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Abstract. The aim of this study was to evaluate the short-term physicochemical,
rheological, and microbiological stability of model hydrogel bases composed of
different combinations of hydrophilic polymers during storage under refrigerated
conditions (2-8 °C). The objects of the study were eight hydrogel systems developed
using hydroxypropyl methylcellulose (HPMC), sodium alginate, Carbopol 980,
sodium carboxymethylcellulose, and polyvinylpyrrolidone. Glycerol and EDTA were
additionally incorporated into the formulations, while purified water was used as the
solvent. The obtained hydrogels were stored in sealed containers for 2 months at 2-8
°C. During storage, organoleptic characteristics, pH values, rheological properties,
and microbiological purity were evaluated. Rheological studies were performed using
a Brookfield rotational viscometer at different spindle rotation speeds. The obtained
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results demonstrated that all investigated hydrogel systems retained homogeneity,
stable consistency, and satisfactory physicochemical characteristics throughout
the entire storage period. After 2 months of storage, no signs of phase separation,
discoloration, or microbial contamination were observed. The pH values remained
stable and within the physiologically acceptable range for topical application.
The investigated hydrogels exhibited pseudoplastic flow behavior and thixotropic
properties characterized by partial structural recovery after removal of mechanical
stress. Combined polymer systems demonstrated greater structural stability compared
to single-polymer hydrogels, indicating synergistic interactions between hydrophilic
polymers within the matrix. Microbiological studies confirmed that all formulations
complied with pharmacopoeial requirements for microbiological purity of non-sterile
topical dosage forms. Overall, the obtained results confirm the potential applicability
of the developed hydrogel matrices as carriers for the future incorporation of probiotic
Lactobacillus spp. strains and postbiotic components in topical pharmaceutical systems.

Keywords: hydrogel stability; rheology; thixotropy; microbiological purity;
Lactobacillus spp.; postbiotics; topical delivery systems

For citations: Taganov Zh., Kozhanova K., Mombekov S., Ewa P. Stability evaluation
of multi-polymer hydrogel bases intended for topical probiotic and postbiotic delivery
systems. Academic Scientific Journal of Chemistry, 2026. — No.2. — P. 319-330.
DOI: https://doi.org/10.32014/2026.2518-1491.380

© Taranos XK., Ko:xxanosa K.!', Momoexos C.!, Ewa P.2, ’Kymat6aea C.?, 2026.
IC.K. AchennusipoB atbinaarsl Kazak YITTBIK METUIIMHA YHUBEPCUTETI,
Anmarel, Kazakcran;
2JIro0nuH MeunnHa yHUBEpcuTeTl, JItoomuH, [Tonbima;
SUubexmsara Kapchl penaparTap FRUIBIMA OPTajIbIFbl, AnMaTsl, KasakcTaH.
E-mail: taganovjasur@mail.ru

KOIMNOJUMEPII TUAPOT'EJBAI HET'I3JAEPAIH TOIINKAJIBIK
HNPOBUOTHUKAJIBIK )KOHE IIOCTBUOTUKAJIBIK )KETKI3Y
JKYHUEJIEPI YIIIH TYPAKTBLIBIFBIH BAFAJIAY

Taranos JKacyp — PhD noxropant, 1 xypc, 8D07201 - dapmaneBTHKAIBIK OHAIPIC TEXHOIOTHSCHI
mamasbIFbel, C.OK. Achernuspos arbiHgarel Kazak YITTHIK MEAUIIMHA YHUBEpCUTETI, AtMathl, KasakcTaH,
E-mail: taganovjasur@mail.ru, https://orcid.org/0000-0002-2765-785X;

