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Abstract

The paper summarizes current approaches to the development of xanthan (XG)-oriented immobilization systems
that ensure effective retention of bioactive compounds and heavy metal ions as bioactive toxicants. For the first time,
the features of the formation of “xanthan-(modifier)-immobilization object” systems are considered. It is established
that non-covalent interactions play a key role in the stabilization of immobilized objects. It is shown that the carboxyl,
pyruvate, acetyl, and hydroxyl groups of xanthan provide effective interaction with cations of both biogenic and toxic
metals, as well as with protonated functional groups of bioactive (including pharmaceuticals) and toxic (including
dyes) compounds, ensuring their reliable retention within a three-dimensional hydrogel matrix. Such a structure
creates prerequisites for controlled release and targeted delivery of bioactive substances, as well as for the binding
and subsequent biodegradation of toxicants. The paper presents a classification of immobilization types based on
retention mechanisms. The key role of ion-exchange immobilization in forming a porous polymer network capable
of physically retaining additionally introduced molecules bioactive molecules is highlighted. The prospects for the
application of such systems in pharmaceutical technologies and environmental processes are analyzed. Special
attention is paid to composite materials with magnetic nanoparticles, which enable controlled transport and
recovery of immobilized components. Previously, we established the absence of a unified protocol for quantum
chemical modeling (QCM) as a tool for predicting interactions in “xanthan-(modifier)-immobilization object”
systems. Therefore, this study substantiates the feasibility of applying QCM methods, in particular for determining
stable conformations and identifying active binding sites. It is shown that the lack of such studies limits the
systematization of results, necessitating the development of standardized approaches based on simplified structural
fragments. The proposed approaches provide a theoretical framework for the targeted design of innovative
functional materials.

Keywords: xanthan gum; hydrogels; immobilization; ionic interactions; coordination interactions; bioactive compounds;
innovative materials.

IMMOBUIIBAIIA BIOAKTUBHUX CIIOJIYK Y TTIPOTEJIAX HA OCHOBI KCAHTAHY:
MEXAHI3MHM, MPAKTUYHI IIJIXO/IX TA KOHUENLII PO3POBJIEHHA IHHOBALIIMHUX
MATEPIAJIIB

Cepri#i I. OkoBuTuit, Hatanisa B. KongpaTiok, Erop A. [loauBanoB, Ipuna O. BopuceHnko
/JlHinposcobkuli HayioHaabHUll yHieepcumem imeHi Onecsi [onuapa, np. Hayku, 72, m. [lninpo, 49000, Ykpaina

AHoTalnis

Y craTTi y3arajibHeHO iHpoOpMalLil0 OO0 CTBOPEHHS Cy4YaCHUX KCAHTAaH-OPi€HTOBAaHMX CHUCTeM, CTBOPEHMX JJA
iMMoGistizanii 6i0aKTUBHMX PeYOBHUH i 610aKTUBHUX TOKCHKAHTIB. Ynepiie po3rJsiHyTi 0co6/IMBOCTi pOpMyBaHHSA
CUCTEM TUNY «KCaHTaH-(MoaudikaTop)-06’eKT iMMoOGiai3anii». BctaHOB/IEHO, 0 KJIKWYOBY pOJib y cTabimizanii
iMMO06i/1i30BaHUX 0G’€KTIB BiAirpalTh HeKOBaJIEeHTHI B3a€MoOJii Mik Kap60KCWJIbHUMH, NMipyBaTHUMHU IpynaMu
KCaHTaHy 3 KaTiOHaMM SIK GiOreHHHUX, TaK i TOKCUYHUX MeTaJIiB, a TAKOXK i3 NPOTOHOBAaHMMHU QYHKI[iOHAJIbLHUMHU
rpynaMu 6ioakTUBHHUX (30KpeMa JiKapcbKHX 3ac06iB) i TOKCMYHUX (30KpeMa GapBHUKIB) cnosyk. Taka cTpyKTypa
CTBOPIOE NepeAyMOBH AJIs1 KOHTPOJIbOBAHOT O BUBiJIbHEHHSA Ta TapreTHOI AOCTaBKHU 6i0JI0OriYHO aKTMBHUX Pe YOBUH
a6o A 3B’SI3yBaHHA Ta NOJAJIbIIOi Giogerpajanii TOKCMKaHTIB. Y cTaTTi HaBeAeHO Kiacudikanioo BHUAIB
iMMoG6ii3anii, ;e BpaxoBaHO MeXaHi3MH yTPUMaHHsA 06’ €KTiB. [IpoaHa1i30oBaHO iCHy104i NepCcneKTUBY 3aCTOCyBaHHA
TaKHMX CUCTeM y papMaleBTUYHHMX Ta €KOTEXHOJIOTifX. B cTaTTi 06I'pyHTOBaHO A0Li/IbHiCTh BUKOPUCTAHHA 3aC06IB
KBaHTOBO-XiMiYHOIr 0 MO/ e/II0BaHHA 30KpeMa JAJisl BU3HaYeHH cTa6iibHUX KOHpopMaiii i izeHTHdikanii akTHBHIX
LeHTPiB 3B’A3yBaHHSA. BCcTaHOBJIEHO, IO BiACYTHIiCTh KBAaHTOBO-XiMiYHMX AOCIiJKeHb 06GMEKYE MOXKJIUBOCTI iX
cucTeMaTHU3alii, 1[0 BU3HAYA€ HEOOGXiAHICTb PO3pPOGJIEHHS CTaHJAAPTHU30BAaHUX MiAXOAIB i3 BHUKOPHCTAaHHAM
COpOLEeHUX CTPYKTYpHUX ¢parmenTiB. HaBeaeHi mnpono3unii ¢opMyloTb TeOpeTHYHY OCHOBY AJs
LijlecnpsAAMOBAHOr0 NPOEKTYBaHHA iHHOBaLiHHUX QyHKIiOHA/ILHUX MaTepiaJiB.

Knawuosi caoea: kcaHTaHOBa KaMeJb; Tijiporesii; iMMo6isii3anis; ioHHI B3aeMo/il; koopaAuHalnidHi B3aeMo/il; 6i0aKTHBHI
CIIOJIyKH; IHHOBaLilHi MaTepiaju.

*Corresponding author: e-mail: tel: +380970254331; e-mail: kondratjukn3105@gmail.com
© 2025 Oles Honchar Dnipro National University; doi:



http://chemistry.dnu.dp.ua/
mailto:kondratjukn3105@gmail.com

334

Journal of Chemistry and Technologies, 2026, 34(1), 333-347

Introduction

The rapid development of industry is
accompanied by an increase in anthropogenic
pressure on the environment, manifested in the
accumulation of pollutants in soils and aquatic
ecosystems. The main sources of such conta-
mination are industrial waste and insufficiently
treated wastewater containing heavy metals and
other toxic compounds. These substances are cha-
racterized by high chemical stability, the ability to
bioaccumulate, and significant toxicity, which
leads to the formation of long-term environmental
risks and complicates their elimination from
natural environments. Even small amounts of
these substances in the human body can cause
severe dysfunctions of  the nervous,
cardiovascular, and endocrine systems, as well as
the kidneys, liver, and gastrointestinal tract [1].

