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Biopolymers, particularly polysaccharides such as pectin, chitosan and alginate, offer significant potential in
addressing numerous current environmental and health issues. In contrast to synthetic polymers, natural
polysaccharides possess valuable properties such as biodegradability, biocompatibility, and non-toxicity. Due to that,
they have proven their efficiency in biomedical applications for drug encapsulation and delivery, wound healing and
tissue engineering. Moreover, their natural origin and environmental compatibility make them highly suitable for
applications in agriculture, particularly in soil conditioning and remediation. These well-known, commercially
available biopolymers have unique functional properties which, when combined, can improve their physicochemical
properties synergistically.

Methods of Calcium Alginate and mixed polysaccharides based on Alginate and Pectins A and LM synthesis in
the form of spherical beads with adjustable diameter were developed, and the influence of the nature and concentration
of the components on their properties was analysed. The morphology of the synthesized polysaccharide gels (based on
Alginate, Alginate-Pectin A and Alginate-Pectin LM) was examined by means of electron microscopy (SEM), while
their chemical structure was confirmed by FTIR. The elemental composition of the synthesised polysaccharides was
studied using energy-dispersive X-ray spectroscopy (EDX), while their thermostability and thermolysis processes were
analysed using thermogravimetric analysis. It was demonstrated that the synthesised polysaccharide beads could
withstand steam sterilisation at 121 °C without undergoing significant changes. This opens up the possibility of using
them in various biomedical technologies. Studying the swelling kinetics of polysaccharide gels in different solvents
(water, saline and phosphate-buffered saline (PBS)) enabled us to determine their inherent Fick diffusion type.

The developed mixed polysaccharides show promise as a synthetic soil conditioner for agricultural use and for
targeted delivery and controlled release of medicine.

Keywords: polysaccharides, alginate, pectin, mixed gels, ionotropic cross-linking, thermal analysis, kinetics of
swelling, diffusion exponent, types of diffusion

INTRODUCTION based hydrogels are also being actively explored
as soil conditioners in agriculture, capable of
improving water retention and remediating
contaminated soils [5, 6].

Pectins are commonly abundant in
dicotyledons and non-grass monocotyledonous
plants. Depending on the origin, pectins can vary
in molecular weight, degree of acetylation and
methylation, as well as in their content of
galacturonic acid and neutral sugar residues [7].
Therefore, pectins demonstrate a variety of
gelling abilities and can form complexes with
other natural compounds and, as a result, are
useful for the development of various nutritional

Natural polysaccharides such as alginate,
pectin, and chitosan have attracted significant
attention in recent decades due to their
biodegradability, biocompatibility, and
nontoxicity, making them promising candidates
for various biomedical and environmental
applications [1-3]. In biomedical fields, these
polymers are widely used in drug delivery
systems, wound healing, and tissue engineering,
where their capability to form hydrogels enables
effective encapsulation and sustained release of
active compounds [3, 4]. Owing to their natural
origin and functional versatility, polysaccharide-
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products, first of all, jelly candy [8], jams,
marmalades, fruit juice, confectionery products,
etc. [9].

Pectins are composed mainly of an a-1,
4-D-galacturonic acid residue (> 65 % (w/w))
either as a free acid, methyl ester, or amides [10].
These (1—4)-a-D-galacturonic acid (GalA)
residues compose a part of the “smooth”
homogalacturonic (HG) domain of the pectin
molecule, with some carboxyl groups esterified
by methanol [11]. The pectin molecules is also
composed of “hairy” areas. The “hairy” regions
mainly consist of branched, neutral side chains of
sugars, usually associated with
rhamnogalacturonan (RGI) regions of the
polymer structure [12]. Pectin classification is
based on their degree of methylation, expressed as
the ratio of methyl-esterified carboxyl groups to
the total amount of galacturonic acid units.
High-methoxy (HM) pectins have more than
50 % of carboxyl groups esterified by methanol,
low-methoxy pectins (LM) - from 5 % to 50 %,
and pectic acid - less than 5 % [13].

Numerous parameters affect the functional
properties of pectins. Their solubility in the water
depends on the degree of methylation, molecular
weight, counter ions present in the solution, as
well as temperature and pH [14]. Solubility is
higher when the degree of methylation is
increased; however, it declines with increasing
molecular weight of the polymer [15].

