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Abstract. Introduction. Over the past decade, superabsorbent hydrogels based on natural
polymers (cellulose, chitosan) have been widely applied in biomedicine. Despite their high stability and
biocompatibility, these hydrogels exhibit several drawbacks associated with insufficient pseudoplasticity
and thixotropy. Consequently, the development of hydrogel systems with tailored rheological properties
has acquired critical medical relevance. The objective of this study was to develop and comprehensively
investigate the rheological properties of hydrogels based on chitosan (CS) and carboxymethylcellulose
(CMC) with different component ratios, as well as to evaluate the effects of shear rate and temperature on
their rheological characteristics in order to identify promising formulations for topical application. Results
and Discussion. Chitosan/carboxymethylcellulose (CS/CMC) hydrogels with different polymer ratios
were investigated by rheometry at temperatures of 20, 25, and 35°C over a shear-rate range of 3-120 s
The highest apparent viscosity under all investigated conditions was observed for the CS2.0/CMC0.5
formulation, whereas increasing temperature resulted in a consistent decrease in viscosity. To
quantitatively evaluate the rheological behavior, the experimental data were fitted using the Power-law,
Herschel-Bulkley, and Casson models. Conclusion. CS/ICMC hydrogels exhibited pronounced shear-
thinning behavior at 20-35°C and shear rates of 3-120 s, facilitating their application to the skin. The
CS2.0/CMCO0.5 formulation showed the highest viscosity and stable rheological behavior (K = 16.90
Pa-sn, n = 0.389, R? = 0.987 at 25°C), making it a promising matrix for topical hydrogel systems.
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1. Introduction

Hydrogels' capacity to hold water and their structural resemblance to the
natural extracellular matrix have made them popular as prospective scaffolds for
tissue engineering in recent years. Owing to these properties, hydrogels have
found broad applications in biomedicine, including wound and burn dressings,
due to their excellent biocompatibility, low toxicity, elasticity, and high swelling
capacity in aqueous media [1-3].

For topical applications, not only the biological properties of hydrogels but
also their rheological characteristics are of particular importance, as these
properties determine the application, spreading, and retention of the material on
the skin surface. Specifically, system stability and uniform spreading during
application may be facilitated by a combination of sufficiently high viscosity at
low shear rates and a reduction in viscosity with increasing shear rate. Therefore,
investigation of the dependence of viscosity on shear rate is an important step in
the development of hydrogel systems for topical application [4,5].

Hydrogels based on chitosan (CS) and carboxymethylcellulose (CMC) are of
particular interest in this field due to their high hydrophilicity, biocompatibility,
and water-retention capacity. Chitosan is a natural cationic polysaccharide [6,7],
whereas CMC is a water-soluble cellulose derivative with pronounced thickening
and water-retention properties [8-11]. Varying the ratio of these polymers makes
it possible to modify the structural and rheological characteristics of the hydrogel
system and thereby select formulations with the desired flow behavior [12,13].

The rheological properties of polymeric hydrogels depend not only on their
composition but also on temperature, as changes in temperature may affect
molecular mobility and intermolecular interactions within the polymer system
[14,15]. Quantitative characterization of rheological behavior can be performed
using the Power-law, Herschel-Bulkley, and Casson models, which allow flow
parameters to be determined and different formulations to be compared [16-18].

2. Materials and Experimental Methods

2.1. Materials

Chitosan (CS, Cat. No. C804729) was obtained from Shanghai Macklin
Biochemical Technology Co., Ltd. (China) . The manufacturer's specs state that
chitosan has a viscosity of 200-400 mPa:-s in 1% acetic acid and a degree of
deacetylation (DDA) of 88-92%. The polymer was recovered as an off-white to
yellow powder.

Carboxymethyl cellulose (CMC, Cat. No. C889437) was obtained from
Shanghai Macklin Biochemical Technology Co., Ltd. (China) and employed as
the second polymer component for the manufacture of CS/CMC hydrogel
systems.