In this regard, the prevention of toxicant
release into the environment and their effective
removal from natural systems is a priority, as it
represents a more rational approach compared to
the subsequent application of complex
therapeutic systems. Heavy metals pose a
particular threat due to their ability to induce a
wide range of pathological conditions, including
inflammatory  processes, tissue  damage,
impairment of mucosal functions, as well as
dysregulation of microbiota and immune
responses. At the same time, the development of
pathological conditions is not solely determined
by the presence of pollutants in soil and aquatic
environments. Chronic stress and improper
nutrition also play a significant role, contributing
to the development of a wide spectrum of chronic
diseases and metabolic disorders. This neces-
sitates the development of advanced systems for
targeted drug delivery to specific organs. In this
context, the design of effective systems with
controlled release and prolonged action,
particularly those based on immobilized bioactive
components, is of considerable relevance.

Immobilization is a targeted technological
process involving the fixation of biological or non-
biological objects (enzymes, cells, bioactive
compounds, ions, molecules) within a matrix or on
the surface of a carrier, with restriction of their
spatial mobility while preserving or controllably
modifying their functional activity. This approach
ensures enhanced stability of the immobilized
objects, protection against destabilizing
environmental factors, and the possibility of
controlling mass transfer, interactions, and
release processes [2].

Xanthan gum (XG) has been used as a
biopolymer in various industrial technologies
since the 1960s, attracting considerable attention
due to its biocompatibility, non-toxicity, and
absence of irritant effects on skin and mucous
membranes. Recent studies demonstrate that the
structural features and polyelectrolyte nature of
XG determine its ability to form stable hydrogel
systems and to participate in a wide range of
intermolecular interactions.

In our previous study, current concepts of
gelation mechanisms and modification pathways
of XG were systematized, and directions of its
industrial and pharmaceutical applications were
outlined. Further quantum chemical modeling
(QCM) made it possible to identify energetically
stable conformations of the polysaccharide and to
determine functional groups capable of
participating in noncovalent and coordination
interactions [3].

The obtained results made it possible to
explain the mechanisms, approaches, and objects
of immobilization of bioactive compounds in
xanthan gum (XG)-based hydrogels. At the same
time, it should be noted that, to date, review
materials on this topic remain insufficient, which
determines the relevance of the present study.

In this review, materials from the last decade
indexed in the ScienceDirect database have been
analyzed. A limitation of available data regarding
the types and methods of immobilization of active
substances within the xanthan structure has been
identified; the existing results are predominantly
speculative  or  presented as  practical
implementations lacking sufficient theoretical
justification. Moreover, there is a lack of
systematic analysis of the mechanisms of
immobilization of active components in xanthan-
based carriers, which could enhance the level of
research in soil and wastewater remediation, the
development of effective drug delivery systems,
and technologies for new functional materials.

This review summarizes data on
ecotechnologies in which the immobilized objects
include heavy metals, radionuclides,

agrochemicals, dyes, and biological agents.
Particular attention is paid to pharmaceutical
systems that require protection from light,
oxygen, and the acidic gastric environment, as well
as the provision of controlled release.
Approaches to the modification of xanthan gum
and the formation of composite materials based
onitare also considered. Such systems are capable
of ensuring effective immobilization, stabilization,
and transport of bioactive objects, as well as
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controlled fixation of toxicants with their
subsequent removal or neutralization.

It is emphasized that xanthan gum combines
structural and functional characteristics that
define it as a promising biopolymeric platform for
the development of materials with immobilization
(encapsulation) functionality for various objects,
thereby enabling their safe application in
detoxification technologies and targeted delivery
systems.

Theoretical Background. Xanthan gum belongs
to the class of uronate polysaccharides due to the
presence of glucuronic acid in its structure. Its
complex supramolecular organization comprises
a [-D-(1—4)-glucan backbone bearing trisac-
charide side chains, which include glucuronic acid
and mannose residues located on both sides of the
acidic moiety. The structural specificity is
determined by the presence of acetyl groups
(predominantly at the 0-6 position of internal
mannose residues) and pyruvate substituents on
terminal mannose units, which confer a
polyanionic character to the macromolecule.

The functional groups of XG (carboxyl, acetyl,
and pyruvate) determine its participation in ionic
and coordination interactions, including binding
with cations and the formation of hydrogen bonds
with macromolecules of various origins. This
enables the formation of three-dimensional
polymer matrices with varying consistency and
degrees of macromolecular association, governed
by the formation of double-helical conformations
stabilized by intermolecular hydrogen bonding. It
has been established that the aggregation state of
the resulting structures is influenced by the ionic
strength of the medium and the nature of the
interacting components.

In particular, an increase in the concentration
of di- and trivalent cations promotes the
densification of the gel network due to ionic
binding, accompanied by a decrease in porosity
and an increase in the elastic properties of the
system. At the same time, hydrogen bonding and
interchain interactions ensure the stabilization of
double-helical conformations and the formation of
stable hydrogels.

Xanthan gum readily forms hydrogels in both
cold and hot water, exhibits pseudoplastic
behavior, and maintains stability over a wide pH
range (2-12), which allows it to form stable
hydrogel matrices suitable for the immobilization
(encapsulation) of bioactive compounds [3]. In
particular, the spatially organized gel structure
enables the retention of molecules or particles of
different nature, while the presence of functional

groups and the variability of supramolecular
organization facilitate the implementation of
various interaction mechanisms, including
physical entrapment, hydrogen bonding, ionic
interactions, etc. This substantiates the potential
of XG as a base material for the development of
innovative immobilization systems, which aligns
with the objective of this study.

Analytical Review

Xanthan is a natural polymer synthesized from
renewable resources; therefore, its distinctive
characteristics-such as biocompatibility,
biodegradability, bioadhesiveness, and non-
toxicity-combined with wide availability and low
cost, explain its increasing application in the
development of products not only for food,
biomedical, and cosmetic uses, but also for soil
remediation  from  heavy metals and
agrochemicals, as well as for wastewater
treatment from toxic contaminants.

Xanthan  hydrogels represent  three-
dimensional networks with gel-like properties
formed due to the establishment of an ordered and
rigid double-helical structure at low temperatures
or high ionic strength of the medium. The
biopolymer chains are interconnected by weak
intermolecular interactions, which do not ensure
the formation of sufficiently rigid gels. Therefore,
to improve structural characteristics and enhance
the efficiency of immobilization processes, XG-
based systems require the incorporation of
additional components, the analysis of which and
their influence on the structure of immobilization
matrices will be discussed further [4].

1. Immobilization of substances in the presence
of metals: mechanisms of formation and functional
properties of matrices. One of the promising
approaches to modifying xanthan-based carriers
for the immobilization of bioactive compounds is
the use of divalent ions, particularly Ca?*, which
are capable of significantly altering the structural
and rheological characteristics of the polymer
matrix. In study [5], the effectiveness of XG as a
bioadhesive base for the development of buccal
delivery systems of buspirone hydrochloride with
controlled release was demonstrated.

