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AnHotauusi. Beedenue. B crarbe mpelncTaBIeHO ONMHMCAHKME BIMSHUS PAa3IMYHBIX BHJOB TEKTHHA Ha
WHTEHCUBHOCTh POCTA MPOOMOTHYECKUX MHKPOOPraHM3MOB U 3(G(GEKTUBHOCTh HMX 3alIUTHl  IPHU
WHKATCyJIMpOBaHUW.  VIcHonb30BaHWE — MOJHMCAXapHAHBIX ~ MAaTpUIl Ui MHKPOKANCyJTUPOBAaHUS
paccMaTpuBaeTCsl Kak IEPCHEeKTHBHBIM CIMOCOO MOBBIMICHUA CTAaOMIBHOCTH NPOOHMOTHKOB B IpoLEecce
XpaHEHUS ¥ IPUMEHEHUS B cocTaBe (DyHKIMOHAIBHBIX MPOAYKTOB MUTaHus. Llenbio uccuenoBanus sBasIach
OIICHKA BJIMSIHUS Pa3MyYHBIX THUIIOB MEKTHHA Ha pocT ImramMoB Lactococcus lactis u Lactiplantibacillus
plantarum, a Take ompeaeneHrne APPEKTUBHOCTH TMEKTHHOBBIX  MATpUIl Ul COXPaHCHHs
KHU3HECIIOCOOHOCTH  MHKPOOPraHM3MOB IPH  MHKDPOKAICyJIUpOBaHUU. Mamepuansl u  Mmemoosl.
HccnenoBanre MOCTPOEHO HAa aHANM3€ WHTEHCHMBHOCTH POCTa MPOOMOTHYECKUX KYJIBTYP B MUTATEIBHBIX
cpenax ¢ noOaBleHHEM Pa3JIMYHBIX BUIOB MEKTHHA, a TAKXKE HA OLIEHKE BHDKUBAEMOCTH MUKPOOPIaHU3MOB
nocje WHKANCYJIMpOBaHUS W B Tpoliecce XpaHeHHWs. JKU3HECIOCOOHOCTh KIETOK — OMpeaessuia
MHUKPOOHOIOTMYECKUMU METOAAMH C TOACYETOM KOJIOHMEOOPa3yoUINX eINHHUI U CPaBHEHHEM IoKa3aTenen
COXPaHHOCTH MpPOOMOTHUYECKUX KYJIbTYp B pa3iMyHBIX [EKTUHOBBIX Marpulax. Pesyasmamst u
obcyycoenue. B xone pabOTBl YCTaHOBJIEHO, YTO HCIIOJIb30BaHME IMEKTUHOB B KadeCTBE MAaTpHLl IS
MUKPOKATCYJIMPOBaHHSI CIIOCOOCTBYET MOBBIIICHUIO CTaOWIBHOCTH MPOOMOTHYECKUX KynbTyp. HambGomee
BBIPa)KEHHBIE 3aLIUTHBIE CBOMNCTBA MPOJAEMOHCTPUPOBAJ LIUTPYCOBBII MEKTHH, 00ECTIEYMBIINI HANOOBIIYIO
COXPaHHOCTh KIIETOK MCCIIEyeMbIX MUKPOOPTaHM3MOB B TIpoliecce xpaHeHus. [loka3aHo, 4TO CTPYKTypHBIE
0COOEHHOCTH M CTENEHb METOKCWIMPOBAHMS IEKTHHA OKas3blBAlOT 3HAYMTENIbHOE BJIMSHUE Ha
3¢ (HEeKTUBHOCTh MHKAINCYJAIUA W YCTOHYMBOCTH NPOOMOTHUECKUX KJIETOK. 3axarouenue. [lo wutoram
NPOBEIEHHOIO  HWCCIICOBAHUS ~ YCTAHOBJIEHO,  YTO  MHKPOKAICYJIMPOBaHHWE  NPOOHMOTHYECKHUX
MHUKPOOPTaHU3MOB B MaTPHIIGI HA OCHOBE MEKTHHOB MO3BOJISIET CYIIECTBEHHO MOBBICUTH UX CTAOMIBHOCTh U
BBDKMBAaeMOCTb B THpouecce xpaHeHus. HaumOonee 3QQeKTHBHBIMH 3alIUTHBIMH CBOWCTBaMHU 00Jagann
MHKpOKAIICyJIbl Ha OCHOBE IUTPYCOBOTO IEKTHHA, OOecrevMBIIne COXpaHHOCTH Lactococcus lactis u
Lactiplantibacillus plantarum na ypoBue 87,41% u 88,81% cOOTBETCTBEHHO MocCie 8 HEIENb XPaHCHHUSI.
[Mony4yeHHble pe3ynbTaThl MOATBEPIKIAIOT TEPCIIEKTUBHOCTD HCIIONB30BAHUS MIEKTHHOBBIX ITOJIMCAXapUIOB
Uil pa3pa0OTKH OHMOJIOTMYECKH aKTUBHBIX J00AaBOK W (DYHKIMOHAJBHBIX MPOAYKTOB IHTaHHSA C
MPOJIOHTMPOBAHHBIM CPOKOM XPAaHEHHUS M BEICOKOH OMOJIOrMYECKOM IEHHOCTHIO.
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Abstract. Introduction. The article describes the effect of various types of pectin on the growth
rate of probiotic microorganisms and the effectiveness of their protection during encapsulation. The use
of polysaccharide matrices for microcapsulation is considered as a promising way to increase the stability
of probiotics during storage and use in functional foods. The aim of the study was to evaluate the effect of
various types of pectin on the growth of Lactococcus lactis and Lactiplantibacillus plantarum strains, as