Ko:xxanoBa Kanmanaii — ¢apmaneBTiuka FeUTBIMAAPBIHBIH KaHauaatel (PhD), kayepIMpacTeIpbuFraH
npodeccop, «VmKeHepmik IOHAEp JKOHE THICTI TIpaKTHUKaiap» Ka(eIpachIHBIH MEHIepyIIici,
C.J. Achenausipos areiHaarsl Kazak YITTHIK MEAUIIMHA YHUBEpCUTETI, Anmarsl, KazakcTaH,

E-mail: kaldanayk@mail.ru, https://orcid.org/0000-0003-1512-6442;

MombexoB Cep:xxan — PhD, «MmkeHepmik HoHIEp XOHE THICTI IpaKTHKaIap» KadexpachIHBIH
KaysIMaacTeIpbLTFat npogeccopsl, C.OK. Acdennuspos ateagars! Kazak yITTHIK MEAHUIIHHA YHUBEPCUTETI,
Anwmarel, Kazakcras,

E-mail: mse_09.09.91@mail.ru, https://orcid.org/0000-0001-8805-9880;

Ewa Poleszak — xonnmanbanbl ¢apmanus kadeapacblHbIH MeHrepyuici, JIroOmmH MenunmHa
yHuBepcuteri, [lonbma,

320



Volume 2, Number 467 (2026)

E-mail: ewa.poleszak1305@gmail.com, https://orcid.org/0000-0003-4359-3953;

Kymaobaesa Canranar — WHpekuusra Kapchl Ipenaparrap FbUIBIME OPTAJIBIFbI, )KETEKIII FHUIBIMH
KbI3MeTKepi, Anmarel, KazakcraH,

