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Cation-Alginate Complexes and Their Hydrogels: A Powerful
Toolkit for the Development of Next-Generation Sustainable
Functional Materials

Pietro Tordi, Francesca Ridi, Paolo Samorì,* and Massimo Bonini*

The use of materials from renewable sources instead of fossil fuels is a crucial
step forward in the industrial transition toward sustainability. Among
polysaccharides, alginate stands out as a versatile and eco-friendly candidate
due to its ability to form functional complexes with cations. This review
provides an up-to-date and comprehensive description of alginate
complexation with specific cations, focusing on how interaction forces can be
harnessed to tailor the physicochemical properties of cation-alginate-based
functional materials. Methodologies and approaches for the development and
multiscale characterization of these materials are introduced and discussed.
Alginate complexes with mono-, di-, tri-, and tetravalent cations (namely Ag+,
Mg2+, Ca2+, Sr2+, Ba2+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+, UO2

2+,
Cr3+, Fe3+, Al3+, Ga3+, Y3+, La3+, Ce3+, Nd3+, Eu3+, Tb3+, Gd3+, Zr4+, Th4+)
are reviewed. Each cation is discussed individually, highlighting how it can
uniquely influence the material properties thereby unlocking new potentials
for the design of advanced functional materials. Key challenges and
opportunities in applying these complexes across diverse fields, such as
biomedicine, environmental remediation, food additives and supplements,
flame retardants, sensors, supercapacitors, catalysis, and mechanical
isolators are assessed, providing evidence of the transformative potential of
cation-alginate complexes for tackling global challenges and advancing
cutting-edge technologies.
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1. Introduction

Alginate is an anionic polysaccharide pri-
marily sourced from brown algae of the
Phaeophyceae family[1] through alkaline
extraction, which was first described by
E.C.C Stanford in 1881.[2] However, its
presence in certain bacteria has also been
documented.[3] Certified as a safe prod-
uct by the Food and Drug Administra-
tion (FDA) and classified as a food ad-
ditive, alginate finds extensive use in
medical, food, and cosmetic applications.
The polymer structure, which has been
extensively elucidated by means of 1H-
and 13C-NMR analyses,[4–7] consists of
(1,4) linked 𝛽-D-Mannuronate and 𝛼-L-
Guluronate residues. The ratio of Man-
nuronate to Guluronate (M/G)[8–10,4] and
the sequence of the residues can vary de-
pending on the extraction source, leading
to the coexistence within the same poly-
meric chain of homogeneous (GG or MM)
and heterogeneous blocks (GM or MG).[4]

Alginates are commercial products typi-
cally comprising a G-block content ranging
from 14.0% to 31.0%, while their average
molecular weight falls between 32 and 400

kDa,[11] resulting in significant differences in the viscosity of
aqueous solutions. Another crucial factor affecting the viscos-
ity is the pH level. An increase in proton concentration signif-
icantly raises the viscosity, reaching its maximum at pH values
close to 3.5. At this pH, carboxylate groups become protonated,
promoting strong interchain interactions facilitated by hydro-
gen bonds.[11] The carboxylate groups existing in the residues
can strongly interact at the supramolecular level with cationic
species, resulting in the formation of complexes with diverse
geometries (see Figure 1). This chain reassembling, known as
crosslinking, occurs with monovalent, divalent, trivalent, and
tetravalent cations, and offers a straightforward method for pro-
ducing hydrogels. The nature of the complex is heavily influ-
enced by the ion’s charge, size, as well as the sequence of the
M and G residues, thereby impacting on the properties of the re-
sulting hydrogel. Alginate’s biocompatibility and biodegradabil-
ity, combined with tunable cation interactions, offer a power-
ful approach to developing advanced materials. This can drive
sustainable technologies, improve industrial processes, and re-
duce reliance on synthetic polymers, promoting eco-friendly
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Figure 1. Cation-alginate coordination geometries: intramolecular a) and intermolecular coordination b–e) Adapted with permission.[13] Copyright 1993,
John Wiley and Sons. f) Alginate egg box coordination of Ca2+ ions, as proposed by Fu et al.,[14] based on Grant’s and Morris’ evidences.[15,16] Adapted
with permission.[17] Copyright 2019, Springer Nature. This panel highlights the role of G units in chelating the Ca2+ ions. g) Inset where the coordination
geometry is magnified. h) The egg-box binding site for Ca2+ and i) two poly-G chains aggregating in a perpendicular motif via three bridging Ca2+ ions,
as obtained from molecular dynamics simulations. Reproduced with permission.[18] Copyright 2013, Elsevier. The inset highlights the details of the egg
box component of this junction zone. Oxygen atoms that are directly interacting with a calcium ion are rendered as small red spheres. In (h) and (i)
oxygen atoms on the poly-G chains are shown as red spheres, while coordinated water molecules are shown as stick models.