well as to determine the effectiveness of pectin matrices for maintaining the viability of microorganisms
during microcapsulation. Materials and methods. The study is based on the analysis of the growth rate of
probiotic cultures in nutrient media with the addition of various types of pectin, as well as on the
assessment of the survival of microorganisms after encapsulation and during storage. Cell viability was
determined by microbiological methods with the calculation of colony-forming units and the comparison
of the preservation parameters of probiotic cultures in various pectin matrices. Results and discussion. In
the course of the work, it was found that use of pectins as matrices for microcapsulation helps to increase
the stability of probiotic cultures. Citrus pectin demonstrated the most pronounced protective properties,
which ensured the greatest preservation of the cells of the studied microorganisms during storage. It has
been shown that the structural features and the degree of pectin methoxylation have a significant effect on
the encapsulation efficiency and stability of probiotic cells. Conclusion. Based on the results of the study,
it was found that the microcapsulation of probiotic microorganisms into pectin-based matrices can
significantly increase their stability and survival during storage. Microcapsules based on citrus pectin had
the most effective protective properties, which ensured the preservation of Lactococcus lactis and
Lactiplantibacillus plantarum at the level of 87.41% and 88.81%, respectively, after 8 weeks of storage.
Results obtained confirm the promising use of pectin polysaccharides for the development of biologically
active additives and functional food products with a prolonged shelf life and high biological value.
Keywords: pectin, probiotic microorganisms, viability, storage, polysaccharides, stabilization,
Lactiplantibacillus plantarum, Lactococcus lactis
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Introduction. Modern developments in the food industry are aimed at creating functional
products with pronounced physiological effects and the ability to support human health. One of
the most promising areas in this field is the use of probiotic microorganisms, the effectiveness of
which is directly related to their viability and activity during storage and after consumption [1,2].
However, during the production of probiotic products, a significant decrease in the number of
viable cells is observed due to adverse environmental factors, including fluctuations in
temperature, humidity, pH, and the presence of oxygen [3, 4].
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To enhance the resistance of probiotic microorganisms to stressful conditions, the use of
natural polysaccharides, particularly pectins, is being actively studied. These polysaccharides
possess high biocompatibility, safety, and the ability to form gel-like matrices that protect cells
from destruction [5, 6]. Pectins differ in chemical structure, degree of methoxylation, and source,
which determines their functional properties, including interaction with the cell surface and the
formation of stable microcapsules [7, 8].

