o m, the Nong Noey for KFC and Ronal
et al., 2022; Bohn and Wittenzellner, 2024; Keller et al., 2012; Kraak and Story, 2014; Reddy
and Sathish, 2024/ermeir and Roose, 2020). Nowadays, considering the media glut and the
scant attention of consumers, such characters would be of greatest value in advertising
campaigns. They make the brands easier to identify, recall, and understand for customers.
Gupta ¢al. (2021) put forward that a transformed form is characters associated with brands
which would have been made a permanent-teng inexpensive medium for passing on the
imagery and values of the brand to audiences. Thailand, where food is notgadtlzuh by
itself, directly a part of identity, also has mascots that entice consumption and facilitate brand
recall (Ganapathy et al., 2024; Wattanarak et al., 2021; Wu et al., 2025). The main objective
of using brand mascot is to create positive emstigiews and attitudes towards a brand and
its products. The positive image then would create attraction and possible buying behavior
on the intended products or services (Yadav et al., 2015). Due to its potential influence on
buyer sd b e h angappliedin variows gectars, feom manufacturing to education.

Earlier studies have shown how mascots play a significant part in making the minds of
customers lean towards the brand because of its anthropomorphic characteristics (Reddy et
al., 2024), wien the brand identity aligns with sétfentity with respect to intended
consumers that influence consumer attitudes and intentions toward the brand (Palladino et
al., 2022). In another study, Sarkar et al. (2019) found that one effective way of creating
humarilike perceptions of a brand is through advertising, which can foster an emotional bond
with consumer segments and enhance brand affinity. Such advertising is particularly
effective because it can generate a emmgted and lasting impression, streegthg
consumer s6 emotional attachment to the brar
enough empirical research results on how mascots can affect what customers buy especially
in the food sectorPrevious studies suggest that the presefieernascot enhances brand
visibility (Oh and Kim, 2025; Septianto and Paramita, 2021); therefore, it is important to
examine whether positive affect toward mas
intentions.It matters more now because companiesely@ng on experiences and emotions
to get customers interested. Taking these into consideration, the main aim of this study is to
investigate how mascots help shape consume
Thailand.
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The Theory of Planned Behav (TPB) has gained considerable traction as a model for
understanding decisiemaking and human behaviofhe TPB postulates that perceived
behavioral control induces the behavior of a person and subjective norms and personal
attitudes (Cheng, 2019). Adsnentioned within literature is the need for emotion wherein the
link between consumers and the brand has formed an emerging area of focus. The study
offers ideas on how mascots can be used for marketing.

Literature review

A brand mascot is a visual eerbal character that represents a brand and functions as
a symbolic embodiment of its identity. Typically presented as animated or illustrated figures,
mascots serve as recognizable representat.:i
(2021), brand mscots are primarily used to strengthen brand identity and to create emotional
connections between brands and their target consumerskiéglh examples such as
Chikira, Nong Noey, and Ronald McDonald illustrate how mascots extend beyond
promotional toolgo symbolize what a brand stands for. By personifying brand attributes,
mascots become more relatable, evoke emotional responses, and may motivate consumer
action. These perceived characteristics reflect the set of qualities consumers associate with
the mascot.

Features of these characters are their good looks, relatability and being one of a
kind; these are the details that people link to the brAddhittedly, Reddy et al. (2024) aver
that mascots infuse a human touch to brands; thereby enabling parsbokise association
between the consumer and the brand. This, in turn, establishes the most critical point for the
di fferentiation of any brand from others. |
at and express emotions have a greatecdffe on peopl eds attitude
purchasesSuch characteristics in advertising have been noticed to improve consumer trust
and indirectly influence whether someone decides to buy from the I3ame also believe
that mascots partake in build the first impression consumers have, as well as their first
feelings (Wang et al., 2025; Wu et al., 2025). This has an influence on their intention to
engage with the product of purchase from the brand. From these arguments, the following
hypothesis wa developed:

H1: Mascot characteristics have a positive and significant influence on the purchase
intention

Aj zends (1991) Theory of Pl anned Behavi
understanding the factors that guide consumers in their purchasing meciEi® theory
posits that behavior is influenced by three key components: attitude, subjective norms, and
perceived behavioral control. Attitude reflects how favorably or unfavorably consumers
evaluate a particular brand. Previous studies have indichstdtlie presence of an
appropriate and appealing brand mascot can positively influence consumer attitudes, leading
them to develop stronger preferences for the brand than they otherwise would (Deligoz and
i nal , 2021; Usngymasgoiscan énCa@elpeople to adopt a good outlook on
a brand because they amuse the public and r
2025).If the mascot is not important or properly represents the brand, it could create a
negative perception in the minds ofstomers (Reddy and Sathish, 2024; Tanjaya, 2025).

Subjective norm implies that the perceived social pressure that affects engagement of
nornrengagement in a particular behavior. In the context of mascot, it denotes the influences
on or not from a brand wih mascot . Other people such ac
regarding the brand using mascot would influence the perception and purchase intention
regarding the brand concerned. Literature has demonstrated that social pressure such as social
endorsemertf brand mascot strengthens subjective perspectives of a brand, and the resultant
purchase intention (Attah et al., 2024; GBgmpong et al., 2022; Thai and Wang, 2020).
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Perceived behavioral control implies consumer beliefs regarding how easy ottdiffecto
carry out a particular activity, such as purchasing from a brand (Bortne et al., 2025).
According to Sathish (2023) the perspective of consumers regarding a brand mascot, for
instance, its affordability, accessibility, and ease of purchaseirde the resultant consumer
behavior. Mascots have a |ife far beyond
consumer. Brand mascots serve as organizational totems to the extent that they can rally
members of an organization around a concrete ptasen of its unique character. Thus,
mascots assist in condensing the consumers' understanding of the organization's identity in a
context far removed from the organization's own milieu (Cayla, 2013). As illustrated by
Arunrangsiwed and Pairoa (2016),en a mascot i s used to guid
and generate customer services interactions, it has a great influence on how consumers
perceive the brand. Mascot symbolism creates positive views towards brands. From these
arguments, the literature fimg)s, the following three hypotheses were developed:

H2: Attitude towards mascot has a positive and significant influence on the purchase
intention

H3: Subjective norm has a positive and significant influence on the purchase intention

H4: Perceived behasral control regarding mascot has a positive and significant
influence on the purchase intention

In addition to the concepts borrowed from the TPB, this study explored the literature of
emotional connection. Such a link refers to the feelings and céomecperson has with a
certain brand (Bign® et al ., 2023; Ghor ban:
2023). According to NadgEsfahani et al. (2022), the bond is usually formed when a brand
communicates in a humanlike way with mascots. Researdag that following a mascot
creates positive feelings in customers which leads to the formation of a close relationship
with the brandCéshgjn2add; Gaghhmpi , 2021) . |
is a better predictor of buying a productiwitymbolic aspects, like a company mascot, than
analyzing the facts about it. From these arguments, the following hypothesis are developed:

H5: Emotional connection has a positive and significant influence on the purchase
intention

H6: Emotional connectio mediates the effect of Mascot characteristics, attitude,
subjective norm, and perceived behavioral control has a positive and significant influence
on the purchase intention.

Materials and methods
Conceptual framework and hypothesis

The study hadour independent variables, namely mascot characteristics, attitude,
subjective norm, and perceived behavior control. The mediating variable was emotional
connection, while the dependent variable is the purchase intention. The conceptual
framework is visubized in Figure 1.

A quantitative crossectional research design was utilized to scrutinize the influence of
food brand mascots on the consumersd pur ch:
The study relied on the TPB framework, with inclusionesfiotional connection as a
mediating variable. The study population was Thailand food consumers above 18 years, who
have been appropriately exposed to and/or interacted with brands that utilize a distinct mascot
in their marketing and branding activitieShese consumers were considered to have
developed emotional connections, attitudes towards a particular food brand(s) using mascot.
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Materials i Sample collection

The study adopted a nqarobability purposive sampling technique, where only the
relevant respondents were included in the study. These were the respondents with sufficient
familiarity with brands that use mascot in the faodrket, such as The Bar B Gon mascot
(from Bar B Q Plaza), The Zon Zon mascot (f
mascot (from ChickA-Boom), Nong Noey mascot (daughter of KFC founder), and Ronald
McDonal d (from McDon aledédmiled thraugheonlipeglatforims i p a n
including email invitations, targeted marketing forums and social media. To determine the
appropriate sample size, the study adopted the samjiem ratio, which determines the
sample size based on the number of #émthe study. A ratio of Xfb-1 ratio was considered
suitable (Brown and Greene, 2006). This study questionnaire had 26 items, which resulted in
a minimum of (26*10) 260 respondents. The sample size was therefore a minimum of 260
respondents.

To estalikh validity and reliability, the measurement scales of the questionnaire were
adapted to suit the setting. Iltems were generated from the literature, after having identified
the dimensions of the mascot characteristics from both the literature of Defighz aj n a |
(2021) and Shimpi (2021). As for the Theory of Planned Behavior, operational definitions
were hence defined; thus the measurement of attitude towards mascot as on a semantic
differential scale followed literature from Ajzen (1991) and Spears anghSj2004).;
subjective norms were operationalized using scales of Taylor and Todd (1995) and Izquierdo
Yusta et al. (2022); and perceived behavioral control utilized items from Dangaiso (2023),
and La Barbera and Ajzen (2021). Furthermore, the constrgchational connection was
assessed using scales adapted from researc
Ghorbanzadeh and Rahehagh, 2021). Finally, the dependent variable, purchase intention, was
operationalized using a scale from Dodds et &9() and Liu (2025).