alternatives for a more sustainable future. Despite extensive re-
search on alginate, to the best of our knowledge only one work
has tried to summarize properties and applications of different
cation-alginate complexes (limiting the focus to a reduced num-
ber of cations):[12] in fact, the extensive literature on alginate
poses a challenge in gaining a comprehensive knowledge, dis-
couraging the adoption of a wide perspective and hindering a
systematic research in the field.

This review fills a gap in the literature by providing a compre-
hensive overview of how combining alginate with various cations
modulates the physicochemical properties of metal-alginate com-
plexes. Recent studies often focus on individual ions, overlook-
ing broader comparisons across systems. To guide researchers,
we have organized the content into distinct sections, highlight-
ing the significant potential of cation-alginate complexes in func-
tional materials development. This structure is designed to en-
gage both novice and expert readers, offering essential knowledge
for beginners and a detailed, accessible resource for experienced
researchers seeking the latest findings.

Section 2 provides a comprehensive overview of the strategies
and characterization techniques crucial for developing cation-
alginate complexes and understanding their physical and chem-
ical properties. It covers crosslinking methods, nanocomposite
formation, advanced processing, and essential validation tech-
niques. Subsequently, Section 3 explores ion-specific interac-
tions that shape the behavior of these complexes, organized by
cation valency to highlight each cation’s unique influence on
material properties. This detailed analysis, at atomic, molecu-
lar, and supramolecular levels, is vital for understanding how
cation-alginate complexes can be optimized for designing ad-

vanced functional materials. Table 1 effectively summarizes key
aspects of ion-alginate complexation discussed in Section 3, span-
ning from the molecular level to the properties of the hydrogel
matrix.

Finally, in Section 4, the functional applications of these com-
plexes are reviewed, organized by application type to highlight
their current uses and future potential. The section emphasizes
how interaction strength impacts application suitability (e.g.,
strong cation interactions enhance toughness and resistance for
mechanically demanding uses, while weaker interactions enable
cation exchange or release in more dynamic applications). Oppor-
tunities and challenges are discussed, proposing a roadmap for
future research in this promising field. The information above is
summarized in Table 2, which highlights the sectors that could
benefit from the use of MX+-alginate complexes: the physico-
chemical properties described in Table 1 impart specific function-
alities and, as a consequence, determine the potential for appli-
cations.

2. Strategies and Characterization Techniques for
the Development of Functional Materials Based on
Cation-Alginate Complexes

Cation-alginate complexes are essential for creating functional
materials with tunable mechanical properties, biocompatibility,
and responsiveness. This section covers key strategies for devel-
oping these materials, including crosslinking, composite forma-
tion, advanced processing methods, and characterization tech-
niques. We intentionally exclude discussion of chemical modi-
fications to the alginate backbone, as these have been extensively
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Table 1. Cation-specific complexation modalities and hydrogel matrix properties. References for each specific ion are also provided.

Cation Complexation Hydrogel properties References

Ag+ - Inter/Intramolecular
- Involving carboxylate and hydroxyl groups

- Low-strength gel
- Biocompatible
- Antimicrobial

[77, 91–94]

Mg2+ - Inter/Intramolecular
- Involving carboxylate and hydroxyl groups

- Low-strength gel
- Biocompatible

[102–104]

Ca2+ - Inter/Intramolecular
- Egg box buckled chain structure involving G blocks

- Medium-strength gel
- Biocompatible

[15, 16, 24, 25, 83, 97–99, 101, 108–110, 129]

Sr2+ - Inter/Intramolecular
- Egg box buckled chain structure involving G blocks

- More interaction sites than Ca2+

- Medium/High-strength gel
- Biocompatible

- Osteogenic

[32, 97–99, 101, 132, 134–137, 141]

Ba2+ - Inter/intramolecular
- Egg box buckled chain structure involving G and M blocks