The formation of pectin gels depends on the
structure of pectin, namely, the degree of
methylation,  acetylation, amidation, and
molecular weight, concentration and sugar), as
well as other factors such as concentration of
pectin, presence of cross-linking agents,
temperature and pH. During the gelation process,
three-dimensional networks are formed that hold
water molecules and substances dissolved in them
[16]. The gelation mechanism is different for
high-methoxylated (HM) and low-methoxylated
(LM) pectins. HM pectin gel is formed at
pH < 3.5 and at high sugar concentration (> 55 %)
[14]. At the same time, LM pectin gels are formed
in the presence of divalent cations such as Ca*
[17]. The required pH range is between 2 and 6,
and sugar is not required for gel formation [14].
An increase in pH from 3.5 to 8.5 leads to an
increase in gel strength, which is associated with
an increase in the degree of dissociation of
galacturonic  acid residues and  further
deesterification of pectin.
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The mechanism of LM pectin gelation is
associated with the “egg carton” model, which
also describes the binding of alginates by Ca*
ions [18]. The above is explained by the similarity
of the structure and behaviour of alginates and
pectins [19]. The junction zones are formed by
binding between Ca®* and non-esterified
galacturonic acid units [19]. Gel formation at low
pH values (pH =3) can be associated not only
with the binding of calcium ions to pectin, but also
with the formation of hydrogen bonds.

Amidated LM pectins also form a gel in the
presence of calcium ions [20]. The gelation
process of these pectins requires a lower amount
of calcium ions than that of LM pectins.

It is known that biopolymers, especially
polysaccharides like pectin and alginate, have
significant potential towards solving many
current environmental and health challenges.
Pectin and alginate have proven their efficiency in
biomedical applications for drug encapsulation
and delivery, wound healing and tissue
engineering, and in the creation of natural
packaging films to reduce the use of traditional
non-biodegradable plastic packaging [21]. These
well-known, commercially available biopolymers
have unique functional properties, which when
combined, can achieve synergistic improvements
in their physical and mechanical properties [22].

Alginate must be considered as a collective
term to describe a diverse group of biopolymers
that vary in composition and structure. The main
structural component of alginate is considered a
linear polysaccharide consisting of (1—4)
-D-mannuronic acid (M blocks) and
a-L-guluronic acid (G blocks) residues [23]. The
spatial conformation and proportion of M and G,
which is is highly influenced by the source and
extraction methods used to obtain the alginate,
blocks substantially affect their functional
properties [24]. As with pectin, the functionality
of alginates can vary under the influence of
various factors, which will ultimately determine
their application in medicine, agriculture, ecology
and food industry [21].

Both pectin and alginate (Fig. 1) are widely
known for their excellent thickening and gelling
properties, which has resulted in their specific use
in creation and tailoring of food systems [25] and
in the creation of biofilms for natural
biodegradable packaging materials [26].

In general, the widespread use of alginates,
pectins and their mixtures in the pastry industry
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has led to a wide range of studies, primarily in
terms of their operational [8], dietary [27], flavour
[28] and rheological [29] properties. In our
experiments, we will focus on the optimization of
methods for the synthesis of mixed gels based on
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Fig. 1. Basic structure of alginate and pectin [30]

This study examines the synthesis methods of
pure alginate gels and gels based on a mixture of
alginate and pectin A (pectin LM), as well as their
physicochemical properties.

MATERIALS AND METHODS

Alginic acid sodium salt (Na-Alg, viscosity
450-550cP (1% in H,0O), Glentcham Life
Science), Pectin A (Natural, for biochemistry,
Roth, Germany), Pectin LM (Biosynth S. R. O.,
Slovakia), calcium chloride (CaCl,, 97 %, Sigma-
Aldrich), were used as obtained without further
purification. Distilled water was used as a solvent
in all syntheses.

Synthesis of Calcium-Alginate Gel and Ca-
Alg-Pec Mixed Gel Beads. Calcium-Alginate-
Pectin (Ca-Alg-Pec) mixed gels were synthesized

sodium alginate and pectins of various structures,
the study of their structure and morphology,
thermal stability, and processes of interaction
with solvents of diverse nature.

~00C Ho O

HO

0 (o]
. ",

M oL 20
":.0/ i!ﬁ;

coox
X =H, CHy

in the following way. The mixture of Alginate and
Pectin (A or LM) with different proportions of
components and with total concentration of 2%
(or 2 % Sodium Alginate) was stirred in distilled
water for about | hour at 40°C until a
homogeneous mixture was obtained. The
resulting solution was then dropped into a CaCl,
solution (C =0.25-2 wt. %) and left to crosslink
for 15 min with stirring, and then for another
45 min without stirring. After that, the gel was
washed twice for 15 min with plenty of water, and
then dried in a thermostat at 40 °C during one day.
The synthesis were performed at a temperature of
2042 °C. The size of the resulting beads can be
controlled by varying the diameter of the nozzle.
Fig. 2 shows the appearance of the synthesized
polysaccharide beads.

Fig.2. Appearance of the synthesized polysaccharide beads (¢ — Cag=2wt.%; b —

Caig = 0.8 wt. %,

Cpeca = 1.2 wt. %; ¢ — CAlg = 0.4 wt. %, Cpectm = 1.6 Wt. %; Ccaciz = 0.5 wt. %)

Infirared (IR) analysis was conducted using a
Fourier-transform infrared spectrometer
(Shimadzu IRAffinity-1S) with an attenuated
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total reflection detector (Specac Quest ATR) in
the range of 4000 to 400cm™, with an
accumulation of 25-40 scans and a resolution of
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4cm'. The data were processed using the
LabSolutions IR Ver. 2.26 data processing
software.