The data collection was conducted using aaethinistered online questionnaire. The
guestionnaire was developed on Google forms in English language. The questionnaire
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comprised on demographic questions and constructs question$ieAdohstructs were
measured using multipiéeem scales, which were developed with reference to the previous
literature. Each construct was measured usingpair Likert scale, with response options
ranging fromstrongly disagre¢o strongly agreeThe questionnaire was hosted on google
forms, and respondents invited through various means including emails, and social media
channels such as Facebook and Twitter. The study collected a total of 412 responses. Upon
review and adjustment of inappropgatesponses and missing data, the study was left with
valid sample responses of 368. The data was collected from August 2025 to September 2025.
Data analysis was conducted using the SPSS software for preliminary descriptive
statistics analysis. To evaleathe model fitness, reliability, and validity of the model,
confirmatory factor analysis (CFA) was adopted. Path analysis was adopted to evaluate the
hypothesis of the relationship among the variables. Bootstrap was used for moderation
analysis, to evalda the indirect effects through emotional connections. Appropriate ethical
considerations were made as the research involved human participants. Informed consent was
presented to all the respondents, informing them of their voluntary participation, amgl opt
out of the survey. Additionally, the data collected was treated with complete confidentiality
and used only for the purpose of this study.

Results and discussion

The study first conducted analysis of the demographic characteristics of the
respondents. The results are summarized in Table 1.

Table 1
Descriptive statistics of demographics
Variables Categories Frequency (n) | Percent (%)
Gender Male 180 48.9
Female 168 45.7
Others 20 5.4
Age 1824 71 19.3
2534 115 31.3
3544 90 24.5
4554 56 15.2
55+ 36 9.8
Educational | High School and Below 54 14.7
Level Diploma or Equivalent 89 24.2
Bachel or 6s 133 36.1
Masterds D 56 15.2
DoctoralDegree 36 9.8
Employment| Student 59 16.0
Status Full Time Employment 54 14.7
Part Time Employment 59 16.0
Self Employed 90 24.5
Unemployed 66 17.9
Retired 40 10.9

Source own processing from field data
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The results indicated thatales comprised the majority of respondents (48.9%), while
females accounted for 45.7%. Regarding age, the largest group g yars (31.3%),
followed by the 1824 age group (24.5%), with the smallest proportion being those aged 55
ms of educati on, respondent s
the majority (36.1%), followed by those holding a diploma or equivalent qualification
(24.2%). With respect to employment status, the largest group wasgalbyed individuals
(24.5%), followed by the unemployed (17%), while retirees represented the smallest

and above (9.8%). Ih e r

proportion (10.9%).

Model fithess evaluation

The second analysis that was conducted was an evaluation of the model fitness,
reliability and validity. Various fitness indices weested as summarized in Figure 2 and
Table 2. From the results presented, it is found that all the required thresholds regarding the
fit indices were met (Bacon and Bacon, 2001). This implies that model demonstrates solid
structural validity, and it is wklspecified and appropriately represents the data.
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Table 2
Model fitness evaluation

Fitness Index CMIN/DF | RMR | RMSEA | NFI IFI TLI CFI
Values 2.310 0.045 | 0.060 | 0.901| 0.941| 0.930| 0.941
Required Threshol¢  <3.0 <0.080| <0.080 | >0.90| >0.90| >0.90| >0.90
Decision N N N N N N N

Source own processing in éPSS

The other analysis that was conducted was the evaluation of the reliability and validity
of the data. The reliability was evaluated
(CR), while validity was evaluated using the average variance extracte) (Axd
standardized factor loadings. The results are summarized in Table 3.

The required threshold of Cronbachés al p
is also 0.7. From the results obtained both
threshold. As a result, the reliability and internal consistency were confirmed. For the AVE,
the required threshold was is 0.5, and as well, the required threshold for standardized loadings
is also 0.5. As seen in the values, the threshold was met, detdiconclusion that the
constructs explains more than 50% of the indicators variances (Cheung et al., 2024).

Table 3
Reliability and validity analysis results
Latent Observed | Standardized CR AVE Cronbach's

Variables | Variables Loadings Alpha
ATT attl 0.745
att2 0.804

at 0.756 0.848 0.583 0.850
att4 0.747
EC ecl 0.628
ec2 0.667

oc3 0742 0.764 0.548 0.770
ecd 0.634
MC mcl 0.78
mc2 0.823

me3 0.768 0.867 0.619 0.868
mc4 0.776
PBC pbcl 0.792
pbc2 0.744

pbc3 0.756 0.844 0.575 0.846
pbc4 0.741
Pl pil 0.698
pi2 0.628

0i3 0676 0.759 0.641 0.761
pid 0.651
SN snl 0.701
sn2 0.676

<3 0.661 0.780 0.670 0.780
sn4 0.702

Source own processing in SPSS
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Empirical Analysis

Having established satisfactory model fit, as well as construct reliability and validity,
the study proceeded to empirical analysis to test the proposed hypotheses. Structural equation
modeling (SEM) was employed for this purpose. @halysis was conducted in two stages:
assessment of direct effects and evaluation of mediation effects. The results of the direct

effects analysis are presented in Table 4.
Table 4

Direct effects for empirical results

Hypothesis| Path Relationships| Estimate | S.E.| C.R. p-value
H1 MC A PI .267 .040| 6.598 ok
H2 ATT A PI -.175 .043| -4.018| ***
H3 SN A PI .178 .068| 2.632| .008
H4 PBC | A PI .303 .051| 5.956 ok
H5 EC A PI .489 .096| 5.099 ok

Note: *** = 99% confidence level; ** = 95% confidence level; Pl = purchase
intention; MC = mascot characteristics; ATT = attitude; SN = subjective
norms; PBC = perceived behavioral control; EC = emotional connection
Source own processing in SPSS
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Figure 3. Direct effects for empirical results
Source own processing in SPSS
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The results of direct effects indicated that mascot characteristics have a positive and
significant influence on the purchase inten:
1. The attitude towards mascots has a negative and significant iefloreitee purchase intention
( b -0.£75, p<0.05), hence rejecting the second hypathesis.

The third hypothesis was confirmed by the findings that subjective norm has a positive and

significant influence on the panalg peacesived i nt e
behavioral control regarding mascot was found to have a positive and significant influence on the
purchase intention (b = 0.303, p<0.05) . Th
connection was found to have a positive and&ignc ant i nfl uence on the

0.489, p<0.05).

The other analysis that was conducted was the mediation analysis. The mediating effect of
emotional connection between the independent variables (mascot characteristics, attitude,
subjective orm, and perceived behavioral control) and purchase intention was evaluated. The
results are presented in Table 5. The results indicated that the emotional connection significantly
mediated the effect mascot characteristics, subjective norm, and pebetiastbral control on
purchase intention, but did not mediate the effect of attitude on purchase intention.

Table 5
Mediation analysis of emotional connection
Hypothesis Path Total Direct | Indirect
r elationships effects effects | effects
PBC|A |EC|A | PI 0.450* | 0.303** | 0.147**
SN |A |EC|A |PI 0.422* | 0.178 | 0.244*
H6 ATT |A |EC|A | PI -0.065 | -0.175** | 0.110
MC |A |EC|A |PI 0.289** | 0.267** | 0.022**
EC |A |EC|A |PI 0.489** | 0.489** | 0.000**

Note: *** = 99% confidence level; ** = 95% confidence level; Pl = purchase intention;
MC = mascot characteristics; ATT = attitude; SN = subjective norms; PBC = perceived
behavioral control; EC = emotional connection

Source:own processing in SPSS

The stuly pertains to food brand mascots that can be said to speak to commitment with
regard to their effect on consumer purchase intention and use TPB as its base and emotional
connection as a mediating variable. It takes different perspectives on how maskatsraged
and, in the eveevolving marketplace, how they influence selection for brand purchase.
Interesting results were obtained regarding the relationships between food brand mascots,
emoti onal and behavi or al c otions.Emotiooa cennectiom d ¢ o
with mascot was found to have the highest significant positive influence on the purchase intention
of the consumers.

The results are largely consistent with previous research on the influence of brand mascots
on consumer behaoi. Hypothesis 8 was confirmed, indicating that mascot characteristics have a
significant positive effect on purchase intention. This finding aligns with Reddy et al. (2024), who
emphasized that mascots infuse a human touch that fosters personal assedihtibrands.
Similarly, Chen (2021) reported that visually appealing and emotionally expressive mascots
positively influence consumer attitudes and purchase decisions, reflecting the direct effect
observed in this study. Overall, the positive relatignslupports the view that wedesigned
mascots create favorable first impressions and emotional responses that enhance purchase
intention (Wang et al., 2025; Wu et al., 2025).
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The confirmation of Hypothesis 3 indicates that subjective norms have acsighifi
positive effect on purchase intention, consistent with prior research. Studies by Attah et al.
(2024), OsefFrimpong et al. (2022), and Thai and Wang (2020) demonstrate that social
pressure and social endor s e meective esafuatitnsasmach d ma
subsequently strengthen their purchase intentions. These findings reinforce the critical role of
social influence in consumer decisioraking for brands employing mascots.

The positive and significant influence of perceibetiavioral control has been supported
in the Iiterature, and this was confirmed b
perceptions of a brand mascot 6s affordabili
behavior. The findingsdf he pr esent study further suggest
of adequacy and control when interacting with a brand represented by a mascot, the stronger
their intention to make a purchase.

Hypothesis 5 confirms that emotional connection has angtpositive influence on
purchase intention, fully aligning with the
evidence. Previous research has consistently emphasized the importance of emotional ties in
consumérb r and i nt er ac 023, &nohantzaBaingRal®@haght, 2021 Niharika2
andYadav, 2023). NagEsfahani et al. (2022) highlighted hurddee communication through
mascots as a mechanism for strengt Kamilreg c¢
(2024) and Shimpi (2021) demaraged that mascots evoke positive emotions that enhance
brand attachment. The strong effect observed in the present study underscores the pivotal role
of emotional connection in purchase decisions, particularly for symbolic brand elements such
as mascots.

Perceived behavioral control towards mascot was found to also have a significant
influence on the purchase intention. It implied the ease or difficulty of purchasing a product
associated with a mascot is a critical aspect of consideration. Mascot isrthévahd to be
easy to make the consumers decision making process through intuitive branding, identification
and clear messaging (Yoon, et al. 2016). This emphasizes the importance of inculcating the
aspect of accessibility, confidence and affordabilityew designing the brand mascot. One
interesting thing that caught attention during investigation was the characteristics of the mascot.
Key elements in a mascot, for example, being attractive, having an identity others recall and
being easy for people telate tanfluencet he deci si on to make a pur
(2021) highlight similar points and show that mascots play a vital role in how consumer
behavior is shaped. Additionally, Reddy an«
helps topersuade consumers and guide their decisions when buying.