E-mail: salta_ albann@mail.ru, https://orcid.org/0009-0001-5290-5835

AnHoramusi. OCbl 3epTTEYIIH MaKcarbl OpPTYpii TUAPOGUIBIL TOIUMEPIEP
KOMOUWHAIMSUTAPbIHAH TYPAThIH MOJEIbAl THIPOTENbJl HETi3AepAiH TOHA3BITKBIII
xkarnadbiaga (2-8 °C) cakray Ke3iHICTT KbICKa Mep3iMJIi  (U3HKa-XUMUSIIBIK,
PEONOTHSIIBIK JKOHE MHUKPOOHMOJIOTHSUIBIK TYPAKTBUIBIFBIH Oaraniay OoJnbl. 3epTrey
00BbeKTIIep] peTiHe ruapokcunponmiMeruineuioio3a (HPMC), Harpuii ainbruHarsl,
Carbopol 980, Harpuii kKapOOKCHMETUIIIICIIIIOIO3aChl HKOHE MOJUBUHUIITHUPPOIIHIOH
HETI31H/Ie 93IPJICHIeH Ceri3 T'MJIPOrelib XKyheci KoamaaHbuiael. KypambiHa KOChIMIIA
mmnepuH MeH DJITA eHrizinin, epiTKill peTiHjae Ta3apThUIFaH Cy HailanaHbUIIbL.
ATBIHFaH THJIPOTENbJEp TepMETUKANbIK JKaObUIFaH KoHTeiHepnepae 2-8 °C
Temreparypaga 2 ai Ooibl cakTtanibl. Cakray OapbICBIHIA OpPraHOJENTHKAIBIK,
cunarramanap, pH MoHIepi, peoJOTHsIIBIK KacHeTTep >KOHE MHUKPOOHOIOTHUSIBIK
TasalblFbl Oarasianbl. Peonmorusiibik 3eprreyiep Brookfield afinanmansl BUCKo3UMeETpi
KOMeTIMeH MIMUHACIBAIH SPTYPIl alfHaY KbULAAMIBIKTapbIH/a KYPT131I/1. AJIbIHFaH
HOTHXKeJep OapJiblK 3epTTEreH THAPOreNib IKYHEIEepiHIH cakTay Ke3eHI OObl
OIPTEKTLIITH, TYPAKThl KOHCUCTEHITUSCHIH XKOHE KaHaFaTTaHAPIIBIK (PU3UKA-XUMUSIIBIK
cunarTaMajapblH CaKTaraHblH KOPCETTI. 2 alJIbIK CaKTay KE3CHIHEH KeiiH (ha3albiK
Ka0aTTaHy, TYCTiH 63repyl HeMece MUKPOOTHIK KOHTaMUHAIIHS Oeirijiepi OalkaiMapbl.
pH MoHzmepi TypakThl OOINBIN, XEPTUTIKTI KONJaHyFa (U3UOJIOTHSIIBIK TYPFbIIAH
KOJIAHJIBI JIMana3oHjia CaKTajbl. 3epPTTENTeH TUAPOTreNbAep MEXaHUKAIBIK dCepcH
KeWiH KYPBUIBIMHBIH illIiHApa KaJIblHA KeJIYIMEH CHUIATTAJIaThIH MICEBOIIIACTHKAIIBIK
ary OHE THUKCOTPOMMUUIBIK KacueTtep KepceTTi. KomOWHanMsIaHFaH MOJIHMEpIIiK
XKyHenep Oip MOJMMMEpPIi THAPOTENbACPMEH CallbICTBIPFAaH/Ia JKOFAPhl KYPBUIBIMIIBIK,
TYPaKTBUIBIK KOPCETTi, Oy THAPOQUIBII MOJUMEpIep apachlHAarbl CHHEPTHSIIBIK,
opekeTTecynl nmanenaedai. MUKpOOHONOTHSIIBIK 3epTTeyiep OapiiblK d3ipJeHTeH
KOMITO3UILIMSIIAP/IbIH KEPrUNKTI KOJJIaHyFa apHaJiFaH CTEePHIbJI eMeC JI9PLIiK
TYpJIEPIiH MHUKPOOMOJOTHSUIBIK Ta3alblFbl OOWBIHIIA (hapMaKoIesuTbIK TajanTapra
colikec KeleTiHIH pactaipl. JKanmbel anraHaa, alblHFAaH HOTHXKEIep d3ipJcHICH
THIPOTEIb MaTpulalapblHble  Lactobacillus  spp. TpOOMOTHKANBIK I[ITaMMJIAphI
MEH MOCTOMOTHKAJILIK KOMIIOHEHTTEPI KEWiHHEH EHTri3yre apHalifaH TOIHMKAJBIK
(hapMalleBTHKAJIBIK JKYHeJep YIIH MePCIeKTUBTI TachIMaJIay bl €KSHIIMH KOPCETTI.