Acetic acid was utilized as a solvent for the dissolving of chitosan in aqueous
medium. Polymer solutions and hydrogel compositions were prepared using
purified water. All materials and reagents were used as received without any
further purification.
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2.2. Chitosan-Carboxymethyl Cellulose Hydrogels Preparation

Chitosan-carboxymethyl cellulose (CS/CMC) hydrogels were synthesized
with polymer concentration from 0.5 to 2.0%. Table 1 shows the results of six
formulations with different polymer ratios.

Table 1 - Composition of the investigated CS/CMC hydrogel formulations

Ne Sample Chitosan (CS), % Carboxymethy! cellulose (CMC), %
1 CS0.5/CMC1.0 0.5 1.0
2 CS0.5/CMC1.5 0.5 1.5
3 CS0.5/CMC2.0 0.5 2.0
4 CS1.0/CMCO0.5 1.0 0.5
5 CS1.5/CMC0.5 1.5 0.5
6 CS2.0/CMC0.5 2.0 0.5

For the preparation of the hydrogel formulations, CS was dissolved in an
aqueous acetic acid solution at the minimum concentration required for complete
polymer dissolution. CMC was separately dissolved in purified water. The CS and
CMC solutions so obtained were combined in prescribed ratios and the volume
was made up to the final volume with filtered water. The solutions were well
homogenized to generate homogenous hydrogel compositions.

2.3. Rheological Measurements

The rheological properties of the prepared CS/CMC hydrogel formulations
were investigated using a Rheotest Il rotational viscometer equipped with a
cylindrical measuring system. Measurements were performed at 20, 25, and 35°C
over a shear rate range of 3-120 s* to evaluate the effects of polymer composition
and temperature on the rheological behavior of the hydrogels. The apparent
viscosity was recorded at each shear rate, and viscosity-shear rate curves were
subsequently plotted. The measuring system was selected according to the
viscosity range of the samples, taking into account the corresponding instrument
constants. The mean + standard deviation (SD) was used to express the findings
of all measurements, which were done in triplicate (n=3).

2.4. Data Analysis and Rheological Modeling

The experimental rheological data were fitted using the power-law, Herschel-
Bulkley and Casson models to characterize the rheological behavior of the
CS/CMC hydrogel compositions. Consistency index (K) and flow behavior index
(n) were estimated using power-law model. The flow behavior index (n) reflects
how the viscosity of the hydrogel depends on the shear rate: n<1 means shear-
thinning, n=1 means Newtonian behavior, and n>1 means shear-thickening. Yield
stress and other rheological parameters were obtained by using the Herschel-
Bulkley and Casson models.

The model parameters were determined by fitting the matching models to the
experimental data for each formulation and temperature. The coefficient of
determination, R2, was used to evaluate the goodness of fit and to compare the
adequacy of the models studied to represent the rheological behavior of the
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hydrogel formulations. The results are shown as mean + SD based on three
replicate measurements (n=3).

3. Results and discussion

3.1. Effect of Polymer Composition on Apparent Viscosity

Rheological behavior of CS/CMC hydrogel compositions relied on polymer
mix, shear rate and temperature. All formulations showed a progressive decrease
in the apparent viscosity with the increase of the shear rate and the level of
viscosity depended on the polymer content.

At 25°C and 3s%, increasing the CMC concentration from 1.0 to 2.0% at a
constant CS concentration of 0.5% increased the apparent viscosity from
1.43%0.04 to 5.21+0.15 Pa-s. Similarly, at a constant CMC concentration of 0.5%,
increasing the CS concentration from 1.0 to 2.0% increased the viscosity from
2.794£0.12 to 8.09+0.20 Pa-s. The highest apparent viscosity was therefore
observed for CS2.0/CMCO0.5. The viscosity—shear rate profiles of the six
formulations at 25°C are presented in Figure 1.

10 -
—8—CS0.5/CMC1.0 —8—CS0.5/CMC1.5
P €S0.5/CMC2.0 —e—C51.0/CMC0.5
o
z
3 61
a
S
€ 4 -
g
©
g
< 27
0+ —
0 20 40 60 80 100 120

Shear rate (s™)

Figure 1 — Apparent viscosity as a function of shear rate for CS/CMC hydrogel formulations with
different polymer compositions at 25°C. Data are presented as the mean + SD.