The results indicate that mascots effectively trigger emotional connections with
consumers, increasing their propensity to purchase from the brand (Shimpi, 2021). These
findings are consistent witReddy and Sathish (2024), who identify mascots as emotional
branding tools that foster brand loyalty and nostalgia. Similarly, Hoolwerff (2014) reported that
consumers who form emotional bonds with brand mascots exhibit stronger brand commitment.
Togethe, these insights underscore the importance of designing mascot representations that
evoke affection, trust, and empathy among target consumers.

The emotional connection as the mediati
characteristics, subjective narand perceived behavioral control on purchase intention seems
to be further supported in the literature. This shows that while these factors directly affect
purchase intention, their impact is augmented when a person has created a strong emotional
bond wth the mascot of the brand. The fact of mascots mustering organizational members and
concentrating their understanding of an organization into a single cue (Cayla, 2013) and leading
consumer journeys (Arunrangsiwed and Pairoa, 2016) states the deepatiaorthese
emotions can fashion.
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How individuals perceive what others think about mascot plays a big role in making
them want to purchase it. In other words, the way peers, family or leader figures react to the
mascot is seen to influence whetherconsume deci de t o buy the bran
to the findings mentioned, SarteBaldwin and McCullough (2019) suggest that brands
using mascots can influence consumersé i n:
settings. Additionally, emotional concten was identified as an important and significant
factor affecting the relationshipherefore mascot may draw in customers by helping them
feel supported. According to the study, components of a mascot help form a bond with
consumers that positively influence their desire to buy the product.

An important divergence from the anticipated findingss concerned with accepting
and rejecting the second hypothesis, which proposed that the attitude towards the mascot
would exert a positive and significant influence upon purchase intention. The results of this
study found, contrary to our hypothesisand nt r ary t o some | iterat.
2021, Shi mpi, 2021), a negative and signif
makes this finding rather intriguing to probe deeper. Some studies suggest a suitable mascot
can lead to favorable bramadtitudes (Oh and Kim, 2025; Reddy et al., 2024), whereas our
finding might suggest that in some conditions a negative attitude towards a mascot could
directly deter purchase intention without the mediation of emotional connection that could
have produced positive impact on intention. Alternatively, it is possible that a highly
distinctive one, perhaps too polarizing for an average perception, could induce strong
negative attitudes among some sections of the populace, hence overtaking whatever good
intenions accrued toward purchase intention. The finding may throw some nuance into the
relationship between attitudes toward mascots and purchase intention, an attitude that may
not convert into actual purchase behavior but one which will actively block tichgsae
behavior once in the negative.

Consequently, emotional attachment was found to moderate the relationships between
mascot characteristics, subjective norms, and perceived behavioral control, but it did not
moderate the relationship between attitadd purchase intention. This lack of moderation
suggests that attitude toward the mascot may influence purchase intention through a pathway
that does not involve emotional connection, or that negative influences may strongly
counteract any potential posii mediating effects. These findings highlight a promising area
for further exploration in future research.

Implications from the results

From this research, both practical and theoretical recommendations were developed. To
start, this research lookedthe concept of brand mascot in the food sector together with the
TPB. Thus, the findings should be found quite important by organizations and advertisers
who use or intend to use brand mascots in their marketing, especially in the food industry.
Most studes conducted thus far have investigated the TPB concepts separately. This study
adds to the literature by focusing on how the involvement of emotions in relation to mascot
can affect the impact of the TPB concepts. Furthermore, it presents a serioaisgehtdl
what TPB is generally expected to do. This might be mostly due to some complexities in how
mascots influence how customers view food brands. It provides many suggestions for brand
managers, advertising experts and marketing experts. Firstly,uthe siggests that they
create mascots that appeal strongly to peoj
emotional attachment to buying the product. Consequently, it is important for a mascot to
form an emotional bond with its audience. That nseeomposing stories with people who
can talk and feel realistic. It is also recommended to use the power of social influence. Such
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factors are important due to their effects on what people plan to buy. Hence, marketers might
want to try initiatives suchsasharing with others or using testimonials and partnering with
influencers. Besi des, itds a good idea fo
responses in their audiences. Along with using the mascot as a design element, it could form

a connectiorwith the target audience.

The validity of the construct "purchase intention” is thereby made more difficult, and
considerable importance must now be placed on careful design decisions and consistent
portrayals of mascots. Indeed, marketers believe thappealing mascot should be easy for
the average person to identify with, and possess the requirements for the brand personality.
According to Min et al. (2019) and Kim (2018), these are also different personalities and
appearances, as well as storytglabilities of the mascot that determine the success. Other
forms are subjective norms that can be applied as examples of social influence. To achieve
this purpose, it is necessary for companies to build environments capable of producing
positive word of neuth and social actions in support of their mascots, employing tools, for
example, social media campaigns, influencer marketing, and community development.
Massive social buzz around the mascot could significantly elevate purchase intentions.

The perceivé control behavior, by positively affecting the ease of interaction and
access to a brand, generates more influence toward the brand. In order to ground the mascot
into consumers' perception of all brand activities involving the mascot, the mascot rast exi
at diverse consumer interaction point®., online interactivity, clear communication of
messages, and easy access to pradleted information linked to the mascot.

A very big lesson to learn is that these connections can be emotional, andibises
af fect consumer s6 decision when buying. T
consumer must be a very close and very deep emotional connection to the point that it suffices
for recognition purposes only as it will be tied to special story dpweént with unique
relevant background stories, feelings, or experiences that have been brought into being by
mascots. Almost all independent variables have emotional connection as mediator: That is,
there will be incremental increases resulting from otherses affecting purchase intention.

Lastly, the unexpected inverse relationship whereby a person might form some attitude
toward a mascot tends to be an ominous sign needing caution -degtlmn scrutiny; to
identify and counteract any negative perceptions that raiige;businesses need appraise
customer attitudes on a regular basis in relation to their mascots. Most probably, this should
include market research and an analysis of social media conversation to prepare for the
adaptation or refinement of mascot strategies if they atirdatorable reactions. Hence, it
could be said that the very perspective with which a mascot can create positive feelings may
sometimes, at a clumsy attempt, pull an apathetic audience away from the consumer.

Conclusions

This study demonstrates tHaand mascots play a significant strategic role in shaping
purchase intentions in the food industry by fostering emotional connections with consumers.
Mascot characteristics, subjective norms, and perceived behavioral control positively
influenced purchasatentions, while emotional connection strongly mediated these effects.
However, attitude toward mascots showed an unexpected negative relationship with purchase
intention, highlighting the complexity of maseditiven consumer responses. Overall, the
findings emphasize the importance of managing mascots as dynamic branding tools and
suggest the need for further research into-madional drivers of consumer behavior,
including authenticity, trust, and mascot fatigue.
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Abstract

Introduction . Among the fifteen largest global sugar importers
value, only three countries pay average prices exceeding $700 pe
the United State§761), Italy ($709), and Uzbekistan ($706). The fi
two countries implement extensive programs to protect dom
production. Uzbekistan produces virtually no sugar. This s
examines how a country with nothing to protect pays prices compa
to protectionist economies.

Materials and methods This study analyses data on sugar impt
classified under the Harmonised System code HS1701 for the
2017 2024, obtained from two main sources: the United Nati
Commodity Trade Statistics Database (UBbmtrade) and the
International Trade Centre Trade Map (ITC Trade Map). The s
employs comparative price analysis across three dimensitinge,
crosscountry, and suppliespecific i in combination with natura
experiment designs and a counterfactuelfare estimator.

Results and discussionUsing HS1701 import data from 2017
2024 for Central Asian and Commonwealth of Independent S
(CIS) countries, we identify systemic procurement inefficienc
Uzbekistan pays 17.4% more than Kazakhstan%@8r8ore than
Tajikistan, and 7.9% more than Kyrgyzstan, despite importing r
sugar than all regional competitors combined. Natural experir
comparisons separate institutional from geographic factors: Kyrgy.
(EAEU member, similar geography) and Ta&tan (normember,
worse geography) both achieve better prices, ruling out location ¢
cause. For Brazilian sugamwhere no preferential agreements appl
Uzbekistan pays a 39.6% premium over Kazakhstan, confirr
procurement inefficiency independenf EAEU effects. Estimatec
welfare losses reach $617 million annually (0.080.10% of GDP),
totalling $362 million in 20212024.

Conclusions.The study makes three contributions. First, it shc
t hat institutions can o0 wer\preeés
despite worse location challenge the idea that landlockedness
drives trade costs. Second, it quantifies the EAEU exclusion pe
(12.1%) while proving domestic factors matiemonmembers like
Tajikistan and Azerbaijan match EAEU pricebhird, it overturns
bargaining theory: despite importing more sugar than all neight
combined, Uzbekistan pays the highest prices. This inverse vol
price relationship reveals that institutional weaknesses can era:
benefits of scale.
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Introduction

In 2024, Uzbekistan ranked fifteerdimong the world's largest sugar importers by value
and third by average import price, behind only the United States and Italy (Workman, 2025).
This ranking requires explanation. The United States maintains a complex regime of tariff
quotas and price suppsrto protect domestic sugar beet and cane producers. Prices in Italy
reflect the protection of its sugar industry under the European Union's Common Agricultural
Policy. Both countries accept higher import costs as the price of maintaining domestic
producton.

Uzbekistan has no such justification. Its continental climate, summer temperatures
exceeding 40AC and i00mmanakegammerdiapsugargroduation o f
unprofitable (FAO, 2025)The country produces virtually no sugar, has no domiestustry
requiring protection, and does not support an agricultural lobby demanding import barriers. Yet,
it pays prices comparable to the world's most protectionist markets. Why?

The literature on landlocked developing countries documents significed tost
penalties. Raballand (2003) found that transport costs are approximately 50% higher than those
of coastal countries. WHRLLS (2024) reports that landlocked countries spend almost twice
as much of their export earnings on transport and insur&oceCentral Asia, Carrere and
Grigoriou (2011) estimate that improving infrastructure could increase exports by almost 50%,
while Akbarov (2025) characterises the region as facing "some of the highest trade costs in the
world" 1 1.4 times higher than tee of coastal developing economies.