SEM. Information about the morphology and
pore structure of PVF sponges was obtained from
the microphotographs taken using a scanning
electron microscope (Tescan Mira LMU)
equipped with an energy-dispersive spectrometer
(Oxford X-Max 80) and a sample preparation
system (PECS Gatan 682). The microstructure of
the samples was investigated after lyophilization
of swollen samples to equilibrium water content.
Fragments of the samples were mounted on an
adhesive conductive substrate (carbon tape
[05081-AB, SPI Supplies] on aluminium pin-type
SEM mounts [01506-MB, SPI Supplies]). The
mounted samples were coated with a thin (30 nm
thick) layer of conductive material (Au/Pd
mixture) using the PECS Gatan 682 to avoid local
charge accumulation during scanning electron
microscopy examination.

Thermogravimetric analysis (TGA)
measurements were performed using a Q1000
derivatograph (MOM, Hungary) in the range of
20-700 °C at a rate of 5°/min. The weight loss of
the samples during the measurement was
determined using a VIBRA HT balance (Japan).

The equilibrium degree of swelling of
hydrogels in distilled water, (Q), was calculated
using the formula:

ms —mgy
Q= my
where mg is the mass of the swollen hydrogel in
the equilibrium state after 24 hours of swelling,
and m,; is the mass of the completely dried
xerogel after water evaporation. The hydrogel
samples were incubated in a TS-1/80 SPN
thermostat and weighed with an accuracy of
10* g on an AXIS analytical balance (Poland).
Data are presented as mean standard deviation of
three to five independent experiments. ANOVA
was used for statistical data processing, p < 0.05
was considered reliable.

RESULTS AND DISCUSSION

Fig. 3 shows the infrared spectra of the
studied natural polysaccharides - Pectin LM and
A, Sodium Alginate and mixed gels based on
Alginate and pectins (Pectin : Alginate = 80 : 20).
Sodium alginate, which is a polymer based on
1,4-linked B-D-mannuronate M) and
o-L-guluronate (G), has a distinct peak at
3309 cm™!, which corresponds to the valence
vibrations of the hydroxyl group. The valence
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IR spectrum of: 7 — Pectin LM 100 %, 2 — Pectin A 100 %, 3 — Sodium alginate 100 %, 4 — Gel based on

80 % Pectin LM and 20 % sodium alginate, 5 — Gel based on 80 % Pectin A and 20 % sodium alginate

vibrations of the C-H groups of the carbon
skeleton have peaks at 2928 and 2868 cm™, the
absorbance peaks at 1590 and 1415cm™' are
caused by asymmetric and symmetric valence
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vibrations of the carboxylate ion (COO") [31]. A
broad band with a peak at 1024 cm™' is associated
with the C-O-C 14 valence vibration of the
glycosidic bond, which is characteristic of the



K.Y. Samchenko, O.V. Goncharuk, P.V. Vorotytskiy et al.

sodium alginate structure. The peak at 1075 cm™
is attributed to the C-OH valence vibrations of
secondary cyclic alcohols [31]. The weak bands
between 2930 and 2860 cm™' correspond to the
valence vibrations of carbon-hydrogen bonds in
the Pectin structure [32]. The intense absorption
bands at 1731, 1604 cm™! for Pectin LM and 1733,
1620 cm™' for Pectin A are associated with
methyl-esterified carboxyl groups (-COOCH3)
[31] and asymmetric valence vibrations of
carboxylate ion (COO"), respectively, while the
symmetric valence vibration of COO™ appears as
a weak band at 1408 cm ™.

The peaks at 1226, 1142, 1081, 1010, 965,
820 cm' are associated with the valence
vibrations of C-O, C-C, C-H, scissor strain
vibrations of CO and the main valence vibrations
of the C-O-C and C-C bonds of polygalacturonic
acid as the main polysaccharide in pectin [32, 33].
Except for the hydrophobic methox groups
(-OCHs), which do not participate in the
ionotropic  crosslinking process, so their
absorption frequencies remain unchanged, the
absorption of few other pectin functional groups
changes significantly. Thus, the asymmetric
valence vibrations of the carboxyl group shift
towards lower frequencies - from 1604 to
1601 cm ™' and from 1620 to 1596 cm™'. These
results can be explained by the significant
contribution of alginate carboxyl groups
(primarily from guluronate blocks) in the strong
binding to calcium ions by the “egg box” model,
with the subsequent hampering of asymmetric
COQO  vibrations [34]. Mixing pectin with alginate

also induces a shift of -OH vibrations to lower
wavenumbers (from 3300 to 3286 cm™). This is
probably due to the formation of hydrogen bonds
involving the polar hydroxyl and carboxyl groups
of both polymers (stronger than the corresponding
hydrogen bonds in pure polymers), which leads to
an overall decrease in the free energy of the
system. It is also worth noting that the valence
vibrations of the methyl-esterified carboxyl group
observed at 1731-1733 cm™ in pectins are shifted
to higher frequencies (1736-1739 cm™") in pectin-
alginate mixtures. This result can be explained by
the formation of stable hydrogen bonds between
the present hydroxyl groups and the oxygen atoms
in the C-O covalent bond of the methoxyl groups
[34].