It was shown that immobilization of the active
compound enhances its bioavailability by avoiding
the first-pass metabolism in the liver, which is a
typical limitation for oral administration of this
substance. The introduction of calcium sulfate as a
source of Ca®' ions plays a crucial role in
regulating the system properties. Calcium ions
interact with the carboxyl groups of glucuronic
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acid residues, leading to conformational changes
in the polymer chains. Contrary to classical
concepts of ion-induced crosslinking as a factor
that slows down release, this system exhibited a
decrease in viscosity, degree of hydration, and
swelling of the polymer, which, in turn,
contributed to accelerated release of the drug
substance.

The obtained results indicate the complex
nature of interactions between XG and Me?* ions,
which is not limited to the formation of rigid
crosslinked structures but also involves
restructuring of the hydration shell and spatial
organization of the polymer network. This opens
new possibilities for regulating the release
kinetics of bioactive compounds through targeted
ionic modification [5].

The authors of [6] also described a xanthan-
based matrix crosslinked with calcium ions;
however, in that case, it was used for the
immobilization of other objects-living cells, which
will be discussed further.

An interesting study investigated the effect of
the solubility of metal salts, particularly calcium
salts, on the rheological and adsorption properties
of xanthan hydrogels, especially in the context of
changes in the conformational state of polymer
chains and their interactions with solid surfaces. It
was shown that, regardless of the type of salt,
polymer  solutions remain pseudoplastic;
however, the nature of the ions significantly
affects flow parameters [7]. The authors note that
soluble calcium salts (CaCl,, Ca(NOs),) at low and
medium concentrations reduce system
structuring, i.e, they increase disorder by
promoting macromolecular expansion, whereas at
higher concentrations, partial reverse effects are
observed. In contrast, insoluble salts (CaSO,,
CaCO0s;, Caz(P0,),) increase the effective viscosity
of the system due to the formation of additional
structural elements (insoluble particles) in the
dispersed medium.

The interaction mechanisms between the
medium (xanthan hydrogel) and the modifying
objects (metal ions and their salt molecules)
involve several monomeric units of XG, leading to
intra- or interchain ionic crosslinking and
determining the degree of polymer folding and
rigidity. Adsorption studies on Si/SiO, surfaces
revealed the formation of a bilayer structure: a
dense, acid-resistant sublayer composed of highly
entangled chains and a looser g layer whose
morphology depends on the type of calcium salt.
Thus, calcium ions act as regulators of both
rheological behavior and surface organization of

XG, modulating its conformation, degree of
association, and adsorption capacity without the
formation of covalent bonds.

In study [8], XG was used as a functional
biopolymer additive for the immobilization of
heavy metal ions (Cd**, Cu®*, Pb?*, Zn**) directly
in soil. The biopolymer retains a negative charge
over a wide pH range, which facilitates effective
binding of metal cations through mechanisms of
electrostatic adsorption, ion exchange, and
complexation in soils. The efficiency of heavy
metal binding increases with XG concentration. At
the same time, such approaches require further
investigation of binding stability under variable
environmental conditions, particularly
fluctuations in pH and soil biological activity,
which determine their prospects for practical
application in remediation technologies.

In addition, it was shown that polymer
modification, particularly via graft
copolymerization, crosslinking (e.g, using
trimethylolpropane triglycidyl ether), and the
introduction of crosslinking agents (acrylic acid,
acrylamide, nitrogen-containing vinyl
monomers), significantly enhances adsorption
capacity and selectivity toward Zn(II), Pb(II),
Cu(1I), Ni(II), Co(1I), Mn(1I), Cr(II), and Hg(II). The
authors of [8] demonstrated that immobilization
efficiency is determined by the presence of
carboxyl and hydroxyl groups, as well as by the
structural characteristics of the hydrogel network,
including the degree of swelling and porosity.

The prospects for the use of XG in hydrogels,
nanocomposites, and magnetic biosorbents for
heavy metal immobilization via sorption, ion
exchange, and complexation have also been
described. In particular, it has been shown that the
incorporation of inorganic fillers or magnetic
nanoparticles enhances the removal efficiency of
Pb(Il), Cu(ll), and Ni(ll), while enabling
convenient separation of the sorbent after
treatment [9]. Moreover, the authors highlight the
potential of XG as a matrix for the immobilization
of microorganisms in bioremediation systems,
thereby expanding its applicability in integrated
environmental purification technologies.

In study [10], a novel bionanocomposite based
on XG, N-acetylcysteine, and modified mica was
developed for the removal of toxic Pb(II), Cu(II),
and Ni(II) ions from aqueous environments. In the
synthesized material, mica serves as a mineral
nanofiller, enhancing mechanical and thermal
stability and providing a large number of binding
sites. N-acetylcysteine acts as an active ligand,
creating additional coordination-active centers. In
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addition to the functional groups of xanthan
involved in binding, the thiol groups of N-acetyl-
cysteine can also participate in complexation and
chelation of heavy metal cations [10].

The xanthan-chitosan (XG/CS) hydrogel
described in [11] is a promising biopolymeric

adsorbent in which the combination of
polyanionic  (xanthan gum, -COO~) and
polycationic  (chitosan, -NH3;*) components
ensures the formation of a dense three-

dimensional network with a high concentration of
active sites. The study experimentally confirmed
effective binding of heavy metal ions Cd**, Ni**,
and Cu®* in the presence of water-soluble salts
Cd(NOs3),, Ni(NO3),, and CuSO,. The binding
mechanism is realized through a combination of
electrostatic interactions between polymer
functional groups and hydrated metal cations,
chelation involving carboxyl, amino, and hydroxyl
groups, as well as ion exchange, resulting in the
formation of stable coordination complexes
within the hydrogel structure.

This system demonstrates significant potential
for application in industrial wastewater treatment
technologies, particularly in the metallurgical,
electroplating, and mining industries [11].

Trivalent metals have also attracted
considerable research attention: a substantial
portion of recent studies on immobilization
processes in XG-based systems is devoted to the
immobilization of Fe3* jons and Fe;0, particles
within xanthan hydrogel matrices. A number of
studies have shown that immobilization proceeds
via an ion-exchange mechanism, similar to that
observed for Me?** cations, involving carboxyl
groups and pyruvate moieties of XG.

The introduction of Fe(IlI) cations into the
hydrogel matrix leads to structural reinforcement,
the formation of a relatively homogeneous layered
morphology, and an increased swelling capacity
[4]. At the same time, the xanthan matrix stabilizes
biogenic FeS nanoparticles, maintaining their
dispersed state and preventing aggregation [12],
and also serves as a basis for the formation of
nanofibers derived from xanthan modified with
thiosemicarbazide [13]. In the former cases, the
developed systems demonstrate effectiveness in
wastewater treatment processes for Pb(II) and
U(VI), respectively, while the latter composition
shows promise for applications in biomedical
materials and sensor systems.