Tyitin  ce3mep: rTHAporeNnb  TYPAKTBUIBIFBI;  PEOJIOTHS;  THKCOTPOIIHUSE
MUKPOOUOJIOTUSIIBIK  Ta3alblK;, Lactobacillus spp.;, TOCTOMOTUKTEDP; TOIMKAJIBIK
KETKI3y JKyHenepi
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AHHoTaunus. L{enbi0 HaCTOAIIETo UCCIIEIOBAHNS SBISIACH OLIEHKA KPATKOCPOYHOM
(UBUKO-XMMHUYECKOW, PEOJIOTHYECKOH M MHUKPOOHOIOTUYECKON CTAOMIBHOCTH MO-
JeNTbHBIX TUAPOTENIEBBIX OCHOB, COCTOSIIINX M3 PA3JIMYHBIX KOMOMHAINH THAPO(UIH-
HBIX [TOJUMEPOB, TIPU XPaHEHHUH B YCIOBUSIX XOJIOAMWIBHOTO pexuma (2—8 °C). O0b-
€KTaMU HCCIIEIOBAHMS CITYKUJIM BOCEMb THIPOTENIEBBIX CHCTEM, pa3pa0OTaHHBIX Ha
O0CHOBe ruapokcurnponuameTwieuitono3sl (HPMC), anerunara natpus, Carbopol®
980, HaTpuii-kKapOOKCUMETHIIIEIITIONO3bI U TOJIUBUHIIIUPPOIUIOHa. B cocTaB kom-
TIO3HINI JOTOTHUTENHHO BBOAMIN Tmnepud U DJITA, a B KauecTBe pacTBOPUTEIS
WCIIONIb30BAJIM OYHUINEHHYI0 Boay. [omydeHHbIe THIPOTreny XpaHUIN B TePMETUYHO 3a-
KPBITBIX KOHTEHHEpax npu Temieparype 2—8 °C B TeueHue AByX MecsieB. B mporecce
XpaHEHUs OLEHUBAJIM OPTaHOJIETITUYECKNE XapaKTepUCTHKH, 3HaYeHus pH, peonoru-
YEeCKUE CBOWMCTBA U MHUKPOOHOJIOTMYECKYIO YHUCTOTY. Peojormueckue MccieaoBaHus
MIPOBOJIVITU C UCTIOIB30BaHMEM POTAIIMOHHOTO BUCKo3uMeTpa Brookfield npu pazmny-
HBIX CKOPOCTSAX BpAIEHUS MIMUHAENA. Pe3ynsraTsl oKa3anu, 4To BCe HCCIenyeMble
THJIPOTEJICBBIE CHCTEMBI COXPaHSIN OIHOPOAHOCTH, CTAOMIIBHYIO KOHCHCTEHIMIO H
YAOBJIETBOPUTEIbHBIC (PH3UKO-XUMHUYECKUE XAPAKTCPUCTUKHU Ha MPOTSHKEHHH BCETO
neprona xpanenus. [locie qByX MecsieB XpaHeHHsT He HAOMI0Aan0Ch MPU3HAKOB (a-
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30BOTO PacCIOCHUs, M3MEHEHHsI IIBeTa U MUKPOOHON KOHTamMHMHaluu. 3HaueHus: pH
0CTaBaJHCh CTAOMILHBIMU U HAXOJMIUCH B (PU3HOIIOTHYECKH IPUEMIIEMOM JHala30He
JUIsL MECTHOTO IpuMeHeHus. Mccneayemple ruaporeny nposBisiiM MCEeBIOIIIacTHYE-
CKHI XapakTep TEYEHHs] U TUKCOTPOITHBIE CBOMCTBA, XapaKTepU3YIOLIHECs YAaCTUYHBIM
BOCCTAHOBIJIEHHEM CTPYKTYPBI TIOCTIE CHATHS MEXaHUYECKOTO Bo3aeHcTBHsI. KomMOnHM-
pOBaHHBIC MOJIMMEPHBIE CHCTEMBI AEMOHCTPUPOBAIHN OoJiee BBICOKYIO CTPYKTYPHYIO
CTaOMJIBHOCTD N0 CPAaBHEHHIO C OJHOMOJMMEPHBIMH THAPOTENISIMHU, YTO CBHUIETEIb-
CTBYeT O CHHEPreTHYECKOM B3aMMOJCHCTBHU THAPOPHUIBHBIX TMOJUMEPOB BHYTPHU
MaTpuibl. MUKpOOHONOTHYECKHE HCCIEJOBaHUS MOATBEPAUIN COOTBETCTBHE BCEX
pa3paboTaHHBIX KOMIO3UIUHN (hapMakoNeHHbIM TpeOOBaHUSAM MO MHUKPOOHOJIOTHYE-
CKOHM YHCTOTE HECTEPHUIIbHBIX JIEKAPCTBEHHBIX (POPM JJIsl MECTHOTO npuMeHeHwust. [1o-
Jy4eHHBIE Pe3yJIbTaThl HOATBEPKAAIOT IEPCIEKTUBHOCTD Pa3padOTaHHbIX THApOTeIie-
BBIX MaTpPHUL B KaYeCTBE HOCUTENEH Ul MOCIEAYIOMEro BBEACHUS MPOOHOTHYECKUX
mraMMoB Lactobacillus spp. 1 TOCTOMOTHYECKUX KOMIIOHEHTOB B COCTAB TOITMYECKUX
(hapMareBTHYECKIX CHCTEM.