A number of studies have shown that the use of pectin as a matrix for encapsulating
probiotics not only increases their resistance to the acidic environment of the stomach and
storage conditions, but can also enhance cell growth activity due to a prebiotic effect [9-11]. In
this regard, the study of the effect of different types of pectin on the growth rate of probiotic
strains Lactococcus lactis and Lactiplantibacillus plantarum, as well as on the preservation of
their viability during encapsulation, is of scientific and practical interest.

In Russia, research into the use of pectin for the encapsulation and stabilization of
probiotics is actively developing [12]. Of particular interest are domestically produced pectins
from beet and apple raw materials, which are characterized by low cost and high efficiency in the
formation of gel structures [14, 15]. Thus, a relevant area is studying the effect of various types
of pectin on the preservation of the viability of probiotic microorganisms during storage, which
has practical significance for the development of new functional foods and probiotic
supplements [16].

Materials and methods. Research objects. The following probiotic cultures were used as
objects of study:

- Mixture of Lactococcus lactis subsp. lactis, Lactococcus lactis subsp. cremoris, Lactococcus
lactis subsp. diacetylactis (sourdough for cheese). Manufacturer: Federal State Budgetary
Scientific Institution "Experimental Biofactory", Russia.

- Lactobacillus plantarum (protective starter BK-Uglich-P). Manufacturer: Experimental
Biofactory, Russia.

MRS broth and MRS agar were used as nutrient media. Manufacturer: Federal State
Budgetary Scientific Institution “State Scientific Center for Applied Microbiology and
Biotechnology”, Russia.

Encapsulation materials. Various types of pectin were used as a polymer carrier for
encapsulation:

- apple pectin (highly methoxylated, HM); Manufacturer: Stoing Trading House LLC, Russia;

- citrus pectin (low methoxylated, LM); Manufacturer: Stoing Trading House LLC, Russia;

- beet pectin (low methoxylated, LM); Manufacturer: PharmMix LLC, Russia;

- tomato pectin (low methoxylated, LM); Manufacturer: PharmMix LLC, Russia;

- amidated low-esterified pectin; Manufacturer: Part of the Strength LLC, Russia.

CaCl, manufactured by Stoing, Russia, was used as a hardener . Sodium citrate
manufactured by Stoing, Russia, was used to release microorganisms from the microcapsules.

Conditions for culturing probiotic microorganisms. Probiotic microorganisms were
cultured in pectin solutions of varying concentrations (0.5-2.5%) at 37°C for 48 hours.
Unencapsulated probiotic cultures, cultured in MRS broth under similar conditions, served as
controls.

After cultivation, 5 ml of pectin solution samples were treated with a 2% sodium citrate
solution and then centrifuged at 12°C for 5 minutes. The centrifugation procedure was repeated
three times until a pure probiotic sediment was obtained. The method for isolating
microorganisms from the pectin matrix was consistent with published data [13].

Encapsulation of probiotic microorganisms. Probiotic encapsulation was achieved using
ionic gelation. Pectin solutions containing probiotic cultures were injected with an insulin
syringe into a curing agent solution — a 2% CaCl: solution. The resulting microcapsules were
soaked in saline and stored at 5°C.
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The viability of probiotics in microcapsules was analyzed after 12 hours, 24 hours, 1
week, 4 weeks and 8 weeks of storage.

Release of microorganisms from microcapsules. The release of probiotic microorganisms
from pectin microcapsules was carried out by treating the capsules with a 2% sodium citrate
solution, after which a quantitative analysis of viable cells was carried out.

Determination of the concentration of probiotic microorganisms. The concentration of
probiotics was determined using a densitometer, as well as by counting colony-forming units
(CFU/g) on MRS-agar nutrient medium.

For this purpose, serial tenfold dilutions of the test samples were performed, after which
1 ml of the suspension was added to sterile Petri dishes containing melted and cooled MRS agar
to 37°C. Incubation was carried out at 37°C for 48 hours, after which the number of colonies
grown was counted, taking into account the dilution, and the viable cell concentration (CFU/g)
was calculated.

The results are presented as M = m, where M is the mean value and m is the standard
error of the mean.

Evaluation of probiotic growth efficiency. To assess the growth efficiency of probiotic
microorganisms, the generally accepted relative growth index was used [14], calculated using the
formula:

E = ~=* 100%, 1)
where N ¢ is the concentration of probiotic microorganisms in 1 g before the start of cultivation;
N ; is the concentration of probiotic microorganisms in 1 g after the end of cultivation.

Calculation of losses and encapsulation efficiency. Losses of probiotic microorganisms
during storage were calculated using the formula:

P = 100%(1 -2 % )
where P is the loss (%), A is the initial value of CFU/ g, A 1— Final CFU/g value after
completion of the storage process.

The following formula was used to calculate the encapsulation efficiency:

EE =100% — P 3)

in accordance with the methodological approaches used in studies on microencapsulation
of probiotics [15] .