The increase of the polymer concentration leads to a rise of the apparent
viscosity due to the lower mobility of the polymer chains and the higher
intermolecular interactions between CS and CMC that favor the creation of a
more interconnected polymeric structure and increase the resistance to flow.

3.2. Shear rate effect on flow behavior

Figure 1 demonstrates that all CS/CMC formulations displayed a significant
reduction in apparent viscosity with increasing shear rate from 3 to 120 s-1,
confirming the characteristic non-Newtonian shear-thinning behavior. At 25°C,
the apparent viscosity of CS2.0/CMCQ0.5 declined from 8.09+0.20 Pa-s at 3 st to
0.89+0.02 Pa-s at 120 s, which was approximately 89% reduction, while
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CS0.5/CMC1.0 decreased from 1.43+0.04 to 0.15+0.01 Pa-s. The decrease could
be linked with orientation and restructuring of polymer chains under shear,
resulting in reduced flow resistance [17]. The substantial shear thinning tendency
seen in all the formulations should be beneficial for topical administration since
the increased viscosity at low shear could increase the retention, whilst the
decrease of the viscosity under shear facilitates the spreading over the skin
surface [19].

3.3 Influence of Temperature on Rheological Properties

The rheological behavior of the CS/CMC formulations was significantly
affected by temperature. The overall apparent viscosity decreased with increasing
temperature from 20 to 35 °C in the studied shear-rate range. For CS2.0/CMCO0.5
at 3 s1, the apparent viscosity decreased from 10.14+0.60 Pa-s at 20°C to
8.09+0.20 Pa-s at 25°C and 7.42+0.19 Pa-s at 35°C; the corresponding viscosity—
shear rate curves are presented in Figure 2.
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Figure 2 — Effect of temperature on the apparent viscosity of the CS2.0/CMCO0.5 hydrogel formulation as
a function of shear rate at 20, 25, and 35°C. Data are presented as the mean + SD.

The decrease in apparent viscosity with increasing temperature may be
attributed to increased molecular mobility and reduced resistance to polymer-
chain rearrangement, while the characteristic shear-thinning behavior was
maintained at all investigated temperatures. Therefore, throughout the
temperature range of 20-35 °C, the overall flow behavior of the hydrogels, which
is relevant to the consistency and spreading in topical application, was not altered
by the temperature except for to the magnitude of viscosity.

3.4 Power-Law Analysis of the CS/ICMC Formulations

The experimental rheological data were fitted to the power-law model to
characterize the shear-dependent behavior of the CS/CMC formulations. The flow
behavior index (n) was below unity for all formulations and temperatures,
confirming their pseudoplastic (shear-thinning) character. The calculated power-
law parameters are summarized in Table 2.
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Table 2 — Power-law parameters of CS/CMC hydrogel formulations at various temperatures

Formulation Temperature, °C K, Pa-s» n R2
20 3.384 0.389 0.981
CS0.5/CMC1.0 25 3.126 0.378 0.987
35 2.436 0.392 0.985
20 6.400 0.384 0.982
CS0.5/CMC1.5 25 5.711 0.382 0.988
35 4.603 0.388 0.984
20 12.440 0.387 0.981
CS0.5/CMC2.0 25 11.253 0.381 0.987
35 9.168 0.386 0.984
20 6.580 0.395 0.980
CS1.0/CMCO0.5 25 5.890 0.391 0.983
35 4.881 0.391 0.981
20 11.464 0.386 0.981
CS1.5/CMCO0.5 25 9.958 0.390 0.984
35 8.388 0.381 0.986
20 18.533 0.396 0.988
CS2.0/CMCO0.5 25 16.899 0.389 0.987
35 14.102 0.385 0.985

The flow behavior index (n) ranged from 0.378 to 0.396 and remained well
below unity for all formulations, confirming consistent shear-thinning behavior.
In contrast, the consistency index (K) strongly depended on polymer compaosition
and temperature. CS2.0/CMCO0.5 exhibited the greatest K values, which declined
from 18.53 Pa-s n at 20 °C to 16.90 Pa-s n at 25 °C and 14.10 Pa-s n at 35 °C.
The decrease in K with increasing temperature was in agreement with the
observed decrease of apparent viscosity. Figure 3 shows a representative power-
law fit for CS2.0/CMCO0.5 at 25 °C.
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Figure 3 — Power-law fitting of the experimental rheological data for the CS2.0/CMCO0.5 hydrogel
formulation at 25°C. Experimental values are presented as the mean + SD (n = 3).