Systems incorporating immobilized magnetic
iron oxide nanoparticles (Fe;0,) have proven
particularly promising. These nanoparticles act as
an active nanophase capable of electrostatic

interaction with carboxyl groups of XG, as well as
hydrogen bonding with hydrophilic drug
molecules [14]. In such systems, the incorporation
of magnetic nanoparticles imparts magneto-
responsive properties to the hydrogel, enabling
stimulus-controlled drug release. Under an
alternating magnetic field, the nanoparticles
generate localized heat (magnetic hyperthermia
effect), leading to partial disruption of the polymer
network, a decrease in viscosity, and enhanced
diffusion of the encapsulated substance. As a
result, the drug release rate can significantly
increase compared to passive conditions.

Thus, systems of the “XG-Fe3;04-bioactive
compound” type represent integrated functional
platforms combining immobilization mechanisms
(electrostatic interactions, hydrogen bonding,
physical entrapment) with externally induced
controlled release. In these systems, ion-exchange
immobilization and physical retention
(entrapment) are realized. It should be
emphasized that such approaches enable the
transition from conventional hydrogel carriers to
advanced “smart” materials with tunable
properties, opening broad prospects for their
application in targeted therapy, wound healing,
and regenerative medicine [14].

In study [15], amoxicillin molecules were used
as the immobilized object. The xanthan hydrogel
matrix provides conditions for controlled
diffusion-based drug release. The incorporation of
Fe;0, nanoparticles, which function both as a
physical crosslinking agent and a magneto-
responsive filler, enables controlled modulation of
mass transfer kinetics of the bioactive substance
under the influence of an external magnetic field.

In study [16], an Fe;0,-XG nanocomposite was
used as a functional additive for the modification
of polyvinylidene fluoride (PVDF) membranes via
the phase inversion method. It was demonstrated
that the incorporation of XG enhances membrane
hydrophilicity, permeability, antifouling, and
antibacterial properties, as well as improves the
efficiency of dye and protein separation.

In another study, a magnetic hybrid composite
Fe;0,@Si0,-XG was developed for the selective
adsorption and subsequent recovery of Pb?* from
aqueous solutions and industrial lead-containing
wastewater. The composite was synthesized via a
sol-gel process using tetraethyl orthosilicate
(TEOS): during synthesis, a silica network was
formed on the surface of Fe;0,4 particles, while XG
molecules were simultaneously immobilized on
the silica surface under acidic conditions [17].
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A number of studies report the immobilization
of other metals, including gold nanoparticles [18]
incorporated into an XG/CS system modified with
glutaraldehyde, aimed at forming a long-acting
catalyst for nitroarene reduction reactions in
aqueous media (for the treatment of wastewater
from chemical and pharmaceutical industries), as
well as titanium dioxide (TiO;) [19] for the
development of an efficient and technologically
convenient photocatalyst for the removal of the
toxic dye methyl orange from water.

In study [20], the use of Zn(II) cations within a
guar-xanthan matrix is described for the
fabrication of a robust 3D-printed scaffold for
localized delivery of thymol in complexes with
hydroxypropyl--cyclodextrin to wound sites.

As follows from the presented results, metal
ions contribute to the formation of a three-
dimensional network that exhibits retention
capacity for immobilized objects and enhances the
structural integrity of hydrogels. The following
sections present practical results and describe the
mechanisms of other types of immobilization
processes involving XG.

2. Immobilization of drugs: targeted delivery
and controlled release. In modern studies on the
immobilization of pharmaceutical compounds
aimed at prolonging release, enhancing
gastroretention, enabling colon-targeted delivery,
and protecting sensitive molecules from
premature degradation in the gastrointestinal
tract, XG is considered a universal polymer matrix
for the formation of various types of carriers,

including  matrix  tablets,  polyelectrolyte
complexes, microspheres, nanoparticles, and
hydrogels.

In study [21], the mechanisms of formation of
XG-based carriers reinforced with AI** for the
delivery of metformin hydrochloride are
described. Notably, an increase in XG
concentration leads to the formation of a denser
and more stable hydrogel matrix, resulting in
higher encapsulation efficiency (up to 93.11%),
reduced premature release of the active
substance, and the formation of a prolonged
release profile, particularly at pH 6.8, whereas
limited release is observed under acidic
conditions (pH 1.2). It was established that the
retention mechanism of metformin s
predominantly governed by physical entrapment
within the polymer matrix without the formation
of covalent bonds, as confirmed by FTIR analysis.

A number of other studies report the
immobilization of pharmaceutical compounds
belonging to different classes of organic

substances, i.e., possessing diverse structures and,
most importantly, different functional groups
involved in binding within matrix XG-based
hydrogels. Thus, the study [22] resulted in the
development of an effective buccal delivery
system for tannic acid based on XG for the
treatment of sialorrhea. This approach modifies
conventional administration strategies
(particularly oral delivery), minimizing the first-
pass effect and enzymatic degradation of the
active substance. XG was modified via covalent
attachment of the amino acid L-cysteine to the
carboxyl groups of the polysaccharide, forming
amide bonds in the presence of a carbodiimide
activator (EDAC) and a stabilizer (NHS).

In another study, a hydrophilic XG polymer
matrix was used for the incorporation of
pentoxifylline [23]. The properties of a magnetic
nanocomposite based on nickel nanowires
immobilized within an XG/CS matrix were
described in [24]. The resulting biocompatible
material demonstrates potential for controlled
drug delivery systems. Particular attention should
be paid to the synthesis features of such
composites, which involve mixing aqueous
solutions of XG and CS followed by pH adjustment,
leading to the formation of a polyelectrolyte
complex. In this system, XG performs both
structural and coordination-sorption functions
due to ion-exchange processes, while chitosan
enhances mechanical strength and matrix stability
and  participates in  the ion-exchange
immobilization of nickel nanowires.

Improved immobilization of the toxic
carcinogenic dye crystal violet in an XG-based
system has also been reported, where the
biopolymer was preliminary modified with
synthetic compounds such as acrylamide and
triglycidyl ether [25].

In study [26], the effectiveness of ion-sensitive
xanthan hydrogels modified with succinic
anhydride for the immobilization of the
antibacterial agent gentamicin was demonstrated.
In such systems, gentamicin is released in a
prolonged manner while retaining its biological
activity. Immobilization of gentamicin occurs
without covalent bond formation and is
conditioned by its retention within the three-
dimensional polymer network. The fixation of the
antibiotic is achieved through spatial confinement
within the hydrogel pores and a combination of
noncovalent interactions, primarily electrostatic
interactions between the carboxyl groups of the
polymer and the amino groups of gentamicin, as
well as hydrogen bonding. This mechanism
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ensures stable retention of the bioactive
compound with the possibility of controlled
release under the influence of ionic strength.

A similar mechanism is observed in xanthan-
based hydrogels modified with acrylic acid, where
ciprofloxacin acts as the immobilized object [27].
In such systems, immobilization is governed by
noncovalent interactions—primarily electrostatic
interactions and  hydrogen  bonding—in
combination with the physical entrapment of
molecules within the porous hydrogel structure,
resulting in a comparable profile of prolonged and
controlled release.

A similar principle of matrix formation is
observed in systems with polyacrylamide;
however, in the case of sodium diclofenac
immobilization, ion-exchange interactions are
additionally involved. The combination of xanthan
with konjac glucomannan enables the formation

of systems with pronounced intermolecular
hydrogen bonding, which suppresses drug
diffusion  while  simultaneously  allowing

controlled prolonged release of theophylline. In
the case of composite xanthan hydrogels with
hydroxypropyl methylcellulose, systems with
controlled release of metoprolol succinate are
obtained.