Statistical data processing. All experimental studies were performed in triplicate. Results
are presented as the arithmetic mean with the standard error of the mean. Statistical processing of
the experimental data was performed using Statistica 10 and Microsoft Excel software packages ,
employing analysis of variance methods. The statistical significance of differences in the
"efficacy” indicator, expressed as a percentage, was assessed using the x2 (chi-square) test.
Differences between the compared groups were considered significant at a significance level of p
< 0.05.

Results and discussion. Probiotic microorganisms were cultured simultaneously on
MRS nutrient medium and in pectin solutions; the initial concentration of probiotic
microorganisms was 1*10® CFU/g. Table 1 presents the results of a study of the growth rate of
probiotic microorganisms during cultivation on various types of pectin. The assessment was
carried out using densitometry data, which allowed us to determine the dynamics of biomass
accumulation during fermentation. Upon completion of fermentation, tenfold dilutions of each
replicate were cultured to determine the viability and activity of the probiotic cultures. The
samples were incubated in a thermostat at 37°C for 48 h, after which the number of colony-
forming units (CFU) per 1 g of sample was counted. For each variant, the arithmetic mean CFU
value was calculated, reflecting the growth rate and activity of the probiotic microorganisms.
Based on the obtained data, an integrated assessment of the growth intensity of cultures on
various types of pectins was made and the growth efficiency of microorganisms was calculated
relative to the initial indicators; the results are presented in Table 1.
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Table 1. Evaluation of the growth rate of probiotic microorganisms

Nutrient ' Pectin ' Aver'age CFU/g' value Average CFU/g
medium Strain concer;}ratlon, accordlq?]épcgtegf;tometry v.lsl(l)ltjﬁ g%siqo?]n E, %
0 Inai Hnut
MRS — broth L. lactis 0 (4.51£14)*10°° (4.8£15)*10° 451
L. planturum (8.13+0.24)*10 (8.1£0.24)*10 ® 813
Apple pectin L. lactis 0.5 (2.3+0.07)*10 ® (2.2+0.06)*10 ® 230
(HM) 1 (3.83+0.11)*10 ® (3.9£0.13)*10° 383
15 (4.44+0.13)*10 ® (4.25+0.12)*10° 444
2.0 (5.38+0.16)*10 Z (5.25+0.15)*10 : 538
2.5 (5.23£0.16)*10 (5.15£0.14)*10 523
L. planturum 0.5 (3.6£0.11)*10° (3.9+0.12)*10 ° 360
1 (5.17£0.16)*10 ® (5.120.15)*10 ® 517
15 (6.22+0.19)*10 ® (6.15+0.18)*10 ® 622
g.o (7.73£0.23)*10 2 (7.7£0.22)*10 z 722
5 (7.68+0.23)*10 (7.7£0.21)*10 7
Citrus pectin L. lactis 0.5 (2.62+0.08)*10 ® (2.7+0.09)*10 ® 262
(HM) 1 (4.08+0.12)*10 ® (4.0£0.11)*10°® 408
15 (5.48+0.16)*10 ° (5.25+0.15)*10 © 548
2.0 (6.02+0.18)*10 Z (6.0£0.17)*10 Z gg;
2.5 (5.98+0.18)*10 (6.0£0.17)*10
L. planturum 0.5 (3.31+0.1)*10 ® (3.354£0.11)*10 ® 331
1 (6.24+0.19)*10 ® (6.15+0.17)*10°° 624
15 (7.68+0.23)*10 ® (7.75£0.24)*10 © 768
g.o 9.1 1i0.27)*1088 (9.1£0.25)*10 z Séé
5 (9.0£0.27)*10 (9.0£0.26)*10
Beet pectin (LM) L. lactis 0.5 (2.83+0.08)*10 ° (2.9 +0.09)*10 ° 283
1 (3.41+0.1)*10 8 (3.3£0.11)*10°® 341
15 (3.95+0.12)*10 8 (4.0£0.12)*10°® 395
2.0 (4.38+0.13)*10 Z (4.25i0.13)*1088 438
2.5 (4.35£0.13)*10 (4.3£0.13)*10 435
L. planturum 0.5 (3+0.09)*10 ® (3.0£0.09)*10 ® 300
1 (4.2140.12%10 8 (4.15+0.12%10 8 421
15 (4.82+0.14)*10 ® (4.9+0.15)*10° 482
2.0 (5.33£0.16)*10 2 (5.240.14)*10 88 533
2.5 (5.28+0.16)*10 (5.25+0.15)*10 528
Tomato pectin L. lactis 0.5 (1.6£0.05)*10 ® (1.75+0.06)*10 © 160
(LM) 1 (2.31£0.07)*10 (2.240.07)*10 ¢ 231
15 (2.78+0.08)*10 ° (2.840.09)*10 ® 278
2.0 (3.13£0.09)*10 2 (3.05i0.09)*1088 313
2.5 (3.07£0.09)*10 (3.1£0.09)*10 307
L. planturum 0.5 (2.1+0.06)*10 ® (2.05+0.06)*10 ® 210
1 (2'4&0'07)*10: (2.35i0.07)*1% 8 248
15 (3.25+0.1)*10 (3.2£0.1)*10 325
AR o 3 07
) 73+0. .8+0.12)*1
Amidated pectin L. lactis 0.5 (1.82+0.05)*10 ® (1.85+0.05)*10 ° 182
1 (2.47+0.07)*10 (2.35+0.07)*10 © 247
15 (2.84+0.09)*10 ° (2.85+0.09)*10 ® 284
g.o (3.29&:0.1):10 : (3.25j:o.1)**1088 g;g
5 (3.27+0.1)*10 (3.24£0.1)*10 7
L. planturum 0.5 (2.18+0.07)*10 ® (2.15£0.07)*10 ® 218
1 (2.68+0.08)*10 ° (2.8+0.09) *10° 268
15 (3.33+£0.1)*10 ® (3.25+0.1)*10°° 333
2.0 (3.91£0.12)*10 : (3.95+0.13)*10 z 301
2.5 (3.87+0.12)*10 (3.95+0.12)*10 387
Reliability of L. lactis 0.5 p < 0.001 p < 0.001 p < 0.001
differences 1 p <0.001 p <0.001 p <0.001
15 p < 0.001 p < 0.001 p < 0.001
2.0 p < 0.001 p < 0.001 p < 0.001
2.5 p < 0.001 p < 0.001 p < 0.001
L. planturum 0.5 p <0.001 p <0.001 p <0.001
1 p < 0.001 p < 0.001 p < 0.001
15 p < 0.001 p < 0.001 p < 0.001
2.0 p < 0.001 p < 0.001 p < 0.001
2.5 p < 0.001 p < 0.001 p < 0.001
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Note: A one-way analysis of variance was performed on the CFU/g values to assess the effect of pectin type and
concentration on the growth of probiotic microorganisms. The significance of differences in the "Efficacy, %"
column was assessed using the ¥ (chi-square) test to compare the distributions of efficacy values between the study
groups. Differences were considered statistically significant at p < 0.05.