For this formulation, the power-law model yielded K = 16.90 Pa-s, n =
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0.389, and R2 = 0.987. The low n value quantitatively confirmed the pronounced
shear-thinning behavior observed experimentally.

3.5. Comparison of Rheological Models

The experimental data were additionally fitted using the Herschel-Bulkley
and Casson models, and a representative comparison of these models for
CS2.0/CMCO0.5 at 25°C is presented in Figure 4.
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Figure 4 — Comparison of Herschel-Bulkley and Casson model fits for the CS2.0/CMCO0.5 hydrogel
formulation at 25°C. Experimental points represent mean values from three independent measurements (n
=3).

For the representative CS2.0/CMCO0.5 formulation at 25 °C, the power-law
model provided a satisfactory fit to the experimental data (R? = 0.987),
comparable to that obtained with the Herschel-Bulkley model (Rz = 0.987). The
Casson model showed a lower goodness of fit (R2 = 0.961), indicating a less
adequate description of the experimental flow behavior. These results support the
predominantly pseudoplastic nature of the formulation. Therefore, the power-law
model was selected as the principal model for the quantitative comparison of the
investigated formulations.

Overall, increasing the concentration of either polymer increased the
apparent viscosity and consistency index, whereas increasing temperature reduced
these parameters. All formulations retained pronounced shear-thinning behavior.
CS2.0/CMCO0.5 exhibited the highest apparent viscosity and consistency index
together with substantial shear-dependent viscosity reduction, supporting its
potential as a topical hydrogel formulation for further investigation [20,21].

4. Conclusion

The rheological properties of CS/CMC hydrogels were strongly influenced
by polymer composition and temperature. Increasing the concentration of either
polymer increased the apparent viscosity, whereas increasing temperature reduced
it. All investigated formulations exhibited pronounced non-Newtonian shear-
thinning behavior, confirming the pseudoplastic nature of the developed hydrogel
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systems. Among the investigated formulations, CS2.0/CMCO0.5 demonstrated the
highest apparent viscosity and consistency, making it a promising formulation for
topical applications.

The experimental data were adequately described by the applied rheological
models, supporting the quantitative characterization of the flow behavior of the
CS/CMC systems. Overall, the findings demonstrate that adjustment of the
CS/CMC ratio and temperature provides an effective approach for controlling
hydrogel rheology. These results provide a basis for the further development and
optimization of CS/CMC hydrogel systems for topical and biomedical
applications.
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MNOJIMMEP K¥PAMBI MEH TEMIIEPATYPAHBIH XHUTO3AH-
KAPBOKCUMETHUJILEJIJIIOJIO3A I'nJAPOT'EJBJAEPIHIH PEOJIOT UAJIBIK
KACHUETTEPIHE 9CEPI

A.M. Kanuesa'*, A.E Maamaxoea’

L CIK. Acghenouspos amvinoazer Kazax ¥aimmuoix Meouyuna Ynueepcumemi, Aimamet, Kazakcman
2 A.b. Bexmypog amuvinoagsl Xumus ebLibMoapul uncmuniymet, Aimamol, Kazaxcman