A parallel literature examines the effects of regional integration. Tarr (2016) estimates
that EAEU membership reduces trade costs By80% due to harmonised standards and
simplified customs procedures. Vinokurov (20@i@tuments preferential pricing of goods for
EAEU members beyond formal tariff structure
apply gravity models to Central Asian trade integration.

However, the aforementioned literature remains disconnected frioductievel
procurement analysis. Studies of landlocked countries' trade costs focus on aggregate
indicators; studies of the EAEU examine trade flows rather than price efficiency; and the
procurement literature focuses on government contracts in al/@eonomies. No existing
research examines whether Central Asian countries facing similar geographic constraints
achieve comparable import prices for specific goods. This gap is significant; if landlocked
countries with identical locations pay systemdlyadifferent prices for the same products from
the same suppliers, geography cannot explain the difference. Something else must be at play.

This paper fills a gap by analysing commodéyel prices for sugar imports in Central
Asia. Sugar provides an ide test case: a standardised commodity (HS1701) with
internationally defined purity requirements, traded globally in sufficient volumes to obtain
reliable price data, and important enough to imply welfare effects.

The analysis utilises two natural experitee First, the comparison of Uzbekistan and
Kyrgyzstan holds geography roughly constant while varying EAEU membership. Both
countries do not border dominant regional exporter, are located at similar latitudes, face
comparable distances to suppliers, anttntransit imports through Kazakhstan. Kyrgyzstan
joined the EAEU in 2015; Uzbekistan remains outside it. If membership provides price
advantages, Kyrgyzstan should outperform Uzbekistan despite its smaller import volumes,
which, according to standard trg, should provide worse terms.

Second, the Brazilian sugar market isolates the efficiency of domestic procurement from
the effects of regional trade agreements. Brazil does not have preferential agreements with any
Central Asian country and exports anstardised commaodity. Price differentials among Central
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Asian importers of Brazilian sugar cannot reflect membership in the Eurasian Economic Union
or hilateral political relations, but only differences in procurement institutions.

To test the robustness air findings, we compare Uzbekistan not only with Kazakhstan
(the region's largest economy with excellent infrastructure and access to Caspian ports), but
also with Tajikistani Central Asia's smallest economy with the region's most complex
geography, weagest infrastructure, and longest transit routes. Even if Tajikistan achieves better
prices than Uzbekistan, explanations based on scale, infrastructure, or geography become
untenable.

Literature review

Three distinct strands of literature inform thisdstutrade costs in landlocked countries, the
effects of regional trade agreements, and procurement efficiency in developing countries. While
each offers important insights, none examines comparisons of ptedeicprice efficiencies
among countries witkimilar geographic constrairit@a gap that this paper addresses. This part
synthesises the relevant findings and develops the theoretical framework motivating our
empirical analysis.

Trade costs and institutional quality. Research on landlocked developrauntries has
evolved from documenting geographic penalties to emphasising the institutional determinants
of trade cost s. Li m«o and Venables (2001)
quality explains significant variation in trade costsompmfrastructure explains 40% of the
predicted transport costs for coastal countries and 60% for landlocked countries. Improving
infrastructure from the 75th to the 50th percentile increases trade by 50%.

However, subsequent research has found that géogedone cannot explain variation
among landlocked countries. Anderson and Marcouiller (2002) demonstrated that institutional
quality, levels of corruption, contract enforcement, and regulatory transparency affect trade
costs regardless of distance. Tlagialysis finds that inadequate institutions restrict trade in the
same way tariffs do, acting as a "hidden tax" on international exchange. Arvis et al. (2016)
extended this framework to 178 countries, finding that logistical efficiency explai6®%0
of the variation in delivered prices, significantly exceeding pure transport differentials.

The Central Asian context has received particular attention. Carrere and Grigoriou (2011)
estimate that improving transit country infrastructure to median levels afaodipcked
countries would increase Central Asian exports by 49%, emphasising that the region's trade
costs reflect removable institutional failures rather than unchangeable geography. Shepherd and
Wilson (2009) identify customs modernisation and regojatmrmonisation as the main
sources of potential trade cost reductions ®#P5%6 in the region.

Regional trade agreements and preferential pricing.The literature on the EAEU
documents the benefits of membership, but rarely quantifies the costs foramirers. Tarr
(2016) provides basic estimates: membership reduces trade cost8@¥6ltue to harmonised
standards, simplified customs procedures, and tariff elimination. Vinokurov (2017) extends this
beyond formal mechanisms, documenting preferentiahgyiai regional energy and goods for
EAEU members, reflecting informal bargaining advantages and integrated supply chains.

The distribution of benefits remains controversial. Knobel (2015) finds significant trade
creation among members, while Isakova ef28116) document uneven benefits, with smaller
economies facing adjustment <cost s. A recen
gravity models to Central Asian trade integration, finding that EAEU membership significantly
influences trade patterns.

Volume-price relationship and procurement efficiency.Standard trade theory predicts
that larger import volumes yield lower unit prices through economies of scale and increased
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bargaining power. Harrigan (1993) formalises this relationship for productetsaskhile
Goldberg and Knetter (1997) document volume discounts 1a?3% for large buyers of
homogeneous products. If these mechanisms are effective, Uzbekistan, the largest sugar
importer in Central Asia, should achieve the lowest prices in the region.

The purchasing literature identifies conditions under which this relationship breaks down.
Bandiera et al. (2009) demonstrate that Italian stateed organisations paid at least 22%
more than sem@utonomous agencies for standardised goods, with thdiearexplained
by management quality rather than procurement scale. Their distinction between "active
waste" (corruption) and "passive waste" (inefficiency) suggests that institutional design
determines whether scale advantages are realised.

For the postSoviet context, Evenett and Hoekman (2005) document thatstated
trading firms often fail to utilise bargaining power due to capture by intermediaries,
fragmented powers, and weak competitive pressures. Murrell (2002) attributes persistent
inefficiencies to institutional path dependence, which isolates decision makers from market
signals. In commodity markets, Pirrong (2014) shows that intermediaries can extract
significant margins when buyers lack market information or face limited sourcing options,
while Gilbert (2010) documents import price premiums of 3846 in countries with
concentrated import channels and limited procurement transparency.

Theoretical framework and value added.The preceding literature converges on a
central finding: trade costs fétandlocked countries reflect institutional quality as much as
geography, and procurement efficiency depends on governance structures, not just on
purchasing scale. Three mechanisms potentially explain why a large importer may pay
premium prices despiteghvolume that should warrant discounts:

First, exclusion from regional trade arrangements may impose costs beyond formal tariff
disadvantages. While EAEU membership provides informal price advantages through
integrated supply chains and negotiating netaporkonmembers face a systematic
disadvantage regardless of import volumes.

Second, inefficient domestic procurement may hinder the transformation of purchasing
power into bargaining leverage. Capture by intermediaries, fragmented power, or weak
competitive pressures may explain why larger buyers pay higher prices.

Third, supplyside factors can create price differentials through geopolitical preferences
or bilateral relationship effects independent of buyer characteristics.

The Brazilian sugar markptovides a critical test for distinguishing this third mechanism
from the first two. Brazil has no preferential arrangements with any Central Asian country
and exports a standardised commodity with identical commercial terms for all buyers. Price
differenfals among Central Asian importers of Brazilian sugar cannot reflect EAEU
membership or supplier preferenceésonly differences in the efficiency of domestic
procurement.

Materials and methods

Materials

Source ldentification. This study analyses datasugar imports classified under the
Harmonised System code HS1701 for the period 220Z4, obtained from two main
sources: the United Nations Commodity Trade Statistics Database (UN Comtrade) and the
International Trade Centre Trade Map (ITC Trade Map).
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Description of Sources. UN Comtrade compiles official international trade statistics
reported by national statistical offices, covering bilateral trade flows for over 170 countries.
ITC Trade Map provides processed trade statistics withftisadly intefaces for analysing
trade patterns. Both databases report import values in US dollars and quantities in metric
tons, allowing for the calculation of unit prices. All prices are quoted on a CIF (Cost,
Insurance, and Freight) basis, including transportaimhinsurance costs to the destination
border.

Data Limitations. Three limitations should be noted. First, CIF prices exclude domestic
distribution costs, customs processing delays, and domestic distribution markups. Observed
price differentials thus repsent conservative lower estimates of actual price differentials.
Second, confidential terms of bilateral contraictpayment terms, credit arrangements,
volume commitments, and quality specificatidnseemain unobservable in aggregate trade
data. Third, Trkmenistan's trade data are subject to partial reporting limitations, limiting
certain comparisons.

Hypotheses

Based on the theoretical framework developed, this study tests four hypotheses:

H1: Uzbekistan faces systematic price differentials in sugpoits that persist across
suppliers and cannot be explained by economies of scale or geography.

H2: Institutional factors dominate geographic constraints in determining import price
differentials among Central Asian countries.

H3: Membership in the EAEProvides systematic price advantages for sugar supplied
by the dominant regional exporter imports that exceed vehased bargaining power.

H4: Uzbekistan's price disadvantages impose significant and persistent welfare costs
that reflect structural institional failures rather than temporary market conditions.

Analytical methods

The study employs comparative price analysis across three dimendiomns cross
country, and suppliespecifici in combination with natural experiment designs and a
counteréctual welfare estimator.

The analytical framework proceeds in three stages:

Stage 1 Documenting price patterns. The time analysis tracks Uzbekistan's import
prices by supplier for 2012024 to identify structural breaks and shifts in market
composition.The crosscountry analysis compares average CIF prices for Central Asian
importers, establishing regional benchmarks. The supgfiecific analysis compares prices
paid for imports from identical suppliers (dominant regional exporter, Brazil) by different
importing countries.