SEM analysis. The microstructure of Ca—Alg
granules and mixed gels based on Alg and Pec A
(Pec LM), in particular the pore size and
interconnection between them, are of great
importance for medical and agricultural
applications,  determining their  diffusion
properties concerning pharmaceuticals and plant
protection products. Electron microscopy allows
to evaluate surface topography and pore
morphology. Next, a comparison was made
between surface and internal structure of Alg and
Alg-Pec (Crsiotal =2 Wt. %, Ccaciz = 0.5 wt. % in
reaction solution). Prior to the SEM analysis, the
samples were subjected to freeze-drying for
dehydration. The freeze-drying of hydrated
materials preserves their three-dimensional

structure by rapidly freezing the water and
facilitating the sublimation of formed ice.

SEM micrographs of Alg gel (a; Caie =2 wt. %, Ccaciz = 0.5 wt. % in the reaction mixture; zoom 60x%); Alg-Pec A

gel (b; Caie = 0.8 wt. %, Cpec = 1.2 Wt. %, Ccaciz = 0.5 wt. % in the reaction mixture; zoom 21x); Alg-Pec LM gel
(c; Catg= 0.4 wt. %, Cpec = 1.6 Wt. %, Ccaciz = 0.5 wt. % in the reaction mixture; zoom 52x)
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Fig. 4 shows the rough, wrinkled surface
morphology of freeze-dried Alg and Alg—Pec
beads. The alginate granules synthesized through
ionotropic crosslinking exhibit an almost perfect
spherical shape and a uniform size distribution,
with a diameter of about 5 mm (Fig. 4 a). The
mixed polysaccharide based on Alginate and
Pectin A is characterized by a broader granule size
distribution, reduced sphericity and a granule
diameter ranging from approximately 1.5 to
2.5 mm (Fig. 4 b). This may be a consequence of
the lower stability of pectin granules and their

sewnv 00k worashmm | |
View field. 5.08 um Det: InBeam 1pm
SEM MAG: 37 4 kx

greater susceptibility to erosion, which will be
analysed further in the subsequent discussion of
their swelling behavior. The Alg—Pec LM gel-
based beads (Fig. 4 ¢) are almost oval in shape,
measuring approximately 2x3 mm, and have a
less porous surface than the Alg—Pec A gel beads.

Pure Calcium Alginate and mixed gels based
on Alginate and Pectin A (Pectin LM) (20:80)
have a fairly uniform surface with a uniform
porous structure clearly visible under high
magnification (Fig. 5).

SEM HV: 10.0 kV wp:470mm ||
View field: 5.61 ym Det: InBeam
SEM MAG: 33.8 kx

Fig. 5. SEM micrographs of porous structures on the surface of Alg gel (a; zoom 37.4 kx); Alg-Pec A gel (b; zoom

37.9 kx); Alg-Pec LM gel (c; zoom 33.8 kx)

At the same time, the surfaces of the gels
differ significantly. Calcium Alginate gel exhibit
numerous spherical-shaped particles embedded in
a sheet-like structure. The average size of these
spherical structures was approximately 50 pm.

Unlike Calcium Alginate, the surface of mixed
gels based on Alg and Pec A (Pec LM) is covered
by a dense honeycomb-like network of ridged
wrinkles, especially noticeable in the case of
Pectin LM (Fig. 6).

Fig. 6. The Surface of Alg M (a), Alg-Pec A gel (b) and Alg-Pec LM gel (¢)
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These ridge-like bands, branching in different
directions and characterised by a star-shaped
topology, cover a significant proportion of the
surface. They appear somewhat similar in both
mixed gels (Fig. 7), but in the case of Pec LM,
they are noticeably larger. They protrude above
the surface by about 10 um and have a base width
of around 20 um, which is approximately one
order of magnitude larger than the ridges
characteristic of mixed Alg-Pec A gels.

An EDX spectra (Fig. 8) was used to confirm
the elements present in polysaccharides. They

SEM HV: 10.0 kV
View field: 50,0 ym

WD: 15.80 mm i

Det: SE 10 ym.

MIRA3 TESCAN|

SEM MAG: 3.79 kx

Full Scale 1465 cts Cursor: 0.000

a

Fig. 8. EDX-spectra of Alg (a) and Alg-Pec A (b) gels

The morphology of the fracture surfaces of
polysaccharides is illustrated using Alg—Pec A gel
as an example in Fig. 9. The internal structure of
Alg and Alg-Pec gels can be described as a
sponge with numerous pores (dark areas) between
the polysaccharide matrices. These pores form as
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confirm that all studied samples contain C, O, Ca
as primary elements. The residual Na content of
none of the tested samples exceeded 0.3 %,
confirming the successful replacement of sodium
with  calcium during the synthesis of
polysaccharide gels. The difference in calcium
content between three of the studied
polysaccharides is insignificant, ranging from
4.45 to 8.52 atomic percent. This indicates fairly
uniform ionotropic cross-linking in them.