KnioueBble ciioBa: ruaporesin, CTabUIbHOCTb, PEOJIOTHS, TUKCOTPOIHS, MUKPOOHO-
noruyeckas uncrora, Lactobacillus spp., mOCTOMOTHKH, TOTMYECKHE CUCTEMBI JOCTaBKH

Introduction. Following the development and initial characterization of hydrogel
systems for topical applications, the next critical step in formulation development is
the evaluation of their physicochemical and microbiological stability under storage
conditions. Stability assessment is a key requirement in pharmaceutical technology,
as it directly determines the suitability of dosage forms for further biological incor-
poration and potential clinical application. Hydrogel systems are thermodynamically
unstable semi-solid formulations, and their structural integrity may change over time
due to polymer relaxation, water redistribution, hydrolysis, or environmental factors
such as temperature and storage conditions. These processes may affect key quality at-
tributes, including pH, viscosity, homogeneity, and microbiological purity, ultimately
influencing the performance of the final dosage form (Ahmed, 2015; Buwalda et al.,
2014; Vigata et al., 2020).

From a regulatory and pharmaceutical perspective, stability studies are essential
for non-sterile topical formulations, particularly those intended for wound and
mucosal application. Such systems must maintain acceptable microbiological quality
and physicochemical parameters throughout their shelf-life to ensure safety and
reproducibility (Tavakoli and Klar, 2020; Li and Mooney, 2016).

In multi-polymer hydrogel systems, stability behavior is further influenced by
interactions between different polymeric components. Synergistic or antagonistic
interactions may lead to changes innetwork density, viscosity, and water-binding capacity
during storage. Therefore, combined polymer systems require detailed evaluation
under real storage conditions to confirm structural integrity over time (Stojkov et al.,
2021; La Gatta et al., 2022). In addition, pH stability plays a crucial role in maintaining
compatibility with biological tissues and ensuring the stability of incorporated bioactive
compounds. Even minor pH variations may indicate physicochemical changes within

323



ACADEMIC SCIENTIFIC JOURNAL OF CHEMISTRY

the polymer matrix or interactions between formulation components (Ahmed, 2015; Li
and Mooney, 2016).

Another important parameter is rheological stability, which reflects the ability
of hydrogel systems to maintain their flow behavior and structural properties over
time. Preservation of pseudoplastic and thixotropic behavior is essential for ensuring
appropriate application characteristics and residence time on the skin surface (Jones et
al., 1997; Stojkov et al., 2021). Despite extensive research on hydrogel formulation and
characterization, there remains a lack of systematic studies addressing the combined
evaluation of physicochemical, rheological, and microbiological stability of multi-
polymer hydrogel systems intended for subsequent incorporation of probiotic and
postbiotic components.

Therefore, the aim of the present study was to evaluate the short-term stability of
previously developed hydrogel matrices under refrigerated storage conditions (2-8 °C),
focusing on changes in pH, viscosity, and microbiological purity over a 2-month period.

Literature Review

In recent years, hydrogel-based systems have attracted considerable attention
in pharmaceutical technology and biomedicine due to their ability to form three-
dimensional hydrophilic networks capable of retaining large amounts of water while
maintaining structural integrity (Mombekov et al., 2024). Such systems provide a
moist environment, support gas exchange, absorb wound exudate, and improve patient
comfort, making them promising carriers for topical drug delivery and wound-healing
applications (Tavakoli and Klar, 2020; Cai et al., 2025).