Comparison of the final growth rates of Lactococcus strains lactis, Lactobacillus
planturum cultivated on different types of pectins is shown in Figure 1.

Microbial growth rate

9 Control 8.1 CFUg

8
£ g
=~ - Control:451CFUE " &
o T . . . i
2 4 " 1 I I
s 3 I I I I i

2 I I "

I
1
Lactococeus lactis Lactobacillus planthimm

= Appls pectin " Orangs pectin Beat pactin Tomato pectin Amidated pactin

Figure 1. Dependence of the growth intensity of probiotics ( Lactococcus lactis; Lactobacillus plantarum),
cultivated on different types of pectins

The graph shows the dependence of the growth rate of probiotic microorganisms. The
highest growth rate of microorganisms of the strain Lactococcus lactis is observed in solutions of
apple, orange and beet pectins at concentrations from 1.5 to 2.5%. The highest growth rate of
microorganisms of the strain Lactobacillus plantarum was observed in 2—-2.5% pectin solutions.
When comparing the results obtained with the control, the Lactococcus strain showed the highest
growth efficiency. lactis was detected in samples cultured in a 2% solution of citrus pectin -
602% and in a 2% solution of apple pectin — 538%, the Lactobacillus strain planturum — on a 2%
citrus pectin solution — 911%. No significant differences were found between the growth rates of
probiotic strains cultured on a 2% pectin solution and on a 2.5% pectin solution.