MIRAS TESCAN|

Full Scale 1465 cts Cursor: 0.000
b

a result of water evaporating between the cross-
linked polymer matrices during freeze-drying. In
the case of alginate, the pore wall thickness ranges
from 0.3 to 10 um. The pores are characterised by
a fairly wide size distribution, ranging from 10 to
50 um. Mixed gels have much thinner pores, with
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a thickness up to 0.4 um, and the pores are
characterised by a much more uniform size
distribution and smaller sizes.

It should be noted that the EDX data obtained
from the analysis of four different fragments of
the mixed Alg-Pec A gel (Fig. 9) indicate not only

50pm

Electron Image 1

a fairly uniform distribution of the pores in terms
of'size, but also a homogeneous content of carbon,
oxygen, and calcium atoms (mean content 58.42;
38.04; 3.54 atomic % with standard deviation
0.46; 0.66 and 0.88 respectively).

Fig. 9. Cross-section of an Alg-Pec A gel and the areas selected for EDX analysis

Thermal analisys. To assess the thermal
stability of polysaccharides, we used TG (which
determines changes in sample mass with
temperature) and DTA (which allows us to
analyse ongoing endothermic and exothermic
processes) and DTG, which shows the rate of
mass loss during the decomposition process.

Let us analyse the thermal properties of dried
and water-equilibrated calcium alginate (Fig. 10).
According to TG data, the total mass loss of the
dehydrated gel samples is 82.6 %, leaving a
residue of around 17 % after thermolysis. This
can be explained by the complete combustion of
the gel’s organic component (with the exception
of the calcium bridges that provide spatial
network cross-linking). For the analysed alginate
samples in general, mass loss at the initial stage
(from room temperature to 100 °C) is 5-7 %, due
to the evaporation of bulk water. Further heating
results in a gradual decrease in the mass of the
samples until final decomposition occurs at
temperatures above 700 °C. The mass loss of an
equilibrium swollen calcium alginate sample is
quite different. After a very short plateau at
temperatures between 20 and 45 °C, a sharp mass
loss is observed (up to 100 °C by 15 wt. %, and
from 100 to 200 °C by a further 80 wt. %).
Consequently, the total mass loss when heated to
700 °C is 98.53 %. Unlike the dried gel, for which
the median mass loss occurs at around 300 °C, the

ISSN 2079-1704. X®TT1. 2026. T. 17. Ne 1
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corresponding parameter for the swollen gel is
approximately 125 °C, indicating the predominant
release of bulk (rather than bound) water.

According to the DTA and DTG data
(Fig. 10), the process of thermal decomposition
Alginate gel is very complicated and occurs in a
few stages. Both the equilibrium swollen gel and
the dehydrated gel are characterised by a strong
endothermic peak in the 130-140°C region,
caused by the evaporation of bulk and sorbed
water. While this peak is dominant in the swollen
gel over the entire studied temperature range,
several other characteristic signals are observed in
the dried gel. For example, at 197 °C, a distinct
endothermic peak is observed due to the
evaporation of bound water. The exothermic
peaks located around 300 and 360 °C, as well as
at 450 and 530 °C, reflect depolymerisation and
complete destruction of the polysaccharide [35].

Evaporation of free (bulk) and sorbed water is
observed in the region of 70-180 °C. A bimodal
signal with peaks at 210 and 265 °C is due to the
evaporation of bound water and the
depolymerisation of ionotropically cross-linked
alginate, respectively (i.e. the disruption of the so-
called ‘egg carton’ model (Fig. 11)), resulting in
the formation of a three-dimensional spatial
structure of the hydrogel with calcium bridges
connecting the carboxylate ions of guluronic acid
blocks [36].
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Fig. 10. TGA, DTG and DTA curves for Sodium Alginate (K1) gel; a — dry, b — wet
Fig. 11. “Egg carton” model for ionotropic cross-linking of sodium alginate [37]

The broad peak at 430°C is due to the
decarboxylation of the numerous carboxyl groups
present in the polysaccharide. Further heating to
between 500 and 700°C leads to the
polysaccharide's complete destruction, resulting
in the formation of residual ash based on it
inorganic components.

Thus, the synthesised polysaccharides
demonstrate thermal stability over a wide
temperature range, significantly exceeding their
application and processing range. The results
obtained prove that the synthesised hybrid
hydrogels can withstand steam sterilisation at
121 °C without significant change, which is
extremely important not only for the creation of
different medical devices but also for conducting of
various biological, cellular and agronomic
researching.
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The thermostability of mixed polysaccharide
gels based on Alg—Pec A and Alg—Pec LM and
their thermal decomposition processes differ
significantly from those of homo-alginate gels
and will be analysed in detail in separate
publications.