Numerous developments also involve chitosan,
where negatively charged carboxyl groups of
xanthan interact with positively charged amino
groups of chitosan, ensuring controlled diffusion
of drugs (e.g, neomycin) and antioxidant
compounds (e.g., curcumin) with the possibility of
their targeted delivery. A model of gastroretentive
floating tablets based on xanthan with various
modifiers has been developed to enhance oral
bioavailability [28].

For compression-coated systems intended for
colon-targeted delivery, xanthan was used for the
immobilization of 5-fluorouracil in combination
with Boswellia gum, where the release of the
active substance is triggered by the microbiota of
the large intestine, confirming the
biodegradability of xanthan. In nanoscale systems,
particularly in pH-sensitive nanoparticles based
on modified xanthan (PAAm-g-XG), curcumin was
immobilized, with release control governed by
ionization of carboxyl groups and pore formation
within the particle structure under pH variation.
For mesalamine, microspheres based on xanthan-
guar mixtures combined with probiotics were
proposed, where the xanthan-based carrier
simultaneously functions as a prebiotic medium.
Similar approaches have also been applied for the
delivery of indomethacin [28].

A separate research direction involves the
immobilization of proteins and peptides, including
BSA, selenium-containing peptides, vancomycin,
and daptomycin, where xanthan-based hydrogels,
microparticles, and nanoparticles serve not only
as carriers but also contribute to the preservation
of structural integrity and enhanced stability of
biomolecules. The cited studies describe
mechanisms of physical entrapment, ionic
binding, hydrogen association, pH-responsive
release, and carrier biodegradation under the
action of microbiota, which positions xanthan-
based systems as a promising platform for the
development of innovative materials for
controlled and targeted delivery [28].

Thus, the described systems are characterized
by regulated mass transfer kinetics. Similar
interaction principles are also realized in the
immobilization of biomacromolecules,
particularly enzymes; however, in this case,
special importance is attributed to maintaining

their conformational stability and catalytic
activity.
3. Immobilization of enzymes: structural

organization and functional properties. A number
of studies have established that enzyme
immobilization on solid carriers is achieved
through physical (adsorption, affinity and ionic
binding, entrapment, encapsulation) and chemical
(covalent binding, crosslinking) approaches, with
the choice of mechanism determined by the nature
of the matrix and the required stability of the
system [29; 30]. Chemical methods, particularly
covalent binding, provide higher enzyme stability
due to the formation of strong bonds, although
they may affect the conformation of the active site.
In contrast, physical interactions (van der Waals
forces, hydrogen  bonding, electrostatic
interactions) are more mild but less stable.

The efficiency of immobilized systems is
determined by achieving functional compatibility
between the enzyme and the matrix, which
includes preservation of native conformation,
accessibility of active sites, and optimal mass
transfer  conditions.  Disruption of this
compatibility may result from matrix rigidity,
diffusion limitations, exposure to organic solvents,
enzyme desorption, or mismatch of functional
groups of the carrier. To enhance stability,
modifying agents are employed (see below),
which provide additional crosslinking and
structural stabilization of the polymer matrix [29].

Polysaccharide matrices based on XG are of
particular interest, as they combine a polyanionic
nature, hydrophilicity, and the ability to form
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structured hydrogels. The presence of carboxyl
and pyruvate groups enables ionic, hydrogen, and
coordination interactions with protein molecules,
as well as structural modification through the
introduction of cations or crosslinking agents. Asa
result, stable and permeable matrices with
controlled rheological properties are formed,
promoting the preservation of enzyme activity
and the development of functionally tunable
biocatalytic systems [30].

A universal and highly efficient method for the
immobilization of biochemically active substances
(enzymes, microorganisms, and cells) using
xanthan gum (XG) as a safe natural carrier was
proposed in patent [31]. The method is based on
ion-exchange processes involving metal ions
(primarily AI** and Fe®"), which ensure rapid
formation of a porous gel followed by the
“entrapment” and retention of the bio-object
within its structure. This approach enables the
formation of immobilized systems with different
morphologies (beads, fibers, particles) depending
on the method of solution introduction, as well as
the regulation of matrix density and mechanical
properties. The main objective of this
development is to overcome the limitations of
traditional immobilization methods (toxicity of
monomers, low stability, and loss of activity),
which is achieved due to the biocompatibility and
thermo- and pH-stability of XG. The proposed
system ensures the preservation of functional
activity of the immobilized objects and allows for
their repeated use.

The objects of immobilization included
enzymes (invertase, protease, lipase),
microorganisms (Xanthomonas  campestris,

Saccharomyces cerevisiae, Rhizopus), and cellular
systems. A key feature is the selected
immobilization method—mixing the bio-object
with a solution of XG or its derivatives followed by
gel formation in the presence of metal ions. For
microorganisms, the possibility of prolonged
cultivation without loss of productivity was
demonstrated, which simplifies technological
processes and eliminates the need for repeated
inoculation.

It was experimentally confirmed that hybrid
CaCO3/XG microspheres can be obtained via
biomimetic mineralization  through the
precipitation of calcium carbonate from CaCl, and
Na,CO; solutions within a xanthan-containing
hydrogel. Although XG does not directly
participate in the precipitation reaction, it
significantly influences the crystallization process,
particularly the size, morphology, and spatial

organization of CaCO; particles. The obtained
microspheres were used as carriers for lysozyme
immobilization via electrostatic interactions
between charged groups of the protein and the
matrix surface. It was shown that the adsorption
efficiency depends on the pH of the medium and
increases under alkaline conditions [32].

In study [33], the ability of a chitosan/xanthan
(CS/XG)-based system to form  bilayer
nanocapsules for stepwise immobilization of
lipase was demonstrated. At the first stage, the
carboxyl groups of lipase interact with protonated
amino groups of chitosan. At the second stage, XG
forms an outer layer through interactions of its
carboxyl groups with cationic centers of chitosan,
resulting in the formation of a polyelectrolyte
complex.

In other studies, using the same principle and
carrier, trypsin [34] and endo-1,4-3-xylanase [35]
were immobilized. The authors also reported
increased enzyme activity, improved thermal
protection, and enhanced performance in organic
media [32]. Morphological analysis of the carrier
revealed that the hydrogel matrix exhibits a
fibrillar structure with spatial variability, within
which localized compact quasi-spherical domains
are formed. These domains function as microtraps
where spatial retention of the enzyme (physical
immobilization) occurs: they limit diffusion,
prevent leaching, and create a stabilizing
microenvironment that affects the kinetic
parameters of the system [35].

In study [36], the formation of a hybrid
nanobiocatalyst was demonstrated for the first
time via the growth of [-galactosidase-
manganese  nanoflowers on  electrospun
polycaprolactone (PCL)/XG nanofibers, aimed at
enhancing lactose hydrolysis efficiency and
overcoming typical limitations of soluble
enzymes, such as low stability, difficulty in
separation, and lack of reusability.