Stage 2Institutional effect isolation. Two natural experiments separate institutional and
geographic determinants:

The UzbekistarKyrgyzstan comparison exploits variation in EAEU membership while
holding geography roughly constaNeither country borders dominant regional exporter, are

| ocated at similar |l atitudes (Tashkent 41.

from regional suppliers, and are forced to transit imports through Kazakhstan. Kyrgyzstan
joined the EAEUN 2015; Uzbekistan remains outside. The price differential between these
generally similar countries isolates the impact of EAEU membership from geographic
factors.

A test of the Brazilian sugar market allows us to isolate the effectiveness of domestic
procurement from the impact of regional trade agreements. Brazil does not have preferential
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agreements with any Central Asian country and exports a standardised commitidi
identical commercial terms for all buyers. The difference in Brazilian sugar import prices
cannot reflect EAEU membership or supplier preferences, but rather reflects differences in
domestic procurement institutions.

To ensure that the observedféiEnces reflect institutional factors rather than quality
differences within the ligit HS1701 classification, the comparison of Uzbekistan and
Tajikistan examines pricing at the more detailedidgt level (HS170112 raw sugar;
HS170199 refined sugar).

Step 3: Welfare quantification. The economic losses from unfavourable prices are
estimated using counterfactual analysis:

Aggregate welfare loss:

w0 0 0 0
Supplierspecific welfare loss:
w0 0 j 0 § 0 B

where WL denotes the welfare loss in US dollars, Q represents the import volume in tons, P
denotes the average CIF price per ton, and the subscripts indicate the respactiyel0@d
for Uzbekistan) and the origin of the supplier.

Rationale for the choice of method. Comparative price analysis is appropriate because
sugar is a standardised commaodity with minimal quality differences, and price differences
primarily reflect procurement efficiency and trade costs. The natural experiment design
exploits institutional differences (EAEU membership) and supplier neutrality (Brazil), which
provide identification unavailable in studies of total trade costs. The counterfactuakwelfar
valuation follows standard methods in trade economics for quantifying efficiency losses.

Benchmark selection
Three baseline scenarios provide estimates under different performance assumptions:

Benchmark Description Rationale

Optimistic scenario:
Uzbekistan achieves
best regional
performance
Moderate scenario:

Kazakhstan Region'dowest average import price

Regional Mean price across Kazakhstan, Kyrgyzstg Uzbekistan achieves
average (excl. g ) ) .

4 Tajikistan, Turkmenistan typical regional
Uzbekistan)

performance
For Brazilian sugar: Kazakhstdrajikistan s

. ) ; . | Isolates inefficiency

Supplier average; For sugar supplied by the domin ~." .
- i ) . . within dominant supply

specific regional exporter: posdoviet regional

relationships

average excl. Uzbekistan

The averageprice for Brazilian sugar between Kazakhstan and Tajikistan combines
excellent logistics (Kazakhstan's connection to the Caspian Sea) with unfavourable
conditions (Tajikistan's disadvantageous geographic location), providing a balanced
benchmark for effi@ncy. The posSoviet regional average for sugar supplied by the
dominant regional exporter accounts for different conditions for regional importers, EAEU
members with institutional advantages, fEOAEU countries with different geographic
locations, and amtries of varying sizes.
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Multi-year welfare tracking (2022024) allows us to distinguish temporary market
failures from chronic institutional failures. Losses are scaled relative to GDP to assess
macroeconomic significance.

Methodological limitations. Seral caveats should be considered. First, the welfare
assessment assumes that benchmark prices represent achievable alternatives for Uzbekistan,
which may overstate potential savings if Uzbekistan faces unique constraints not observed in
the data. Secondpmparisons within a natural experiment suggest that unobserved country
characteristics are not systematically correlated with either EAEU membership or import
prices. Third, the analysis fails to distinguish alternative institutional mechanisms
(intermedary capture, power fragmentation, weak competition) that could explain the
observed inefficiencies.

Results and discussion

This section addresses the central question underlying this paper: why does Uzbekistan,
a country without its own sugar industoyprotect, pay import prices comparable to those of
the world's most protectionist economies? Two caveats special attention: CIF prices do not
include domestic distribution costs, so the observed differences represent conservative lower
bound estimatesna confidential contract terms remain unobserved in aggregate trade data.
Given these limitations, the analysis tests four hypotheses: Uzbekistan faces a systematic
pricing disadvantage \svis suppliers (H1); institutional factors dominate geographic
constraints (H2); membership in the Eurasian Economic Union (EAEU) provides price

advantages (H3); and, consequently, welfare losses reflect persistent institutional failures
(H4).

Market structure and price dynamics
We begin by analysing the dynamics ofbékistan's import prices over the study

period. Table 1 presents the average prices at which Uzbekistan imported sugar from major
suppliers between 2017 and 2024.

Table 1

Uzbekistan import prices ($/t) of HS1701 from selected major suppliers
Countries 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024
World 615 421 422 425 1369 633 756 705

Primary regional 475 482 397 411 598 1335 706 702
supplier (EAEU)

Brazil 631 389.3 415 431 1450 628 780 784
Ukraine 502 471 488 516 591 470 n/a n/a
Pakistan 400 302 326 520 591 444 556 n/a
Kazakhstan 467 473 456 489 591 n/a 622 411
Mexico n/a n/a 423 n/a n/a 614 n/a n/a

secondary EAEU | 427 467 460 439 n/a n/a 755 713
producer
India n/a 383 | 23352| 381 n/a 667 483 836

Source: Own elaboration based on ITC & UN Comtrade 2D&Bbase, n/a not available/not
applicable
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Table 1 reveals two distinct periods. Between 2017 and 2020, prices remained relatively
stable, falling from US$615.7 per ton in 2017 to approximately US$#Zper ton in 2018
2020. 2021 saw a sharp priggike, with average import prices jumping to US$1,369.6 per
ton, more than triple the 2020 level. This jump likely reflects pandeefated supply chain
disruptions and global commadity inflation. The price of Brazilian sugar reached US$1,450.6
per ton in2021, while the price of sugar supplied by the dominant regional exporter jumped
to US$1,335.9 per ton in 2022. However, what happened after the crisis is noteworthy.
Although prices declined, they did not return to-prisis levels. By 2024, Uzbekistan'
average import price stabilised at $705.8/1, still 65.7% higher than the 2020 level ($425.9/t).
This steady increase raises several questions: did price changes reflect changes in
Uzbekistan's sugar supply sources? Perhaps the 2021 crisis forced &osmitoh expensive
suppliers. Or did geopolitical events, particularly the {&@22 geopolitical shock and
dominant regional exporter's subsequent reorientation toward Central Asian markets, alter
regional commodity flows, affecting pricing?

For analysis,Table 2 presents the value structure of sugar imports to Uzbekistan by
supplier for the same period.

Table 2

Uzbekistan's import values (millions $) of HS1701 from selected suppliers
Countries 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023 | 2024
World 330.2 | 336.6 | 265.7 | 240.0 | 333.4 | 520.9 | 471.9 | 790.8
Primary regional 14.3 93.3 29.1 | 154.7| 3.0 0.3 68.2 | 342.0
supplier (EAEU)
Brazil 304.2 | 30.7 | 91.7 | 42.7 | 291.9| 460.1 | 376.2 | 336.2
Ukraine 1.2 106.3 | 33.6 6.6 2.3 0.0 n/a n/a
Pakistan 0.0 44.8 0.1 0.4 0.1 5.4 12.4 n/a
Kazakhstan 10.2 | 27.3 2.0 7.6 0.8 n/a 5.2 57.0
Mexico n/a n/a 89.5 n/a n/a 4.3 n/a n/a
secondary EAEU 0.2 111 4.6 18.1 n/a n/a 0.6 7.5
producer
India n/a 0.1 0.0 0.0 n/a 34.6 3.9 3.9

Source: Own elaboration based on ITC & UN Comtrade 2025 Datalvdiaé hot available/not
applicable

Table 2 demonstrates the radical transformation of suppliers. In 2017, Brazil dominated
sugar imports to Uzbekistan with a volume of US$304.2 million (92.1% of the total of
US$330.2 million). dominant regional exporteas a minor player, supplying only US$14.3
million (4.3%). By 2024, the picture had completely reversed: dominant regional exporter
supplied US$342.0 million (43.2% of imports), while Brazil supplied US$336.2 million
(42.5%), virtually equaling parity beten the two.

The growth in regional imports is particularly striking. In 2022, sugar imports from
dominant regional exporter fell to just US$0.3 million (0.06% of imports). By 2024, they
reached US$342.0 million, a 1,H4dld increase in just two years. iShradical shift
coincided with the conflict in Ukraine (note Ukraine's complete disappearance from Table 2
after 2022) and dominant regional exporter's intensified economic engagement with Central
Asian countries during this period. Whether this suppgerientation reflects Uzbekistan's
strategic diversification, the aggressive entry of regional exporters seeking new markets, or
a combination of both is impossible to determine from trade data alone.
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Returning to the question of price: did this supp#8kift explain the price increase?
Analysing Tables 1 and 2 together, the answer appears to be no. sugar supplied by the
dominant regional exporter costs $702.8/t in 2024, while Brazilian sugar costs $784.6/t; both
suppliers are setting higher prices. Mareo Brazilian sugar prices actually increased from
$628.0/t (2022) to $784.6/t (2024), despite Uzbekistan remaining Brazil's largest regional
consumer (Table 1). Standard bargaining theory predicts that large buyers should negotiate
better, not worse, ters over time. Comparing the two tables reveals another pattern: total
import volumes rose sharply from 243,400 tons in 2021 to 1,120,424 tons in 2024. However,
average prices remained high rather than declining with increasing scale. The increase in
volumes did not translate into price improvements.

These patterns raise a central question for subsequent sections: are Uzbekistan's high
prices typical of landlocked Central Asian countries, or is Uzbekistan worse off than its
neighbours, facing similar geogtap constraints?

Systematic price disadvantage in Central Asian countries (H1)

To determine whether Uzbekistan's prices are competitive in the region, we compare them
with those of other Central Asian importing countries. If all landlocked countries negion
pay similar prices, Uzbekistan's higher costs may simply reflect unavoidable geographic
realities. If its neighbours achieve higher prices, this difference must be explained by
something specific to Uzbekistan.