Tyiiingeme. Kipicne. COHFbI OHXXBUIIBIKTa OHOMEIHUIMHANA TAOUFH MOTMMepiep (IEJUTF0I03a, XUTO3aH)
HETi3iHJeri aca >KOFaphl CIHIPTiIl THAporenbAep KeHiHeH KoumaHburyza. JKorapbl TYpaKTBUIBIFBI MEH
OHOCOWKECTIriHE KapamacTaH, Oy refbJep MCeBIOIUIACTUKANBIK JKOHE THKCOTPOIHSIIBIK KaCHEeTTePiHIH
JKETKIJTIKCi3 OomyblHa OaitmaHeicThl Oipkartap kemunimikrepre wue. OcbiFaH OainaHbICThl OepiireH
PEONOTHANBIK KaCHeTTepl 6ap THAPOTeNbIiK Kyiienep i o3ipiaey MeIUIUHANBIK TYPFBIIaH ©3¢KTi MiHJET
Gousbln TaObUIAABL. 3epmmeyoiy makcamovr — xuroszan (CS) men kapboxcumerwminemmonoza (CMC)
HETi3iHAerT THAPOreNbIepli 9pTYpJli KOMIIOHEHTTIK KAaThIHACTA aly KOHE OJap/blH PEOJIOTHSIIBIK
KaCHETTepiH KEIIeHII 3epTTey, COHMali-aK MEepCIEKTUBANBI CHIPTKA KOJJAaHyFa apHAFaH KypamIapibl
aHBIKTAY MAKCATBIH/A BIFBICY XXBUIIAMIBIFBl MECH TEMIICPATYPAHbIH ONAPIbIH KYPBUIBIMIIBIK-TYTKBIPIIBIK
cUMaTTaMalapbeiHa dcepin Oaranay. Homuoicenep sicone manxviiay. OpTYpili MOTUMEPIIK KATHIHACTAFHI
XHTO3aH koHe Kapbokcumerwemwmnono3a (CS/ICMC) werisingeri ruaporensbaep 20, 25 sxone 35°C
Temeparypanapaa, 3-120 ¢ BIFBICY JKBUIIAMIBIFBl JMANa30HBIHAA PEOMETPHUS OMICIMEH 3epTTENi.
3eprrenren GapiblK kaFqaiiapaa ©H OKOFapsl KepiHepiik TyTKbIpislK Mouzepi CS2.0/CMCO0.5
KypaMbIHIa OaiKajbl, aln TEeMIepaTypaHbIH JKOFApbUIAYBl TYTKBIPJBIKTHIH 3aHIbI TYpAC TOMEHACYiHE
OKeJJi. PeOJIOTMsUIBIK KACHETTEepiH CaHIbIK Oaramay YIIiH OKCIIEPUMEHTTIK aepekrep Power-law,
Herschel-Bulkley sxome Casson MomenbiaepiMeH —ammpoKCHManmsuiasabl. Kopeimwinovl. 20-35°C
TemIieparypa apanbiFbiaaa xkone 3-120 ¢t sirpicy xarmaiibiHaa CS/CMC ruaporensaepi Tepire sxarybl
JKEHIIIeTeTiH alKplH cyibuty KacueTin kepcerrti. CS2.0/CMCO0.5 kypambl eH KOFapbl TYTKBIPJIBIKTHI
)KOHE TYPaKThl PeoJIOrmsuIbIK Kacuerrepin kepcerti (25°C temmeparypaga K=16,90 Ila-c®, n=0,389,
R2=0,987). Aunbimran sotmkenep CS2.0/CMCO0.5 kypambiH Tepi CHIPTHIHA KOJ@HyFa apHAJIFaH
TOMUKAIBIK THAPOTEIBAIK JKYHeIepai o3ipiey VIINiH MepCIeKTHBANbl HEri3 peTiHAe KapacThIpyFa
MYMKIiH/IK Oepe/i.