The discussed approaches are also relevant for
the immobilization of microorganisms. However,
in this case, the system becomes more complex
due to the need to ensure not only structural
stability but also the viability and metabolic
activity of the cells.

4. Immobilization of living microorganisms:
factors of viability preservation and transport. The
materials of study [6] emphasize the use of
biocompatible  crosslinking  methods  (in
particular, using Ca®' ions) and consider the
immobilization of living cells for wastewater
treatment. Xanthan enhances microbial survival,
reduces cell leakage, and improves matrix stability
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under harsh conditions,
wastewater environments.
These agents are relatively biocompatible,
allowing the preservation of the viability of
immobilized cells, whereas the use of more
aggressive chemical crosslinkers, in our view, is
limited due to their toxicity. As noted in the study,
the combination of citric acid and glycerol within
the XG hydrogel exhibits an inert effect on living
microorganisms. The role of citric acid consists in
covalent crosslinking via esterification of hydroxyl
groups, which enhances the chemical stability of
the material, while glycerol provides “soft”
crosslinking/plasticization through interactions
with carboxyl groups and promotes structural
densification [6]. This determines the prospects of
xanthan-based gels not only for bioremediation
applications but also for probiotic systems, where
the matrix functions as a carrier for active

particularly in

microorganisms.
Another example demonstrates that XG, in
combination with polydimethylsiloxane,

promotes the formation of a thicker biofilm of
Acidithiobacillus ferrooxidans; with zeolite, it
supports the survival of Pseudomonas cells during
storage and soil application; in k-carrageenan/Ca-
alginate granules, it enhances stability in
wastewater; in PVA/XG systems, it reduces cell
leakage and accelerates denitrification or phenol
degradation, as well as promotes the
biodegradation of naproxen.

Study [37] also summarizes approaches to the
encapsulation of plant probiotic bacteria (PGPB)-
Bacillus, Pseudomonas, Azospirillum, Rhizobium,
Enterobacter-using XG as a matrix polymer.
Microcapsule formation is carried out by ionic
gelation, emulsion-droplet technology, and
polyelectrolyte complexation. Xanthan is used
either as an independent matrix or in combination
with alginate, chitosan, pectin, starch, and
cellulose derivatives; crosslinking occurs via Ca®*,
Mg?* ions or electrostatic interactions in systems
such as “XG-CS,” resulting in the formation of a
stable hydrogel network [37].

Moreover, within the concept of natural
superabsorbent polymers in agriculture, XG is
considered a multifunctional biopolymer capable
of forming hydrophilic three-dimensional
networks with high water retention capacity. It
has been shown that XG is effectively applied for
soil stabilization, regulation of porous structure,
and enhancement of moisture retention, which
directly affects plant growth and survival. In
addition, XG is used as an encapsulating agent in
seed coatings and biocontrol delivery systems,

ensuring the preservation of microbial viability
and prolonged interaction with the plant
environment. The ability of XG to immobilize
heavy metal ions in soils through sorption
mechanisms has also been established [38].

In study [39], the immobilization of
Lactobacillus harbinensis cells was described with
the aim of enhancing the efficiency of antifungal
metabolite production. Gellan was used as a
modifying agent, which reduced cell leaching and
contributed to the accumulation of metabolites
within the local gel volume, thereby increasing the
overall antimycotic efficiency of the system. It was
shown that cells immobilized in an XG-based
carrier produce a complex of organic acids (in
particular lactic, acetic, and hexanoic acids), which
act synergistically to inhibit fungal growth.

In study [40], the immobilization of
Bifidobacterium animalis subsp. lactis Bb12 in a
gellan-xanthan matrix was investigated. An
important observation is that probiotic cultures
remain metabolically active and produce organic
acids, particularly acetic acid, which, upon
accumulation to critical levels, inhibits the growth
of acid-sensitive bacteria. However, the
polysaccharide carrier is unable to inhibit the
action of these organic acids.

Another system, based on XG-CS with
immobilized Bifidobacterium bifidum BBO1, is
described in [41]. The authors highlight the
formation of single-layer (XG-CS) and double-
layer (XG-CS-XG) microcapsules. The formation
of a double layer (XG-CS-XG) provides an
additional diffusion barrier, where the outer XG
layer stabilizes the structure and regulates mass
transfer. The protective mechanism of such
capsules against the aggressive gastric
environment is realized through restriction of
proton and bile salt diffusion into the inner
volume of the capsule, as well as through the pH-
responsive behavior of the polymer network: in
acidic conditions, structural densification occurs,
whereas at pH>8 (simulating intestinal
conditions), swelling followed by controlled cell
release (targeted delivery) takes place. It should
be noted that single-layer systems (XG-CS) shell.

In study [42], bifidobacterial cells were
immobilized in gellan-xanthan hydrogel beads to
enhance their acid resistance and ensure effective
delivery within the gastrointestinal tract,
particularly in yogurt formulations. It was
established that the incorporation of XG improves
the morphology and mechanical stability of the
particles and provides significantly higher cell
survival even at pH 1.5.
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The authors of [43] also investigated xanthan-
based hydrogel matrices modified with alginate
and inulin, which increase system viscosity, limit
oxygen penetration, buffer acid stress, and
improve  the mechanical stability  of
microcapsules. This ensures the preservation of
probiotic viability during processing, storage in
beverages, and gastrointestinal transit, as well as
their controlled release.

The results obtained in [44] on the
development of a matrix with immobilized
multistrain probiotics (Bacillus coagulans and
Lactobacillus reuteri) demonstrate that resistant
dextrin and XG form a composite RD/XG gel,
yielding an MRX system for oral administration.
The synergy of the components ensures the
formation of a dense gel network, which enhances
acid resistance, bioadhesion, and prolonged
retention of probiotics in the colon. As a result,
intestinal colonization is enhanced, the
production of short-chain fatty acids and mucin is
stimulated, contributing to the restoration of
barrier function and reduction of radiation-
induced damage.

In study [45], the immobilization of
Pseudomonas sp. ADP cells was investigated by
their deposition onto natural zeolite with the
addition of XG as an auxiliary polymer component
of the matrix. It was established that such a
composition provides enhanced stability and
survival of microorganisms during storage at
25 °C (up to 10 weeks), as well as the preservation
of functional activity in atrazine degradation,
indicating the role of XG in stabilizing cells within
the heterogeneous “zeolite-biopolymer” system.

From the above, it can be concluded that the
encapsulation of microorganisms in XG-based
carriers occurs with preservation of their
metabolic activity, increased survival under
abiotic stress factors, and provision of controlled
cell release.

5. Immobilization of  other  objects:
implemented cases and prospects.Along with the
considered systems for immobilization of
pharmaceuticals, enzymes, and microorganisms, it
is appropriate to analyze other types of systems in
which the “polymer matrix - (modifier) -
immobilized object” framework is realized. In
such systems, XG performs the function of a
polyanionic matrix whose structural and
rheological characteristics are regulated through
the introduction of modifying agents, including
metal ions, low-molecular-weight compounds, or
complementary polymers, thereby enabling

control over binding mechanisms and mass
transfer.