Hydrogels may be prepared using natural, synthetic, or combined polymers. Natural
polymers, including sodium alginate and cellulose derivatives, are characterized
by high biocompatibility and biodegradability, whereas synthetic polymers provide
improved mechanical strength and formulation reproducibility (Raus et al., 2021;
Lee et al., 2023). Among the most commonly used hydrophilic polymers in topical
pharmaceutical formulations are hydroxypropyl methylcellulose (HPMC), sodium
carboxymethylcellulose (Na-CMC), Carbopol, and polyvinylpyrrolidone (PVP)
(Amanzholkyzy et al., 2025; Abasalizadeh et al., 2020).

HPMC-based hydrogels are widely used because of their non-toxicity, viscosity-
forming properties, and ability to stabilize pharmaceutical systems (Amanzholkyzy etal.,
2025). Na-CMC demonstrates good swelling capacity and bioadhesive characteristics,
which are important for prolonged retention on damaged tissues (Peppas and Sahlin,
1996). Carbopol-based hydrogels possess high viscosity and favorable rheological
properties even at low concentrations, although their structural stability may depend
on pH and neutralization conditions (Ciolacu et al., 2020). PVP is frequently used as
a stabilizing polymer due to its hydrophilicity and compatibility with other polymeric
systems (Swarbrick, 2020).

Recent studies indicate that combined polymer systems often exhibit superior
physicochemical and rheological characteristics compared to single-polymer hydrogels
because of synergistic interactions between polymer chains (Li and Mooney, 2016).
Such interactions may improve viscosity, structural stability, water retention capacity,
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and thixotropic behavior, which are important technological parameters for semi-solid
pharmaceutical formulations.

An important characteristic of topical hydrogel systems is their rheological behavior,
where most pharmaceutical hydrogels demonstrate non-Newtonian pseudoplastic
flow, in which viscosity decreases with increasing shear stress (Lee et al., 2023). This
property facilitates spreading during application while maintaining structural stability
at rest. In addition, many hydrogel systems exhibit thixotropic behavior associated
with gradual structural recovery after mechanical deformation.

Another critical aspect in the development of hydrogel formulations is
physicochemical and microbiological stability during storage. Instability of hydrogel
matrices may lead to phase separation, viscosity changes, polymer degradation, and
microbial contamination, negatively affecting product safety and efficacy.

Particular interest has recently been directed toward probiotic and postbiotic topical
systems containing Lactobacillus spp. strains or bacterial lysates, which demonstrate
antimicrobial, anti-inflammatory, and regenerative properties and may contribute to
restoration of the normal skin microbiota (Ostrdzka-Cieslik and Wilczynski, 2025).

Despite numerous studies dedicated to wound-healing hydrogels, limited attention
has been paid to the short-term stability of multi-polymer hydrogel systems intended
for future probiotic and postbiotic incorporation under refrigerated pharmaceutical
storage conditions.

Materials and Methods.

Eight hydrogel formulations were developed using a combination of hydrophilic
polymers, including hydroxypropyl methylcellulose (HPMC), sodium alginate,
Carbopol 980, sodium carboxymethylcellulose (Na-CMC), and polyvinylpyrrolidone
(PVP), selected due to their well-established gel-forming ability, biocompatibility, and
suitability for topical pharmaceutical applications. Glycerol was used as a humectant
and plasticizing agent to improve moisture retention and flexibility of the hydrogel
matrices, while ethylenediaminetetraacetic acid (EDTA) was included as a chelating
and stabilizing agent to reduce the potential influence of trace metal ions on formulation
stability. Purified water was used as the dispersion medium for all hydrogel systems.

The hydrogels were prepared under laboratory conditions using a sequential
hydration method. Each polymer was gradually dispersed in purified water under
continuous stirring to ensure complete hydration and uniform swelling of polymer
chains. After full hydration, the components were combined according to the designed
formulations and mixed until homogeneous, uniform gel systems were obtained
without visible aggregates, phase separation, or inhomogeneity.

The obtained hydrogel samples were transferred into airtight sealed containers to
prevent contamination and moisture loss, and stored under refrigerated conditions at
2-8 °C, corresponding to standard pharmaceutical storage conditions for non-sterile
temperature-sensitive dosage forms. The total storage period was 2 months.