H1 predicted that Uzbekistan facesystematic price disadvantage that persists across
suppliers and cannot be explained by economies of scale or geography. Table 3 presents
import data for 2024 for all Central Asian countries.

Table 3
Central Asian Countries' HS1701 import patterns (202)
Country Total Avg. Main Import value Price from

imports price supplier from main main
(million $) (/1) supplier supplier

(million $ (%)) ($1Y)
Uzbekistan 790.8 705.8 DRE 341.6 (43.2) 702.8
Kazakhstan 345.8 601.4 DRE 277.0 (80.1) 609.1
Kyrgyzstan 28.9 646.3 DRE 27.6 (95.4) 651.5
Tajikistan 130.2 648.7 DRE 59.7 (46.4) 639.8
Turkmenistan 21.3 688.7 | Azerbaijan 21.0(98.6) 691.7

* DRE - Dominant Regional Exporter
Source: Own elaboration based on ITC & UN Comtrade 2025 Database

The comparisomeveals a striking anomaly: Uzbekistan, the region's largest importer,
pays the highest prices. Uzbekistan imported $790.8 million worth of sugar, more than double
the value of the nexargest importer (Kazakhstan, at $345.8 million) and all other Central
Asian countries combined. However, Uzbekistan's average price of $705.8 per ton exceeds
every regional competitor.

Kazakhstan, which imports less than half of Uzbekistan's value, purchased sugar at
$601.4 per ton, a $104.4 per ton advantage (17.4%). tBeeregion’'s smallest importers
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achieved higher prices: Kyrgyzstan at $646.3 per ton (8.4% less than Uzbekistan), Tajikistan
at $648.7 per ton (8.8% less), and Turkmenistan at $688.7 per ton (2.4% less). The expected
relationship between volume and prisenbt only absent, but inverse. The largest buyer pays
the most. Table 3 also shows that dominant regional exporter is the primary supplier for four
of the five countries (Turkmenistan relies primarily on Azerbaijan). This allows for a direct
comparison oprices for the same product from the same supplier. Uzbekistan paid $702.8/t
for sugar supplied by the dominant regional exporter, the highest price among all buyers.
Kazakhstan paid $609.1/t (15.4% less), Tajikistan $639.8/t (9.8% less), and Kyrgyzstan
$651.5/t (7.9% less).

Could Uzbekistan's disadvantage be limited to sugar supplied by the dominant regional
exporter, reflecting bilateral political factors? To determine whether this trend applies to all
suppliers, Table 4 provides detailed informatioreash country's supplier portfolio.

Table 4
Central Asian countries' HS1701 import patterns (2024) extended
Uzbekistan Kyrgyzstan
Exporters Share | Quantity | Price Exporters [ Share | Quantity| Price
(%) (1000t) $/t (%) (1000t) $it
DRE 43.2 486.5 702.8 DRE 95.4 42.3 651.5
Brazil 42.5 428.6 784.6 SP 3.9 2.2 525.1
Kazakhstan 7.2 138.5 411.3 | lIran, Islamic 0.3 0.1 776.8
Republic of

Azerbaijan 1.8 16.7 833.2 | Kazakhstan| 0.2 0.1 865.7

Morocco 1.4 12.2 933.3 Turkmenistan
Thailand 1.4 12.0 893.9 Azerbaijan 98.6 30.4 691.7
SP 0.9 10.5 714.0 Pakistan 1.3 0.6 520.0

Kyrgyzstan 0.9 9.8 756.2 Tajikistan
India 0.5 4.7 836.1 DRE 46.4 93.2 639.8
Kazakhstan SP 16.6 33.3 847.1
DRE 80.1 454.9 609.1 India 15.1 30.4 557.0
Brazil 14.5 89.0 561.9 Pakistan 8.8 17.7 538.4
SP 5.3 30.8 593.0 | Kazakhstan| 4.9 9.8 580.7
Central Asia excl. 852.0 646.0 Brazil 0.2 0.5 551.1
Uzbekistan

* DRE - Dominant Regional Exporter; SPsecondary EAEU producer
Source: Own elaboration based on ITC & UN Comtrade 2025 Database

These resultsupport hypothesis H1: Uzbekistan faces a systematic price disadvantage
that persists across all major suppliers and cannot be explained by economies of scale or
geography. Uzbekistan pays 17.4% more than Kazakhstan and 8.8% more than Tajikistan,
despite e latter facing greater geographic barriers. This trend holds for both sugar supplied
by the dominant regional exporter (+15.4% compared to Kazakhstan) and Brazilian sugar
(+39.6% compared to Kazakhstan), confirming a systemic disadvantage rather than a
supplier-specific one.
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Institutional and geographical determinants (H2, H3)

The price disadvantages described above could theoretically be due to geographic
location. Uzbekistan's unique landlocked location may impose costs that its neighbours
avoid. H2predicts that institutional factors, not geography, determine price differences. H3
predicts that membership in the EAEU, in particular, provides price advantages.

Central Asia provides an ideal setting for testing these hypotheses, as all five countries
are landlocked. If geography determines prices, countries with similar locations should pay
similar prices. If institutions matter, countries with different institutional arrangements
should pay different prices regardless of geographic similarity.

Compargson with Kyrgyzstan. The Uzbekistdtyrgyzstan pair represents a natural
experiment, particularly for sugar supplied by the dominant regional exporter imports. Both
countries have remarkably similar geographic characteristics: neither directly borders
dominant regional exporter (their main supplier), both are located at similar latitudes
(Tashkent 41.3A N, Bishkek 42.9A N), both
and both must transit imports through Kazakhstan.

This comparison is motivatedytan important institutional context. All peSbviet
regional member states, including Uzbekistan and Kyrgyzstan, participate in the
Commonwealth of Independent States Free Trade Area, established by the 2 dvigbst
regional Free Trade Area Agreememthich eliminates import duties on most goods,
including sugar, between signatory states (WTO&)dUzbekistan joined this agreement
in 2013. Thus, both countries benefit from dfrlge sugar imports from dominant regional
exporter under the peSoviet regional agreements. The key institutional difference lies
elsewhere: Kyrgyzstan joined the EAEU in 2015, gaining access to deeper integration
benefits, including harmonised customs procedures, simplified border controls, and
preferential supply chaingeeements that go beyond tariff waivers. Uzbekistan remains
outside the EAEU.

If prices were determined by geography, both countries should pay roughly the same
amount for sugar supplied by the dominant regional exporter, given their comparable
positionsIf EAEU membership provides additional benefits beyond the posiet regional
FTA, Kyrgyzstan should pay less, despite its smaller import volumes.

Returning to Table 3, the data support the institutional explanation. Kyrgyzstan pays
$651.5 per ton for gar supplied by the dominant regional exporter, while Uzbekistan pays
$702.8 per ton, giving Kyrgyzstan an advantage of $51.3 per ton (7.9%). This advantage is
achieved despite the fact that Kyrgyzstan imports only 42,300 tons compared to Uzbekistan's
486500 tons (Table 4). Standard bargaining theory predicts that larger volumes should yield
more favourable terms. Instead, the smaller EAEU member outperforms the larger non
member. A similar geographic factor leads to different results depending on iorséitut
membership.

Tajikistan's stress test. Kyrgyzstan's advantage may be due precisely to its EAEU
membership. But what about countries that, like Uzbekistan, are not members? Tajikistan
presents a complex challenge. Among the Central Asian countridgstbaj faces the most
challenging circumstances: the smallest economy, the weakest infrastructure, and the most
isolated geography, requiring transit through two countries to reach regional suppliers. Many
believe that if any country should pay highercps due to its geographic disadvantage, it is
Tajikistan. However, as shown in Table 3, Tajikistan pays $639.8 per ton for sugar supplied
by the dominant regional exporter, which is $63.0 per ton (9.8%) less than Uzbek sugar at
$702.8 per ton. Neither cotry is a member of the EAEU and operates under the same post
Soviet regional FTA system, so this difference cannot reflect the benefits of membership.
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The country in the region, which is most geographically disadvantaged, achieves better prices
than Uzbelstan, which is located in the centre of the country. Geographic factors cannot
explain this pattern.

Could the price difference in Tajikistan reflect differences in quality? Perhaps Tajikistan
imports lowerquality sugar, which is sold at lower prices. tBst this hypothesis, Table 5
compares prices at a more detaileddiyit code level.

Table 5
Uzbekistan Tajikistan HS6-level sugar price comparison (2024)
HS Tajikistan Uzbekistan Tajikistan Uzbekistan
code | import price $/t | import price $/t | quantity (1000t) | quantity (1000t)
170112 616.4 720.8 12.5 264.6
170199 643.4 680.9 80.7 221.9

Source: Own elaboration based on UN Comtrade 2025 Database

Table 5 rules out the quality explanation. For both raw sugar (HS170112) and refined
sugar (HS170199)Tajikistan achieves better pricing despite smaller volumes. The
differential is particularly large for raw sugar: Tajikistan pays $616.4/t while Uzbekistan pays
$720.8/t, a 16.9% premium for Uzbekistan. For refined sugar, Tajikistan pays $643.4/t versus
Uzbekistan's $680.9/t, a 5.8% premium. Quality variation within the HS1701 classification
does not explain Uzbekistan's disadvantage.

PostSoviet regionalvide patterns. Having established that both EAEU membership
(Kyrgyzstan comparison) and domestactors (Tajikistan comparison) matter, we now
examine the full pattern across all p&siviet regional sugar supplied by the dominant
regional exporter importers. Table 6 presents the complete picture.