This category includes systems for the
immobilization of antioxidants, adsorption of soil
and wastewater pollutants, as well as the
formation of rheologically controlled
compositions for additive  manufacturing
technologies. The distinguishing feature of such
systems lies in the variation of the nature of the
immobilized object and the dominant types of
interactions (ionic, coordination, sorption), which
justifies their classification as a separate direction
within this study. Their investigation enables a
systematic description of the interrelation within
the aforementioned system and expands the
understanding of XG as a universal polymer
platform.

Gallic acid in meat systems functions as an
antioxidant. However, at high concentrations, it
interacts with myofibrillar proteins through
hydrogen bonding and hydrophobic associations,
leading to protein aggregation and deterioration
of functional properties. In this regard, the use of
hydrocolloid matrices is appropriate for
regulating protein-polyphenol interactions. Study
[46] demonstrated that the incorporation of XG
into the “myofibrillar proteins/gallic acid”
(MP/GA) system reduces the degree of protein
aggregation due to competitive interactions and
spatial separation of components. This is
accompanied by a decrease in aggregate size and
surface hydrophobicity, while promoting the
formation of a more ordered gel structure. As a
result, the gel-forming and emulsifying properties
of the system are improved, water-holding
capacity and emulsion stability are enhanced,
which is conditioned the hydrophilicity, charge,
and ability of XG to modify the rheological
properties of the medium.

In study [47], cryogel systems based on XG
were developed as matrices for the
immobilization of anthocyanin-containing berry
extracts (from blueberry, blackcurrant, and
blackberry) aimed at creating pH-sensitive
indicators of fish freshness. Carrier formation was
performed using two approaches: physical
crosslinking through freeze-thaw cycles in the
XG/PVA/anthocyanin extract system, and dual
crosslinking, where cryogel formation was
combined with preliminary chemical crosslinking
of the XG matrix prior to extract incorporation.
The authors associate anthocyanin stabilization
within the cryogel network with noncovalent
interactions, primarily hydrogen bonding, as well
as m-m interactions and the formation of
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hydrophobic microdomains within the matrix.
Structural analysis confirmed the incorporation of
the extract into the xanthan-based cryogel, while
FTIR spectroscopy revealed the involvement of
hydrogen bonds in the retention of bioactive
compounds. The obtained cryogels exhibited pro-
longed colorimetric stability, sensitivity to volatile
amines, and pronounced color changes during
spoilage of Berlin carp, confirming the prospects
xanthan-based cryogels as functional matrices for
the immobilization of natural pH-sensitive
pigments in intelligent food packaging.

Cryogel systems were also investigated in [48],
where the authors demonstrated that porous
cryogel films based on XG modified with polyvinyl
alcohol, obtained via repeated freeze—thaw cycles,

are capable of physically immobilizing
(entrapping) red grape pomace (RGP) as a natural
source of antioxidant and antimicrobial

compounds. It was shown that system stability is
primarily determined by crystalline regions of
PVA formed during freeze-thaw cycles. The filling
of pores with RGP limited water access to the
cavities, imparting pronounced antioxidant and
antimicrobial properties to the films.

In the study [49], blueberry anthocyanins were
immobilized in microcapsules formed within a
xanthan-based carrier modified with
carboxymethyl starch (CMS). [t was shown that XG
in combination with CMS acts as a structural
component of the microcapsule shell, providing
high encapsulation efficiency, enhanced thermal
stability, and improved storage stability. FTIR and
solid-state '*C NMR analyses revealed specific
interactions between anthocyanins and the
CMS/XG polymer network, interpreted as the
formation of a crosslinked structure. In vitro
studies demonstrated that anthocyanins are
retained in the gastric environment and released
in the intestine, indicating that the carrier ensures
protection of bioactive compounds and enables
their controlled release.

Pickering emulsions stabilized by composite
particles of whey protein hydrolysate and XG
(WPH-XG) were used as carriers for the
encapsulation and stabilization of resveratrol. The
particles were formed via co-assembly of WPH
and XG at different pH values and component
ratios, after which they were applied as solid
emulsifiers for stabilizing oil-in-water systems. It
was shown that XG plays a key role in the
formation of cohesive and viscoelastic interfacial
films due to its interaction with peptides via
hydrogen bonding and electrostatic forces, which
enhances emulsion stability and prevents droplet

coalescence. Additionally, it was established that
resveratrol promotes protein adsorption at the
phase interface and contributes to strengthening
of the interfacial structure, while rheological and
NMR studies confirm the formation of a gel-like
system with enhanced water binding [50].

In the study of emulsion gels based on XG and
sodium stearoyl lactylate (SSL), it was
demonstrated that immobilization of the
hydrophobic phase is realized through physical
entrapment of oil droplets within the three-
dimensional xanthan gel network, while SSL
stabilizes them at the phase interface, preventing
coalescence. In contrast, in systems based on
complexation of XG with oppositely charged
polymer components (e.g., XG-DD), retention of
bioactive compounds occurs at the nanoscale due
to electrostatic interactions and the formation of
polyelectrolyte complexes. Thus, while emulsion
gels are dominated by the mechanism of spatial
(structural) confinement of the dispersed phase,
nanoparticle systems exhibit molecularly driven
immobilization, which determines differences in
the scale of organization, stability, and functional
properties of the systems [51].

In the study [52], it was shown that the
efficiency of [-carotene encapsulation is
determined not only by the presence of an XG-
based matrix but also by the formation of internal
hydrophobic domains associated with ethyl
groups of diethylaminoethyl dextran, which act as
“micro-reservoirs” for hydrophobic molecules. An
important distinction is also the detailed
elucidation of mucoadhesion mechanisms: in
addition to electrostatic attraction between
positively charged nanoparticles and mucin, the
contribution of nonelectrostatic interactions
(hydrogen bonding, physical entrapment),
characteristic of XG, was established, explaining
the preservation of adhesion even in negatively
charged systems.

The authors of [53] presented approaches to
the application of XG in various fields related to
human life and health. This review attempts to
explore the potential of XG in 3D printing for
pharmaceutical and biomedical applications.
Alongside the analysis of different 3D printing
methods in tissue engineering and drug delivery,
particular attention is paid to physicochemical
and rheological properties, as well as to how XG
can be incorporated into various formulations,
such as tablets, capsules, and hydrogels, to
modulate drug release and mucoadhesion. In
addition to its limitations, challenges, and
prospects, the review also emphasizes the use of
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scaffolds, bioinks, and hybrid polymers in 3D prin-
ting formulations for regenerative medicine [53].

The following section presents research results
related to wastewater treatment techniques for
dye removal using immobilization principles in
xanthan-based carriers. Thus, in study [54], a
crosslinked hydrogel nanocomposite based on XG,
poly(AA-co-AMPSA), and functionalized graphene
oxide was developed and applied for the removal
of the cationic dye crystal violet from aqueous
solutions. It was shown that electrostatic
interactions occur between the (-COO~, -OH)
groups of the carrier and the dye. In study [55], the
development of a novel antibacterial
nanoadsorbent based on XG and SiO,
nanoparticles is described; it was obtained via
ultrasonic treatment followed by crosslinking
with 1-vinylimidazole and applied for the removal
of the cationic dye malachite green from aqueous
solutions, while simultaneously inhibiting the
growth of E. coli and S. aureus. The XG structure
contributed to uniform dispersion of SiO,
nanoparticles through possible electrostatic
interactions and hydrogen bonding.