Stability evaluation was performed at three time points: baseline (0 month), after
1 month, and after 2 months of storage. At each time point, organoleptic properties
(appearance, color, homogeneity, and odor), pH values, rheological behavior, and
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microbiological purity were assessed. Rheological measurements were carried out
using a Brookfield rotational viscometer at a constant spindle speed of 20 rpm to
evaluate viscosity changes and structural stability over time.

Microbiological purity was assessed in accordance with the requirements of the
State Pharmacopoeia of the Republic of Kazakhstan, Vol. 1, Section 5.1.4 (hereinafter
referred to as the SP RK), for non-sterile dosage forms for topical use. The analysis
included determination of the total number of aerobic microorganisms, yeasts, and
molds, and an assessment of the absence of certain pathogens, including Staphylococcus
aureus, Pseudomonas aeruginosa, and members of the Enterobacteriaceae family,
using standard microbiological methods recommended by pharmacopoeial guidelines.

Results. pH stability of hydrogel systems. The initial pH values of the hydrogel
formulations ranged from 4.94 to 5.45 depending on polymer composition. As
presented in Table 1, all formulations demonstrated high pH stability during 2 months
of storage under refrigerated conditions (2-8 °C), with negligible variations over time.

Table 1 — pH values of hydrogel formulations during storage at 2-8 °C.

Polymer system pH
Baseline 1 month 2 months

H1 Sodium alginate 5,01 5,02 5,01
H2 Sodium alginate + HPMC 5,34 5,33 5,34
H3 Na-CMC 5,18 5,16 5,18
H4 Na-CMC + PVP 5,45 5,46 5,46
H5 HPMC 5,12 5,12 5,11
H6 HPMC + PVP 5,28 5,29 5,28
H7 Carbopol 98 4,94 4,93 493
H8 Carbopol 980 + HPMC 5,08 5,08 5,07

The stability trend of pH values is additionally illustrated in Figure 1, confirming the
absence of significant pH shifts during storage. Combined polymer systems (H2, H4, H6,
and H8) showed slightly higher pH stability compared to single-polymer formulations,
suggesting a stabilizing effect of polymer interactions within the hydrogel matrix.
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Figure 1— pH stability profile of hydrogel formulations over 2 months of storage
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Rheological behavior and viscosity stability. All hydrogel systems exhibited
non-Newtonian pseudoplastic behavior at all investigated time points. Viscosity
measurements at 20 rpm showed minimal changes over the storage period.

As summarized in Table 2, viscosity values remained stable after 1 and 2 months
of storage, with variations not exceeding 1-2% for most formulations. The temporal
viscosity profile is illustrated in Figure 2, demonstrating the preservation of rheological
properties throughout the study period.

Table 2 — Viscosity of hydrogel formulations measured at 20 rpm during storage at 2-8 °C.

Time (months) HI | H2 | H3 | H4 | H5 | H6 | H7 | HS
Viscosity (mPa-s ) results obtained at spindle speed of 20 rpm
Baseline 1010 945 1350 1180 1440 1260 715 705
1 month 1005 943 1355 1176 1437 1258 712 708
2 month 1010 944 1351 1181 1439 1261 715 705
[——Sodium alginate
1400 4 :iodghrﬂncalgmate + HPMC!
g —N::CMC +PVP
1300 - VR
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Figure 2 — Rheological behavior of multi-polymer hydrogel formulations during storage at 2—8 °C

Multi-polymer systems (H2, H4, H6) demonstrated higher viscosity and improved
structural stability compared to single-polymer formulations (H3, H5, H7), indicating
synergistic interactions between polymer components.

Microbiological purity. All hydrogel formulations met the pharmacopoeial
requirements for non-sterile topical dosage forms throughout the entire shelf life.