Table 6
PostSoviet regional Countries' regionalHS1701 import prices (2024)
Rank Country Import value Quantity Price | EAEU member
(millions $) (1000 t) $/t
1 Uzbekistan 342.0 486.5 702.8 No
2 Kazakhstan 2771 454.9 609.1 | Yes (founding
member)
3 Tajikistan 59.6 93.2 639.8 No
4 Azerbaijan 31.4 49.2 638.0 No
5 Kyrgyzstan 27.6 42.3 651.5 | Yes (since 2015
6 Armenia 24.4 38.6 631.6 | Yes (since 2015
7 Turkmenistan 0.0 0.0 n/a No
8 secondary EAEU 0.0 0.0 n/a Yes (founding
producer member)
postSoviet regional 420.1 678.2 634.0
aggregate
excl. Uzbekistan
EAEU countries 329.0 535.8 614.1
Non-EAEU countries 433.0 628.9 688.4

Source: Own elaboration based on UN Comtrade 2025 Database; Eurasian Economic Commission
(2024); Ministry of Foreign Affairs of Armenia (2024)
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Table 6 includes data for gllostSoviet regional countries for a complete picture.
Turkmenistan and secondary EAEU producer did not import sugar supplied by the dominant
regional exporter in 2024. Turkmenistan purchases it almost exclusively from neighbouring
Azerbaijan (Table 4), hile secondary EAEU producer, a founding member of the EAEU
and with its own significant sugar production capacity, does not import sugar supplied by the
dominant regional exporter.

Aggregate data for active importers demonstrates the systematic effeetntfership.

In EAEU countries (Kazakhstan, Kyrgyzstan, Armenia), the average price of sugar supplied
by the dominant regional exporter is $614.1/t. In -B&EU countries (Uzbekistan,
Tajikistan, Azerbaijan), the average price is $688.4/t. This gap of $7#4@esents a
membership premium of 12.1%, consistent with Tarr's (2016) estimate that EAEU
membership reduces trade costs by3B8%6. In support of H3, membership status provides
systematic price advantages that appear to extend beyond th&eduBcces already
available under the peSoviet regional FTA.

The table also demonstrates that membership trumps volume. Armenia imports only
38,600 tons, but achieves a price of $631.6 per ton, higher than Uzbekistan ($702.8 per ton),
despite Uzbekistan impdang 12.6 times more. Kazakhstan imports slightly less than
Uzbekistan (454,900 versus 486,500 tons), but pays 15.4% less. Volume advantages are not
realised for norEAEU countries.

However, one important trend complicates the situation for the EAEU: amumg
EAEU countries, Uzbekistan performs the worst. Tajikistan ($639.8 per ton) and Azerbaijan
($638.0 per ton) achieve prices closer to those of EAEU member countries than to those of
Uzbekistan ($702.8 per ton). Uzbekistan pays $63.0 per ton (9.8%)maar&djikistan and
$64.8 per ton (10.2%) more than Azerbaijan, which are alsd&Adtl) members but operate
under the same peSoviet regional FTA structure. If exclusion from the EAEU explained
Uzbekistan's premium, all ndBAEU countries would have to paimilar prices. However,
this is not the case. Something specific to Uzbekistan, beyond its geographic location and
trade agreement status, is driving additional costs.

These results support hypotheses H2 and H3. A comparison with Tajikistan shows that
geography cannot explain the difference: the country in the most disadvantaged position
achieves more favourable prices. A comparison with Kyrgyzstan and an analysis ofthe post
Soviet regional confirm that EAEU membership provides systematic benefitvdomga
12.1%) compared to those available solely through the Smgtt regional Free Trade
Agreement. However, Uzbekistan also performs worse than otheEABW countries,
suggesting internal institutional factors that exacerbate the penalty fanermbership.

Procurement inefficiency in neutral markets

The previous analysis established that EAEU membership matters, but it cannot fully
explain Uzbekistan's premium, despite other-B&EU countries offering higher prices. To
isolate domestiprocurement efficiency from the impact of trade agreements, we need a
market in which neither EAEU membership nor pBetiet regional free trade agreements
provides any advantage. Brazilian sugar provides such a criterion.

Brazil does not have preferentigreements with any Central Asian country. It exports
a standardised commodity traded commercially worldwide. Brazil has no geopolitical interest
in offering differential pricing to Central Asian buyers. Therefore, price differences between
Central Asianimporters of Brazilian sugar reflect only buysde factors, primarily
procurement efficiency, and not supplier preferences or the impact of trade agreements.
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Table 7 presents the import prices of Brazilian sugar for three Central Asian countries
importing from Brazil in 2024.

Table 7
Brazilian sugar HS1701 import prices (2024)

Country | Import value (million $) | Quantity (1,000t) | Price ($/t)

Uzbekistan 336.2 428.6 784.6
Kazakhstan 50.0 89.0 561.9
Tajikistan 0.2 0.5 551.1

Source: Own elaboration based UN Comtrade 2025 Database

The results are striking. Uzbekistan pays $784.6/t, while Kazakhstan pays $561.9/t,
representing a premium of $222.7/t (39.6%) for Uzbekistan. Tajikistan, despite importing
only 450 tons (952 times less than Uzbekistan), $&$%d.1/t, the lowest price in the region
and $233.5/t (42.4%) less than Uzbekistan.

A comparison of Brazilian and regional premiums demonstrates the relative importance
of the EAEU's influence compared to domestic purchases. For sugar supplied by the
dominant regional exporter (Table 6), Uzbekistan pays 15.4% more than Kazakhstan. For
Brazilian sugar, Uzbekistan pays 39.6% more than Kazakhstan. The Brazilian premium is
2.6 times higher than the regional one.

This comparison has important implicatiossigar supplied by the dominant regional
exporter prices partially reflect the impact of EAEU membership; Kazakhstan enjoys
preferential access that Uzbekistan does not. However, Brazilian sugar prices cannot reflect
the influence of the EAEU, as Brazil doaot offer preferential treatment to anyone. The
Brazilian premium of 39.6% reflects the pure inefficiency of domestic procurement. Since
this premium exceeds the regional premium of 15.4%, domestic factors lead to higher costs
than nommembership in thEAEU.

The results for Tajikistan confirm this conclusion. Tajikistan, with the weakest
infrastructure and the longest transit times, achieves the best price in the region for Brazilian
sugari $551.1/t. Geographical disadvantage does not lead to hmiws; rather, the
relationship is inverse. The only explanation consistent with all the observed patterns is
differences in domestic procurement efficiency. The specific mechanisms underlying this
inefficiency cannot be determined from trade data alontermediary markups, internal
rents, fragmented procurement authority, weak competitive bidding, or information
asymmetries remain unobservable. However, this pattern strongly suggests that achieving
competitive prices will require institutional reforoh procurement processes, not just EAEU
membership. This finding further supports hypothesis H2: institutional factors, particularly
domestic procurement institutions, dominate over geographic constraints.

Welfare implications

Having established that Uekistan faces systematic price declines driven primarily by
domestic institutional factors, we now quantify the resulting welfare losses. H4 predicts that
these losses will lead to substantial and persistent losses, reflecting structural failures rather
than temporary conditions.

Table 8 presents welfare loss estimates for 2024 under alternative benchmark scenarios.
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Table 8
Welfare loss estimates under alternative benchmark scenarios (2024)

Benchmark Benchmark | Price |Total welfare| % of total % of Scenario
price ($/t) | premium loss sugar |Uzbekistan'y  type
($1t) (million $) import GDP*
value
Kazakhstan 601.4 104.4 117.0 14.8% 0.10% Optimistic
Regional 646.0 59.8 67.0 8.5% 0.06% Moderate
average**

Welfare loss on Braziliansugar only: Uzbekistan imports of 428 552 tons
Kazakhstan 556.5 149.3 64.0 14.9% 0.06% Moderate
Tajikistan
average***

Welfare loss on sugar supplied by the dominant regional exporter only: Uzbekistan importg
of 486 544 tons

PostSoviet 634.0 71.8 34.9 7.2% 0.03% Moderate

regional

average excl.

Uzbekistan

Source: Own elaboration based on ITC & UN Comtrade 2025 Database. * Uzbekistan GPD (2024)
estimated at $114.97 billion (World Bank, 2025). **Regional avefiageerage import prices of
Central Asiancountries excluding Uzbekistan. *** Average import price for the Brazilian sugar of
Kazakhstan and Tajikistan combined

Annual welfare losses range from US$67.0 million (moderate scenario) to US$117.0
million (optimistic scenario), representing 0i0610% of GDP. For comparison, the
US$67.0 million loss under the moderate scenario exceeds the combined sugar import costs
of Kyrgyzstan ($28.9 million) and Turkmenistan ($21.3 million), as shown in Table 3.
Purchasing inefficiencies in Uzbekistan are more gdistin the combined sugar import costs
of the two neighbouring countries.

A breakdown by supplier reveals where the inefficiencies are concentrated and confirms
previous findings. Losses from Brazilian sugar reach US$64.0 million, almost double the
US$34.9million lost from sugar supplied by the dominant regional exporter. Total supplier
related losses of $98.9 million exceed those under the moderate scenario ($67.0 million),
reflecting the concentration of inefficiencies in dominant supply relationshipiliBn
sugar prices reflect pure procurement inefficiencies (excluding the EAEU effect), while sugar
supplied by the dominant regional exporter prices partially reflect the disadvantages of
membership. The welfare distribution confirms the same pattisruptions in domestic
procurement lead to greater costs than-mambership in the EAEU. Even if Uzbekistan
were to join the EAEU tomorrow, significant losses from inefficient procurement of Brazilian
sugar would persist.

Temporal Sustainability. The maigude of the losses matters, but so does their
sustainability. Temporary disruptions can resolve themselves; structural disruptions require
policy intervention. Table 9 tracks welfare losses over PP@24 to distinguish between
these options.
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Table 9
Cumulative welfare losses (Regional average benchmark)
Year | Uzb. import Uzb. Regional Premium | Quantity Welfare
value price average* ($11) (1,000t) loss
(millions $) ($1t) price ($/t) (millions $)
2021 3334 1369.6 517.8 851.7 243.4 207.3
2022 520.9 633.2 598.3 34.9 822.6 28.7
2023 471.9 756.8 662.9 93.9 623.5 58.5
2024 790.8 705.8 646.0 59.8 1120.4 67.0
Total 2117.0 n/a n/a n/a n/a 361.6
Source: Own elaboration based on ITC & UN Comtrade 2025 Databasd |notaavailable/not

applicable
*Regional averagé average import prices of Central Asian countries excluding Uzbekistan

The sharp price spike in 2021 (losses of US$207.3 million) reflects the effects of the
pandemic and can reasonably be considered temporary. However, subsequsrtaevertt
be considered temporary. Losses persisted even after market normalisation: US$28.7 million
(2022), US$58.5 million (2023), and US$67.0 million (2024).