During the comparison of the results of this experiment with the control group, it was
established that the growth intensity of probiotic microorganisms cultivated on tomato and
amidated pectins is low, on beet pectin it is average (for the L. lactis strain it is approximately
100% lower, and for the Lb. planturum strain it is 270% lower than the control group indicators),
on citrus and apple pectins it is high (for the L. lactis strain it is approximately 100% higher for
samples cultivated on a 2% citrus pectin solution and 50% higher for samples cultivated on a 2%
apple pectin solution, and for the Lb. planturum strain it is 100% higher for samples cultivated
on a 2% citrus pectin solution and 40% lower for samples cultivated on a 2% apple pectin
solution relative to the control group indicators).

For the next experiment, the following types of pectins were selected: citrus 2%, apple
2% and beet 2%.

During the experiment, microcapsules were obtained, after which the growth rate of the
encapsulated probiotic cultures was assessed, and the rate of viable cell loss during the
microencapsulation process was calculated. The experimental results are presented in Table 2.
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Table 2. Encapsulation efficiency of 2% pectin solutions of Lactococcus lactis and Lactobacillus

plantarum strains

Composition of the capsule

Encapsulation efficiency, %

Apple pectin 2%, L. lactis 87.24
Apple pectin 2%, L. planturum 91.04
Citrus pectin 2%, L. lactis 90.85
Citrus pectin 2%, L. planturum 91.22
Beet pectin 2%, L. lactis 89.35
Beet pectin 2%, L. planturum 90.7

The data presented in Table 2 demonstrate that during the encapsulation process, some

probiotic microorganisms are washed from the surface of the microcapsules, resulting in a loss of
viable cells of 9-13%. The experimental results demonstrate the high efficiency of the
encapsulation process, ensuring the preservation of over 80% of probiotic cells within the
microcapsules formed from pectin solutions. These data confirm the feasibility of using

microencapsulation technology in the development and production of dietary supplements and
functional foods enriched with probiotic microorganisms.

The study assessed the survival of viable encapsulated probiotic microorganisms at

various storage times: 12 hours, 24 hours, 1 week, 4 weeks, and 8 weeks after the start of the

experiment. The results of the study, which examined the viability of encapsulated probiotic

microorganisms and the encapsulation efficiency at each storage checkpoint (12 hours, 24 hours,
1 week, 4 weeks, and 8 weeks), are presented in Table 3.

Table 3. Assessment of the growth rate of probiotic microorganisms during storage

Average CFU/g value

Sp;(grri%%e Composition of the capsule accordin_g tp densitometry bgzs(;aogrf lCO':# é%l\lj?iI:r?s
indicators
12 o'clock Apple pectin 2%, L. lactis (4.36+0.12)*10°® (4.68+0.13)*10 °
Apple pectin 2%, L. planturum (6.97+0.18)*10 ° (6.66+0.19)*10 °
Citrus pectin 2%, L. lactis (5.31+ 0.15)*10 ® (5.67+0.16)*10 °
Citrus pectin 2%, L. planturum (8.19+£0.22)*10 ° (8.28+0.21)*10 °
Beet pectin 2%, L. lactis (3.91+ 0.12)*10 ® (3.69+0.12)*10 °
Beet pectin 2%, L. planturum (4.36+0.12)*10 ® (5.04+0.14)*10 °
24 hours Apple pectin 2%, L. lactis (4.21+0.12)*10 ® (4.44+0.13)*10 °
Apple pectin 2%, L. planturum (6.97+ 0.20)*10 ® (6.84+0.21)*10 °
Citrus pectin 2%, L. lactis (5.21+ 0.15)*10 ® (5.58+0.16)*10 °
Citrus pectin 2%, L. planturum (8.07+ 0.21)*10 ® (8.07+0.22)*10 °
Beet pectin 2%, L. lactis (3.91+ +0.13)*10 ° (3.61£0.13)*10 °
Beet pectin 2%, L. planturum (4.36+0.12)*10 ® (4.92+0.14)*10 °
1 week Apple pectin 2%, L. lactis (4.21+0.12)*10 ® (4.56+0.13)*10 ®
Apple pectin 2%, L. planturum (6.9 +0.18)*10 ° (6.63+0.19)*10 ®
Citrus pectin 2%, L. lactis (5.16 +0.13)*10 ° (5.34+0.15)*10 °
Citrus pectin 2%, L. planturum (8.02+0.20)*10 ® (7.89£0.22)*10 °
Beet pectin 2%, L. lactis (3.81+0.11)*10° (3.39£0.11)*10 °
Beet pectin 2%, L. planturum (4.26 +0.12)*10 ° (4.77£0.14)*10 °
4 weeks Apple pectin 2%, L. lactis (4.11+0.11)*10° (4.23+0.12)*10 ®
Apple pectin 2%, L. planturum (6.26 +0.18)*10 ° (6.69£0.20)*10 °
Citrus pectin 2%, L. lactis (5.06 +0.14)*10 ° (4.98+0.15)*10 °
Citrus pectin 2%, L. planturum (7.87£021)*10° (7.5£0.21)*10
Beet pectin 2%, L. lactis (3.16 £0.09)*10 ® (3.36+0.10)*10 °
Beet pectin 2%, L. planturum (4.06+0.11)*10° (4.08+0.12)*10 °
8 weeks Apple pectin 2%, L. lactis (3.91+0.12)*10° (3.66+0.12)*10 °
Apple pectin 2%, L. planturum (6.01+0.18)*10° (6.03£0.19)*10 °
Citrus pectin 2%, L. lactis (4.96 +0.13)*10 ° (4.77£0.14)*10 °
Citrus pectin 2%, L. planturum (7.22+0.20)*10 ° (7.56+0.22)*10 °
Beet pectin 2%, L. lactis (2.97 £0.09)*10 °® (2.97+0.10)*10 °
Beet pectin 2%, L. planturum (3.96 +0.11)*10 ° (3.72+0.12)*10 °
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Reliability
of
differences