Tyilinai ce3mep: xuTo3aH, KapOOKCHMETHIIIEIUIION03a, TUAPOTeNb, PEOJOTHSUIBIK CHIATTaManap,
NICEBOMIACTUKANBIIBIK, TOMUKANIBIK KOJIJIaHbIC
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BJIMSIHUE COCTABA IIOJJMMEPOB W TEMIEPATYPbl HA PEOJIOT'MYECKHE
CBOUCTBA XUTO3AH-KAPBOKCUMETHUJ/INEJUIIOJIO3HBIX T'HIPOT'EJIEH
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Kazaxcman
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Pe3ome. Bsedenue. B mocnenHee mecATHieTHE B OMOMEAMIIMHE [IMPOKO  MPUMEHSIOTCS
CBEPXIOMIOLIAIONINE IHIPOTeNI Ha OCHOBE MPUPOJHBIX MOJIMMEPOB (LeJIr0103a, XUuTo3aH). Hecmotps Ha
BBICOKYIO CTa0MJIBHOCTH U OHOCOBMECTHMOCT, JAHHBIC Tl 00IaaloT PAIOM HEIOCTaTKOB, CBS3aHHBIX
C HEJOCTAaTOYHOW ICEBIOIUIACTHYHOCTBI0 M TUKCOTPONHOCTBIO. B CBSI3M € 9TUM KPUTHYECKYIO
MEIHULMHCKYI0 aKTyaJbHOCTh IpUOOpeTaeT pa3paboTKa THAPOTeNeBBIX CHUCTEM C  33JaHHBIMU
PEOJIOTHUECKUMU  CBOMCTBaMH. [lenvio  uccnedosanus — seisemcsi TONYydeHHE W KOMIUIEKCHOE
PEOJIOTHYECKOe HCCIEAOBaHHE THaporeieidl Ha ocHoBe xuro3aHa (CS) M KapGOKCHMETHIILIEILIIONIO3BI
(CMC) ¢ pa3iuYHBIM COOTHOLICHHEM KOMIIOHEHTOB, a TAaKXe OLCHKA BJIMSHHS CKOPOCTH CIBHTa W
TEMIIepaTypbl HAa HUX CTPYKTYpPHO-BSI3KOCTHBIE XapPAaKTEPUCTUKHU JUIS OIPENECNCHHUs IEPCIEKTUBHBIX
COCTaBOB JIJIsl HAPYKHOT'O NIPUMEHEHHs. Pe3ynbmambl u obcyscoenue. ['naporeau Ha OCHOBE XUTO3aHA U
kapOoxcumermneuiono3sl (CS/CMC) ¢ pa3InYHBIM COOTHOLICHHEM IOIMMEPOB OBUIM HCCIIEIOBAHbI
MeToJoM peoMeTpuu npu Temmeparypax 20, 25 m 35°C B amamasone ckopocredd casura 3-120 ¢
HauGonbuine 3HaueHUS KaKyIEHCsl BSI3KOCTH BO BCEX MCCJIEHAOBAHHBIX YCIOBHSX HaOMIONANMCh JUIS
cocraBa CS2.0/CMCO.5, Torna Kax IOBBIIICHAE TEMIICPATYPHI IPHBOAMIO K 3aKOHOMEPHOMY CHIIKCHHIO
BSA3KOCTH. JIJIs1 KOJIMYECTBEHHOM OIIGHKH PEOJIOTMYECKOT0 MOBECHHS SKCIIEPUMEHTAIIbHBIC TaHHbIE ObLIN
anmpokcuMupoBansl Moneiasmu Power-law, Herschel-Bulkley u Casson.  3axmwouenue. Twaporenu
CS/CMC mnpu 20-35 °C u casure 3-120 ¢! nposiBUIM BBIpaXKEHHOE PazKWKeHHe, oOJeriaromiee ux
HaneceHne Ha koxy. CocraB CS2.0/CMCO0.5 mnokaszall MakCHMaJbHYIO BSI3KOCTh H YCTOHYHBOE
peonoruueckoe mosexenune (K=16,90 Ila-c?, n=0,389, R>=0,987 mnpu 25°C), 4ro nemaer ero
MePCTIEKTUBHON OCHOBOH JIsl TONMYECKUX THIPOTENIEBbIX CHCTEM.

KioueBblie cjioBa: XHUTO3aH, Kap6OKCI/IM€TI/IJ'II_[eJIJ'IIOJ'IO3a, Tuaporeslb, peoJIOTUICCKUE XapaKTCPUCTUKH,
TNICEBAOINUIACTUIHOCTDH, TOMUYECKOC NPUMECHCHHUE

Kanueea Acem Myxmapxanosna PhD, u.o. accoyuuposannozo npogheccopa,
e-mail: kaliyevaassem.m@gmail.com
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