Swelling behaviour of Alg and mixed
Alg-Pec A (Pec LM) gels. For pure Alginate
(Cpec = 0), the maximum swelling degree (Q) in
water (after 5 days) reaches 30 g/g, while for the
mixed gel 20 Alg : 80 Pec A it is roughly 3 times
higher, about 100 g/g, monotonically increasing
with the increase of Pec A content in the mixed
gel (Fig. 12), which was also observed while
exploring the addition of Pec LM, but much
smoother and more consistent. Similar
regularities (although in a slightly narrower
range) were also typical for the swelling of mixed
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gels based on Alginate and Pectin A in saline
solutions (0.9 % NaCl) and phosphate buffer,
wherein the degree of swelling increases at the
fifth hour of measurement approximately by
25-30 % (saline) and two times (phosphate
buffer) when comparing with pure alginate to a
mixed gel of 40 Alg : 60 Pec A. It is characteristic
that gels with a highest content of pectin A (80 %)
in saline and buffer solutions proceed from

120 a * 0% Pectin
100 020%
80 ' "40%
& 60 L D60
A T - T — ¥ as0%
20
L ]
yerfi)y
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Fig. 12.

For mixed gels based on Alginate and Pectin
LM, as the content of Pectin LM increases in the
range from 20 to 80 % (mixed with Alginate), the
maximum degree of swelling increases
monotonically - from about 7.5 g/g to more than
115 g/g (at 80 % Pectin LM), almost four times
higher in magnitude than the swelling of homo-
alginate gel (Fig. 13). Gel with 100 % Pectin LM
content was also synthesized and at the initial

a

i ® 0% Pectin

m} 020%

........................................... W 40%

060%

.......................... L ]
................ ABOM
......................................... ® A 100%

10 15 20 25
Time, hours

Fig. 13.

When swelling in NaCl for up to 3 hours, gels
with a pectin content of 0-20 % reach a swelling
degree of approximately 35 g/g, while gels with a
pectin content of 40-60 g/g will show a Q of
approximately 47 g/g, after this swelling time the
trend is difficult to analyse due to the onset of gel
dissolution. In buffer, a similar situation is
observed: at the third hour of swelling, gels with
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swelling to partial dissolution and complete
disintegration within the first hour, the same as in
gels based on Alg and Pec LM. This can be
explained by the complete destruction of the egg
carton model that stabilized them (calcium atoms
connecting carboxylate residues of guluronic
acid) when they interacted with sodium ion-rich
salt solutions.

100 © b
F ® 0% Pectin
80
r 020%
0 T m40%
< 060%

0 5 10 15 20 25
Time. hours

Kinetics of swelling in water (a) and saline (b) of Alg-Pec A mixed gels and related nanocomposites

stage it had the maximum degree of swelling, but
after 1 h the swelling was replaced by dissolution.
In the case of swelling in salts solutions, the
transition to dissolution is observed even faster,
after 15 minutes. One of the possible explanations
is the replacement of calcium with sodium, which
leads to the destruction of ionotropic cross-links
formed by calcium bridges.

® 0% Pectin
020%
W 40%

060%

5 10 15 20 25
Time. hours

Kinetics of swelling in water («) and saline (b) of Alg-Pec LM mixed gels and related nanocomposites

0-20 % pectin have a Q of roughly 35 g/g, and
gels with a higher concentration have a Q of
nearly 45g/g. In general, no significant
differences in swelling are observed in the two
salt solutions. As the pectin content increases, the
degree of swelling decreases monotonically. The
main regularities of the kinetics of the swilling
process were described by Peppas and Ritger [38]
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and they introduced a simple exponential
equation represents the diffusion mechanism of
the polymeric system as follows:

M[/ Moo = ktn

where M, and M, denote the amount of solvent
diffused into the gel at time t and infinity (at
equilibrium), respectively; & is the constant
related to the structure of the network; and the
exponent #n is the number used to determine the
type of diffusion [39].

The diffusion exponent n can be estimated
from the slope of a line obtained from the log-log
plot of F versus ¢ in the region where swelling has
not yet reached equilibrium. This occurs when
60 % of the water mass has entered the gel
structure, and F represents the fraction of the
solvent absorbed by the gel or polymer matrix
over time. The coefficient & can be calculated
from the intercepts of plots of In (F) versus In (7).
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-2 -1 0 1
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Fig. 14.