L. lactis 12 hours p <0.001 p <0.001
24 hours p <0.001 p <0.001

1 week p <0.001 p <0.001

4 weeks p <0.001 p <0.001

8 weeks p <0.001 p <0.001

L. planturum 12 hours p <0.001 p <0.001
24 hours p <0.001 p <0.001

1 week p <0.001 p <0.001

4 weeks p <0.001 p <0.001

8 weeks p <0.001 p <0.001

Note: CFU/g values were compared between experimental groups cultured with different pectin types and
concentrations over time. Repeated- measures analysis of variance (RM ANOVA) was used to assess the influence

of pectin type, pectin concentration, and shelf life on changes in viable microorganism counts.
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Figure 2. Effect of pectin type on growth dynamics and viability of probiotic strains Lactococcus lactis (a) and
Lactiplantibacillus plantarum (b) during storage (RM ANOVA)

The results of the analysis of variance (RM ANOVA) confirmed statistically significant
differences (p < 0.05) in the growth dynamics and viability of probiotic strains Lactococcus
lactis and Lactiplantibacillus plantarum when using different types of pectin.
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The most pronounced effect was observed for samples containing citrus pectin, which
demonstrated the highest cell preservation after 8 weeks of storage (87.41% and 88.81%,
respectively). The differences between citrus and apple/beet pectins were significant (p < 0.001),
indicating that pectin type plays a key role in determining microbial stability during
encapsulation and storage.

The RM ANOVA results demonstrate that the type of pectin has a statistically significant
effect (F > 5, p < 0.05) on the growth and survival rates of probiotic cultures, confirming the
effectiveness of using citrus pectin as a protective matrix.

Conclusion. The study found that microencapsulation of probiotic microorganisms in
pectin-based matrices significantly increases their stability and survivability during storage.
Microcapsules produced using citrus pectin exhibited optimal protective properties, ensuring
87.41% and 88.81% survival of Lactococcus lactis and Lactiplantibacillus plantarum,
respectively, after 8 weeks of storage. The structure and degree of methoxylation of pectin were
shown to significantly influence encapsulation efficiency and probiotic cell stability. These
results confirm the potential of pectin polysaccharides, particularly citrus pectin, for the
development of dietary supplements and functional foods with extended shelf lives and high
biological value.
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HNudopmanms 06 apTopax
OJgecsti CepreeBHa byTpumMoBa — acnupaHT I10 HaIpaBJICHHIO TOAToTOBKH 4.3.5 buorexHomorus
MUIIEBBIX TMPOMYKTOB W OHOJOTHMYECKH aKTHUBHBIX BemiecTB, Ceepo-KaBk3ckuii DenepaabHBINA
yauBepcutet, CtaBpormoins, Poccust.
Poman OuneroBuy bByakeBuu — jokrtop OHomormueckux Hayk, jgouneHt, CeBepo-KaBk3ckuii
®enepanbHbli yHUBepcUTeT, CTaBponons, Poceus.
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