A composite system based on XG and konjac
glucomannan ensures effective immobilization of
mucin through the formation of a rigid three-
dimensional network that physically entraps
gastric mucosal components and limits their
mobility; at an XG content exceeding 50 %, a
transition to an entropy-driven network retention
mechanism occurs, promoting the formation of a
stable mucoadhesive layer capable of prolonged
retention of gastric contents. Such mucin
immobilization not only enhances the adhesive
strength of the system but also ensures prolonged
retention of the food substrate in the stomach,
slowing its evacuation and providing sustained
mechanical stretching of the gastric walls, which
activates satiety signals. As a result, an effect of

faster onset and prolonged maintenance of satiety
is achieved, opening prospects for the use of such
systems as functional food ingredients for appetite
control and body weight reduction [56].

Results and Discussion

As evidenced by the generalized analytical
results, the immobilization of bioactive
compounds is a key technological approach that
ensures enhanced stability, prolongation of
functional activity, and the possibility of
controlled  performance under  specified
environmental conditions.

In study [2], a classification of enzyme
immobilization methods into chemical and
physical categories is presented. At the same time,
our analysis of empirical data from the reviewed
sources allowed us to expand the scope of this
approach by extending it to other immobilization
objects, including non-biological ones.

Chemical immobilization involves the
formation of strong bonds between the object and
the matrix (covalent or ionic), which ensures high
stability of the formed system; the main
approaches include covalent bonding between
amide, imine, or disulfide groups and the
functional groups of the system, as well as the
formation of three-dimensional polymer
networks as a result of multipoint covalent
interactions (crosslinking). Physical
immobilization is realized through the formation
of weak noncovalent interactions (hydrogen
bonding, van der Waals forces, hydrophobic
interactions, dipole-dipole interactions), as well
as through mechanical entrapment of objects
within the polymer matrix. Table 1 was developed
(author’s compilation based on [2]), which
presents the characteristics of the main types of
immobilization in XG-based hydrogel matrices.

Table

Main types of immobilization in xanthan-based carrier systems and their characteristics

Type Mechanism of implementation

Types of interactions

Role of xanthan gum

Adsorptive Attachment of objects on the
surface or in the near-surface

layers of the carrier

Electrostatic, hydrogen
bonding, van der Waals

Acts as a polyanionic surface with
carboxyl and hydroxyl groups
forces

Ion-exchange Binding of cations or positively
charged functional groups ofa
modifier or object via ionic centers

of the carrier

Ionic, coordination

Carboxyl and pyruvate groups of
glucuronic acid form binding
centers for positively charged

particles

Affinity Selective binding via specific Coordination, chelation, = Modified xanthan (with thiol, amino
functional groups or ligand centers  specific ligand-metal or groups or introduced ligands, e.g,
ligand-biomolecule N-acetylcysteine) creates active
interactions binding sites
Entrapment Spatial confinement of the object Physical retention, Forms a three-dimensional

within the pores of the carrier
without chemical bonding

hydrogen bonding, weak
electrostatic interactions

hydrogel network with controlled
porosity and swelling degree
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Encapsulation  Incorporation of the object into the
volume of the carrier with
formation of micro-

/nanostructures

Combined (physical
retention, ionic and
hydrogen bonding)

Acts as a matrix polymer or
copolymer (e.g., with alginate,
chitosan, gellan, guar, etc.)

Covalent (asa
special case of
affinity)

Attachment of the object to the
carrier or modifier via covalent
bonding

Covalent bonds (amide,

Modified xanthan (thiolated,

ester, disulfide) esterified)

Thus, summarizing the data presented in Table,
it is possible to distinguish the main mechanisms
of immobilization of objects in polymer matrices
based on or involving XG, taking into account the
nature of interactions between the object and the
carrier. It has been established that physical
mechanisms are realized through noncovalent
interactions or spatial entrapment within the
structure (pores) of the hydrogel, whereas
chemical approaches are associated with the
formation of ionic or covalent bonds between the
functional groups of the carrier and the object.

The immobilization processes presented in the
table reflect various modes of fixation of objects
within the polymer network of the carrier - from
surface adsorption to incorporation into the bulk
of the polymer matrix or the formation of chem-
ically bonded systems-which directly affects the
degree of retention, diffusion capability, and the
nature of interaction with environmental
components.

Conclusions

The generalization of the results of the
presented analytical review indicates that the
development of xanthan-based immobilization
systems forms a universal platform for the
creation of functional materials, particularly for
medical and environmental applications. It has
been established that the efficiency of such
systems is conditioned by the presence of
carboxyl, acetyl, and pyruvate groups in the XG
structure, which enable ionic, coordination, and
hydrogen interactions with both abiotic and biotic
immobilized compounds. Among these, ionic
interaction (particularly between -COO™ groups of
XG and metal cations or protonated functional
groups of bioactive substances) is the key
mechanism governing the retention and
stabilization of components within the hydrogel
matrix, as it not only ensures immobilization of
positively charged objects but also contributes to
the formation of a spatially organized porous
structure capable of physically retaining other
molecules within the polymer network.

In pharmaceutical systems, this enables
prolonged release, enhanced bioavailability,
reduction of therapeutic doses, and minimization

of side effects. Of particular interest are
magnetically responsive composite materials
(notably those containing Fe;0, nanoparticles),
which combine the properties of an XG-based
matrix with the capability for controlled transport
and localized delivery of active substances under
the influence of an external magnetic field.

It is also necessary to emphasize the
mechanisms of ionic binding, which determine the
high efficiency of XG-based systems in
environmental remediation technologies,
particularly in the removal of heavy metal ions
(Pb?*, Cd**, Cu?*, Cr®") from wastewater and
contaminated soils. In such systems, XG acts as a
polyanionic sorbent or as a component of
polyelectrolyte complexes, enabling sorption
through electrostatic interactions, ion exchange,
and chelation. The combination of XG with other
polymeric or inorganic components (metal
cations) allows the formation of hybrid adsorption
materials with enhanced capacity, selectivity, and
regenerable sorption activity.

At the same time, the practical implementation
of such systems is complicated by the need for
extensive and resource-intensive experimental
studies for each new composition. In this context,
quantum-chemical modeling is considered an
effective tool for preliminary prediction of the
structural and energetic characteristics of “xan-
than-(modifier)-immobilized object” systems,
particularly for determining stable conformations,
the nature of intermolecular interactions, and the
localization of active binding sites. However, the
absence of a unified protocol for conducting such
studies limits the possibilities for systematization
and scaling of the obtained results.

In this regard, a promising direction is the
application of quantum-chemical calculations to
simplified structural fragments of XG with
subsequent modeling of typical ionic and
coordination interactions and extrapolation of the
obtained data to complex hydrogel and composite
systems, including supramolecular structures
involving peptides, proteins, and enzymes. This
approach would significantly optimize the design
of innovative functional materials, both for
controlled drug delivery and for efficient
environmental remediation.
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