Alg-Pec A (a) and Alg-Pec LM (b) mixed gels

For cylindrical shapes, 045<n<0.50
corresponds to Fickian diffusion. In contrast,
0.50 <n<1.0 indicates non-Fickian diffusion
(DNF) [40, 41]. DNF, also known as anomalous
diffusion, arises from the simultaneous
contribution of the diffusion of the bioactive agent
and relaxation of the polymer chains. The
diffusional exponent obtained when the system
exhibits zero-order diffusion (or Case II
diffusion) is equal to one. Values of n greater than
one reflect Super Case Il transport, whereas
values of n in the range of 0 to 0.45 correspond to
hindered Fickian diffusion. Fig. 14 shows some of
the swelling curves of the synthesized
nanocomposites after logarithmization. The
diffusional exponent n, the coefficient k, and the
statistical indicator R? can be determined based on
the slopes and intercepts of the resulting straight
lines of the swelling kinetic curves (M versus f)
[42]. See Table for more information.
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Dependences according to the Peppas and Ritger equation for determining the type of diffusion in water of

Table. Effect of Pec A and Pec LM concentration on the diffusion parameters of gels

CpecA,

CpecLM,

Solvent % n k R? % n k R?
water 0 1.3073 -1.594 0.9067 0 1.3073 -1.5938 0.9067
water 20 0.3334 -0.369 0.9924 20 0.6074 -0.4134 0.9985
water 40 0.5366 -0.592 0.9934 40 0.6835 -0.5912 0.9916
water 60 0.7592 0.862 0.9858 60 0.6319 -1.1983 0.9653
water 80 0.5634 -0.990 0.957 80 0.5339 -1.0956 0.9651
saline 0 0.9624 -2.0007 0.9967 0 0.9624 -2.0007 0.9967
saline 20 0.9271 -1.8627 0.9982 20 0.9543 -1.9967 0.9982
saline 40 0.7822 -1.486 0.9938 40 0.8136 -1.2312 0.9957
saline 60 0.7085 -0.9158 0.9961 60 0.7482 -0.7122 0.9984
PBS 0 0.9077 -1.933 0.999 0 0.9077 -1.9329 0.9986
PBS 20 0.9184 -2.062 0.994 20 0.8797 -1.7058 0.9965
PBS 40 0.8463 -1.439 0.995 40 0.7332 0.9668 0.9881
PBS 60 0.7806 -0.481 0.994 60 0.7866 0.6004 0.9951
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Based on the Peppas and Ritger equation for
determining the type of diffusion, it was found for
Alg-Pec LM gels that while swelling in NaCl and
in phosphate buffer, abnormal non-Fickian
diffusion is taking place. Moreover, as the pectin
content in the mixed gel decreases, the value of
the diffusional exponent increases monotonically,
approaching 1. In general, the gels in NaCl were
characterized by a slightly higher diffusion
exponent, which indicates a somewhat faster
swelling of the gels in this solution compared to
buffer. In water, the alginate gel shows a
completely different diffusion mechanism (Super
Case II) than in the mixture with pectin, while in
NaCl solutions and buffer they show the same
type of diffusion.

Summarizing, for all studied pectins (Pectin
A and Pectin LM), the degree of swelling of
mixed gels with Alginate in water increases
significantly with the growth of Pectin content.
With a higher content of Pectin in the mixture
(60—100 %), unstable mixed gels are formed,
which eventually turn into solution. In salts
solutions, this process is significantly accelerated.

CONCLUSION

In this study, the hydrogels based on
interpenetrating networks of sodium alginate and
pectins (both Pectin A and Pectin LM) were
synthesized and characterized using Fourier-
transform infrared spectroscopy (FTIR) and
scanning electron microscopy (SEM), as well as
thermal, and swelling properties were
characterized. The formation of ionotropically
cross-linked spherical gel beads was achieved
through simple and controllable synthesis
methods, allowing for adjustable composition and
bead size via modulation of precursor
concentrations and droplet generation parameters.
Namely, three series of polysaccharide hydrogels
were synthesised by varying the concentrations of
the components: based on calcium alginate alone
and mixed alginate-pectin network
polysaccharides, including various pectins - Pec
A and Pec LM. FTIR confirmed the structural
integration of alginate and pectin within the
hydrogel  matrix, revealing significant
intermolecular interactions such as hydrogen
bonding and ionic cross-linking. Shifts in key
functional group absorption bands indicated
synergistic network formation, especially in
systems with higher pectin content. Scanning
electron microscopy (SEM) demonstrated that the
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surface and internal morphology of the beads
varied depending on the pectin type and content:
mixed gels exhibited more compact and uniform
pore structures compared to pure alginate gels,
with the presence of distinct ridged topologies —
particularly prominent in the case of Pectin
LM-based hydrogels. Elemental analysis (EDX)
confirmed efficient calcium-mediated ionotropic
cross-linking and successful removal of sodium
ions from the gel matrix. Thermogravimetric
analysis (TGA/DTG/DTA) showed that both
alginate and mixed alginate—pectin hydrogels
possessed  considerable thermal  stability,
withstanding temperatures well above typical
sterilization conditions. Notably, the synthesized
gels retained structural integrity after autoclaving
at 121 °C, making them suitable for biomedical
and agronomic applications requiring sterilized
materials. Swelling studies in water, saline, and
phosphate-buffered saline (PBS) demonstrated
that the degree of swelling increases significantly
with rising pectin content, particularly for
LM-type pectin. However, gels with high pectin
content (especially above 60 %) exhibited
reduced stability in salt-rich environments,
leading to premature disintegration. The swelling
kinetics followed non-Fickian (anomalous) or
Super Case I diffusion models, depending on the
composition and solvent, as described by the
Ritger-Peppas model. This suggests a complex
interplay between water diffusion and polymer
chain relaxation, offering tunable release profiles
for potential applications.