Two trends point to structural rather than temporary causes. First, losses more than
doubled fran 2022 to 2024 (from US$28.7 million to US$67.0 million), despite the
stabilisation of global sugar markets. If Uzbekistan's disadvantage were due to temporary
supply chain disruptions, losses should have declined as conditions returned to normal.
Insteadthey continued to grow.

Secondly, losses increased despite da@ldincrease in import volumésfrom 243,400
tons (2021) to 1,120,424 tons (2024). Increasing volumes should promote economies of scale
and strengthen bargaining power. Instead, Uzbeksstasses increased as its market share
expanded. The procurement system is unable to translate increased purchasing power into
better prices.

Cumulative losses for 2022024 amounted to US$361.6 million, accounting for 17.1%
of total import expenditure®f this period. This amount represents a significant transfer of
resources from Uzbek consumers and businesses to foreign suppliers and intermediaries,
which could otherwise support domestic consumption or investment.

These results support hypothesis HAe persistence of premiums through 20224,
the increase in losses despite the growth in volumes, and the concentration of losses in the
politically neutral Brazilian market all point to structural institutional failures that require
political interventon rather than patience.

Conclusions

This study examines a striking anomaly: why does Uzbekistan, a country without its
own sugar industry requiring protection, pay import prices comparable to those of the world's
most protectionist economies? Among fifeeen largest global sugar importers, only the
United States ($761/t), Italy ($709/t), and Uzbekistan ($706/t) pay average prices exceeding
$700 per ton. The first two countries employ extensive domestic protection regimes.
Uzbekistan has no such justdtion, as it produces virtually no sugar and has no industries
requiring protection.
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The analysis tested four hypotheses using HS1701 sugar import data2@4)/to
Central Asian and poSoviet regional countries. All were confirmed (Table 10).

Table 10
Summary of hypothesis tests
Hypothesis Prediction Key Evidence Verdict
H1: Systematic | Uzbekistan pays more | 17.4% of the total premium| Supported
price to suppliers regardless| compared to Kazakhstan;
disadvantages | of size 15.4% (dominant regional
exporter),39.6% (Brazil),
251 40% (minor suppliers);
the largest regional importe
pays the highest prices
(Tables 3,4, 7)
H2: Institutional | Prices vary between Tajikistan (the worst Supported
factors dominate| countries with similar | geography) pays 9.8% less
geography geographic locations; 4 than Uzbekistan; the
poorer geographic Brazilian premium (39.6%)
location does not mear] in the neutral market
the highest prices exceeds the regional
premium (15.4%) (Tables 3
5,6,7)
H3: EAEU Member countries pay | The difference between Supported
membership less than nomember | members and nemembers
confers prte countries is 12.1%; Armenia (38,648
advantages t) is ahead of Uzbekistan
(486,544 t) (Table 6)
H4: Persistent Losses continue after | Cumulative losses amountq Supported
welfare costs market normalisation; | to US$361.6 million (2021
from institutional | losses increase despitd 2024); losses increased fro
failures volume growth US$28.7 million (2022) to
US$67.0 million (2024), an(
volumes increased by 4.6
times (Tables, 9)

H1 (Systematic price disadvantages)Jzbekistan pays 17.4% more than Kazakhstan,
8.8% more than Tajikistan, and 7.9% more than Kyrgyzstan, despite importing more than all
regional competitors combined. The disadvantage persists for all suppliers: +15.4% for sugar
supplied by the dominant riegal exporter, +39.6% for Brazilian sugar, and4®28% for
small suppliers. The expected voluméce relationship is inverse; the largest buyer pays
more.

H2 (Institutional factors dominate geography): Tajikistan, the smallest economy in
the region with e worst geographic location and weakest infrastructure, achieves prices
9.8% more favorable than geographically central Uzbekistan. The premium on Brazilian
sugar (39.6%) significantly exceeds the regional one (15.4%), confirming that domestic
procuremeninefficiencies entail higher costs than Armembership in the EAEU.

H3 (EAEU membership provides price advantagesEAEU countries pay an average
of $614.1/t for sugar supplied by the dominant regional exporter; foEkboountries, the
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average price i1$688.4/ti a 12.1% premium for membership. Even Armenia (38,600 tons)
achieves better prices than Uzbekistan (486,500 tons).

H4 (Persistent welfare costs)Annual losses range from $67 million to $117 million
(0.06'0.10% of GDP). Cumulative losses for 202024 amount to $361.6 million. Losses
increased from $28.7 million to $117 million. US (2022) to US$67.0 million (2024), despite
a 4.6fold increase in volumes, which confirms structural rather than temporary reasons.

Contributions. The study advancesrée lines of research. First, it demonstrates that
institutional factors can dominate geography among landlocked countries: higher prices in
Tajikistan, despite its poorer geographic location, challenge the assumption that
landlockedness alone determinesle costs. Second, it quantifies the costs of excluding the
EAEU (a 12.1% premium), while simultaneously showing that domestic factors matter
independently: nofEAEU members such as Tajikistan and Azerbaijan achieve prices
comparable to those of EAEU mearb. Third, it challenges conventional bargaining theory:
economics textbooks predict that large buyers obtain higher prices through economies of
scale and bargaining power, yet Uzbekistan, which imports more sugar than all its neighbors
combined, pays thkighest prices in the region. This inverse relationship between volume
and price suggests that institutional weaknesses can completely offset the benefits that market
power should provide.

Policy implications

The "Tajikistan question". Before introducig reforms, Uzbek policymakers should
study what Tajikistan is doing differently. Tajikistarsmaller, poorer, and more remdate
has achieved more favorable prices within existing regional structures, without membership
in the EAEU. Understanding the spfacimechanisms (the structure of import channels,
intermediaries, and contractual practices) will allow for targeted replication of this
experience.

Information transparency. Intermediaries profit when buyers lack market
information. A practical option wdd be to require quarterly publication of Uzbekistan's
import price data, comparing them with regional benchmark prices. Ensuring accountability,
explaining why Uzbekistan paid 17.4% more than Kazakhstan, would help reduce
information asymmetry.

Competitive discipline. Uzbekistan pays premiums to nine suppliers, suggesting
systemic problems rather than suppBgecific ones. The introduction of competitive
pressure, mandatory tenders for large contracts, direct relationships with suppliers, and
transparenévaluation criteria could undermine arrangements in which relationships prevail
over price competition. Several specific measures should be considered:

- Granting the State Competition Committeeauthority to monitor import prices of
essential goods, with ¢hauthority to investigate cases of persistently exceeding
regional premiums.

- Establishing a commodity exchangé Tashkent, ensuring transparent pricing and
reducing the opacity of intermediaries, based on Uzbekistan's existing commodity
exchange infrastructure.

- Requiring import license holders to demonstrate competitive sourcing through
documented quotations fromultiple suppliers for contracts exceeding thresholds.

- Leveraging bilateral relations between Uzbekistan and Kazakhstan to explore
joint procurement mechanisms that combine Kazakhstan's access to the EAEU with
Uzbekistan's advantages in procurement volume
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Regional integration: beyond EAEU. While the 12.1% EAEU premium represents
real costs, joining the customs union may not serve Uzbekistan's interests. As the world's
only doublylandlocked country, Uzbekistan's prosperity depends on connectivity with all
neighbors, not alignment with a single bloc. EAEU membership would surrender tariff
autonomy to dominant regional exporter's industrial priorities precisely when flexibility
matters most.

A more promising vision: Uzbekistan leading deeper Central Asitgriation, 80
million consumers with complementary economies, that preserves sovereignty over external
tariffs while reducing regional barriers. The procurement inefficiencies documented here are
domestic problems requiring domestic solutions; solving tiretependently strengthens
Uzbekistan's position for shaping future regional arrangements.

Limitations. CIF prices do not include internal distribution costs, so the observed
differences represent conservative estimates. The analysis does not allademsifypthe
specific mechanisms underlying Uzbekistan's disadvantage, such as intermediary markups,
internal rents, fragmented government, or information asymmetries. Importantly, trade
statistics do not reveal the composition of buyers: whether suigapdsted by stat@wned
organizations, private traders, or producers. This distinction is important because reforms
aimed at public procurement are fundamentally different from competition policy for private
channels. Natural experiment comparisons sugbeastunobserved characteristics are not
correlated with EAEU membership, and the data for Turkmenistan are based on mirror
statistics due to reporting limitations.

Future research. Supply chain analysis that identifies intermediaries and institutional
batlenecks can help develop targeted interventions. A comparative analysis of commodities
(wheat, vegetable oil, fuel) will allow us to determine whether sugar reflects broader
inefficiencies. Most importantly, custorhevel data, which distinguishes betwgmublic and
private procurement, can reveal efficiency gaps between the public and private sectors in
Central Asian markets, directly determining whether public procurement, private
competition, or intermediary structures require reform.
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1 tod € dzOH sy &k ldnAsaz@ dizdgvkrigwn (Arych, 2019; Bazopol et al., 2022), the

product yield depends on temperature, but, there are some exceptions (Kuievda and Bront,
2020).
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Popovici C., Gitin L., Alexe P. (2013), Characterization of walduglans regial..)
green husk extract obtained by supercritical carbon dioxide fluid extragtiomal of
Food and Pakaging Science, Technique and Technologg), pp. 104108,
https://doi.org$533.9353.
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KochubeiLytvynenko O., Kuzmyk U., Yushchenko N. (2022), Spices for dairy
products In: O. Paredet - pe z , 0. Shevchenko, V. Stab

Bioenhancement and Fortification of Foods for a Healthy Digt 157178, CRC
Press, Boca Ratohitps://doi.org/10.1201/9781003225287
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Arych M. (2018), Insurance's impact on food safety and food secReggurce and
Energy Saving Technologies of Production and Packing of Food Products as the Main
Fundamentals of Aeir Competitiveness: Proceedings of the 7th International Specialized
Scientific and Practical Conference, September 13, 2QU&T, Kyiv, pp. 5257,
https://doi.org$533.9353.
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