The total aerobic microbial count remained below 10> CFU/g at baseline, after
1 month, and after 2 months, as shown in Table 3. No growth of Staphylococcus
aureus, Pseudomonas aeruginosa, or Enterobacteriaceae was detected in any of the
formulations.
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Table 3 — Microbiological Purity of Hydrogel Formulations during Refrigerated Storage (2-8°C).

Hydrogel | Total aerobic microbial S. aureus P. aeruginosa Enterobacteriaceae
system count (CFU/g)

H1 <10? Not detected Not detected Not detected

H2 <102 Not detected Not detected Not detected

H3 <10? Not detected Not detected Not detected

H4 <10? Not detected Not detected Not detected

H5 <102 Not detected Not detected Not detected

H6 <102 Not detected Not detected Not detected

H7 <102 Not detected Not detected Not detected

H8 <102 Not detected Not detected Not detected

According to Table 3, the obtained results of microbiological purity tests confirm the
microbiological safety and suitability of the developed hydrogel matrices for further
pharmaceutical development.

Discussion. The present study demonstrated that the developed multi-polymer
hydrogel systems maintained satisfactory physicochemical, rheological, and
microbiological stability during refrigerated storage (2-8 °C) over a 2-month period.
Preservation of these characteristics is essential for the development of topical hydrogel-
based delivery systems intended for biologically active compounds. The stability of pH
values throughout storage suggests the absence of significant hydrolytic degradation
or unfavorable chemical interactions between formulation components. The minimal
pH fluctuations observed in all formulations indicate a relatively balanced internal
physicochemical environment within the hydrogel matrices.

Rheological evaluation confirmed the preservation of pseudoplastic flow behavior
and structural integrity during storage. Only minor viscosity changes were observed
over time, indicating stability of the internal polymer network and absence of
pronounced polymer degradation or structural rearrangement. In particular, combined
polymer systems demonstrated improved stability compared to single-polymer
hydrogels, which may be associated with synergistic interactions between hydrophilic
polymers contributing to stronger network organization and enhanced resistance to
structural destabilization. The microbiological results demonstrated compliance of all
formulations with pharmacopoeial requirements for non-sterile topical dosage forms.
The absence of pathogenic microorganisms and low total microbial count indicate
satisfactory microbiological quality and appropriate storage conditions throughout the
study period.

The obtained findings are important for the future development of hydrogel-based
probiotic and postbiotic delivery systems, since maintenance of physicochemical
stability and microbiological safety represents a critical prerequisite for successful
incorporation of biologically active components, including Lactobacillus spp. strains
and bacterial lysates. Overall, the investigated hydrogel systems may be considered
technologically stable and suitable for further pharmaceutical and biopharmaceutical
studies.

Conclusion. The present study demonstrated that the developed multi-polymer
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hydrogel systems possess satisfactory short-term physicochemical, rheological, and
microbiological stability during storage under refrigerated conditions (2-8 °C). All
investigated formulations maintained homogeneity, acceptable appearance, stable pH
values, and consistent viscosity throughout the 2-month study period without visible
signs of phase separation or microbial contamination. The obtained rheological results
confirmed the preservation of pseudoplastic flow behavior and structural integrity of
the hydrogel matrices during storage. Combined polymer systems exhibited greater
structural stability compared to single-polymer formulations, indicating beneficial
synergistic interactions between hydrophilic polymers within the hydrogel network.

Microbiological studies demonstrated full compliance of all formulations with
pharmacopoeial requirements for non-sterile topical dosage forms, confirming the
microbiological safety of the developed systems under the selected storage conditions.
Overall, the obtained findings indicate that the developed hydrogel matrices represent
promising carriers for future incorporation of probiotic Lactobacillus spp. strains and
postbiotic components intended for topical pharmaceutical applications. Further studies
will focus on evaluating biological activity, probiotic viability, and antimicrobial
efficacy of biologically active hydrogel systems.
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