The developed interpenetrating alginate—
pectin  hydrogels combine the favourable
properties of both polysaccharides and exhibit
promising features for controlled drug delivery,
biomedical use, and sustainable agriculture (e.g.,
as soil conditioners or seed-coating materials).
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3MimaHi rejii Ha OCHOBI AJIBTIHATY TA NEKTHHY: CHHTE3 TAa BJAaCTHBOCTI
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Biononimepu, 30xkpema nonicaxapuou, maki sk neKmuH, Ximo3aH ma aib2iHam, Maroms 3HAYHUL NOMEHYIan )
sUpieHHI 6a2amvox aKmyaibHUX npoobiem 0Xoporu 006KLLIsL ma 300pos’s. Ha 6iominy 6i0 cunmemuunux nonimepis,
npupooOHi noricaxapuou Marms maki YiHHI G1ACMUeocmi, sik OIopo3KIAOHICMb, OIOCYMICHICT MA HEMOKCUYHICMb.
3asosaxu yvomy onu dogenu ¢80 egpekmusHicms y OioMeOUYUHi i IHKANCYIAYil ma 00CmMasKy iKig, 3a20€HHS PaH
I mkanunnoi iHdcenepii. Kpim mozo, ixwe npupoone nOX0OJMCEHHs MaA eKOAOSIYHA CYMICHICIb pobnimsb ix
nepcnekmuHUMY OJisl 3ACMOCYBAHHS 8 CLIbCLKOMY 20CN00APCMEI, 30Kpema 015t KOHOUYIOHYB8AHHSA M PEKYIbMUBayii
rpyHmis. Lli dobpe 8ioomi, komepyitiHo docmynHi OiononiMepu Marms YHIKAIbHI QYHKYIOHATbHI 61ACMUBOCMI, WO
CUHEPeeMUYHO NOKPAULYIOMbCs NPU iX NOEOHAHHI.

Pospobneno memoouxku cunmesy anvbeiHamy Kaabyiro ma 3MIUaHuX noaicaxapudié Ha OCHOSI anveinamy ma
nexmutie A i LM y euenadi cghepuynux KyiboK pecyib08aH020 diamempa, i NpOoaHAni3o8aHo 6HAUS NPUpPOOU ma
KOHYyeHmpayii komMnonenmis Ha ixui gnacmueocmi. Mopgonociio cunme308anux noxicaxapuonHux 2eiié (Ha oCHO8i
anveinamy, anveinam-nekmuny A ma anveinam-nexkmuny LM) 0ocniodceno 3a 00nomo2ot0 enekmpoHHOI MiKpockonii
(CEM), a ixuio ximiuny 6yoogy niomeeposceno memodom I4-cnexmpockonii. Enemenmuuii ckiad cunme308aHux
noaicaxapuoié O0CHIONCEHO 3 OONOMO20I0 eHep2ooucnepciunoi penmeeniecokoi cnexkmpockonii (EDX), a ixuio
mepmMocmadiibHicms ma npoyecu MepmMonizy NPOAHANi308aHO 34 OONOMO2010 MEPMOSPAGIMEMPUUHO20 AHANIZY.
THokaszano, wo cunme306ani nNoaiCaxapuoHi KyavKu gumpumyioms cmepuiizayiro naporw npu 121 °C be3 cymmeeux
smin. Lle 6iokpusae modicnugicms ix SUKOPUCMAHHA 6 DIZHUX OIOMEOUYHUX MEXHON02IAX. Bueuenus Kinemuxu
HaOYXaHHA NOAICAXAPUOHUX 2ei8 Y PI3HUX PO3UUHHUKAX (800a, ¢hizionoziunutl po3yurn ma gocpamuo-o6ypepruil
posuun (DEC)) do380auno susnauumu npumamannui iv mun ougysii 3a Qikom.

Pospobneni smiwani nosicaxapuou € nepcneKmueHUMYU K WYYHI KOHOUYIOHepu IpYHmMYy O/ 3ACMOCYB8AHHA Y
A2POMEXHON02IAX, A MAKONHC O A0PeCHOi 00CMABKYU Md KOHMPOIbOBAHO20 BUBINbHEHHSA IKAPCLKUX 3AC00i8.

Kniouosi cnoea: nonicaxapuou, anveinam, nexmun, 3Milani 2eni, ioHOMponHe 3UUBANHs, MEPMIYHUL aHaai3,
KiHemuKa HaOyxamnHs, ekcnonenma oughysii, munu ougysii 3a Dikom
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