- More stable than Ca2+ and Sr2+

- High-strength gel
- Biocompatible

[34, 97–99, 101, 142, 143, 145–148]

Mn2+ - Inter/Intramolecular
- Involving carboxylate and hydroxyl groups from G and M blocks

- Low/Medium-strength gel
- MRI active

[72, 97–99, 101, 153, 156]

Co2+ - Inter/Intramolecular
- Involving carboxylate and hydroxyl groups from G and M blocks

- Stronger than Mn2+

- Medium-strength gel
- Toxic

[72, 97–99, 101, 162]

Ni2+ - Inter/Intramolecular
- Involving carboxylate and hydroxyl groups

- Medium-strength gel
- Toxic

[97–99, 101, 167, 168, 170, 171]

Cu2+ - Inter/Intramolecular
- Egg box buckled chain structure for low Cu2+ concentration

- Lower binding selectivity than Ca2+

- High-strength gel
- Biocompatible
- Antimicrobial

[15, 68, 72, 97–99, 101, 175–181]

Zn2+ - Inter/Intramolecular
- Involving carboxylate and hydroxyl groups

- Not ascribable to egg box

- Medium-strength gel
- Biocompatible

- Antifouling

[15, 74, 97–99, 101, 189, 190, 196]

Cd2+ - Inter/Intramolecular
- Involving carboxylate and hydroxyl groups

- High-strength gel
- Toxic

[97–99, 101, 197, 202]

Pb2+ - Inter/Intramolecular
- Involving carboxylate and hydroxyl groups

- High-strength gel
- Toxic

[97–99, 101, 203–205]

UO2
2+ - Inter/Intramolecular

- Involving carboxylate and hydroxyl groups
- Gel strength not documented

- Toxic
[208]

Cr3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Gel strength not documented [209, 211, 212]

Fe3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Concurrent alginate protonation

- High-strength gel
- Biocompatible

[209, 222–226]

Al3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Concurrent alginate protonation

- High-strength gel
- Biocompatibility not assessed

[209, 227, 231, 232]

Ga3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Medium-strength gel
- Biocompatible
- Antimicrobial

[35, 209, 233–236]

Y3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Gel strength not documented
- Biocompatibility not assessed

[209, 237–240]

La3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Gel strength not documented
- Biocompatibility not assessed

[209, 241, 242, 246]

Ce3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Medium/high-strength gel
- Biocompatible
- Antimicrobial

[209, 247–250]

Nd3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- High-strength gel
- Biocompatible

- Fluorescent

[75, 209, 251, 252]

Eu3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Gel strength not documented
- Fluorescent

[209, 254]

(Continued)
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Table 1. (Continued)

Cation Complexation Hydrogel properties References

Tb3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Gel strength not documented
- Fluorescent

[209, 254]

Gd3+ - Intermolecular (predominant)
- Involving carboxylate and hydroxyl groups

- Gel strength not documented
- Biocompatible

- MRI active

[209, 255]

Zr4+ - Intermolecular
- Involving carboxylate and hydroxyl groups

- Concurrent alginate protonation

- High-strength gel [13, 256–260]

Th4+ - Intermolecular
- Involving carboxylate and hydroxyl groups

- Gel strength not documented
- Toxic

[13, 261, 262]

covered in the literature. Modifications like grafting methacry-
late, cyclodextrins, amine groups, oxidation, sulfation, or hy-
drophobic alterations are well-documented for alginate and other
polysaccharides.[19–22]

Readers are encouraged to consult these sources for com-
prehensive details on such modifications. Within this con-
text, it is important to note that these chemical modifications
can significantly enhance the mechanical properties, biocom-
patibility, and functionality of materials. Additionally, partial

chemical modifications can synergistically complement cation-
alginate interactions, which are the primary focus of this
review.

2.1. Crosslinking Strategies

Crosslinking is a powerful method to form cation-alginate com-
plexes, by transforming the water-soluble polymer into a gel

Table 2. Function and sector of possible impact of the MX+-alginate complexes described in this review. References for each specific cation are also
provided.

Function Sector of possible impact Cation

Carrier
(release and uptake)

– Water purification
– Drug delivery
– Wound healing
– Agriculture

Ag(I)[77,93]; Mg(II)[104]; Ca(II)[24,25,27,108–110,113,115,116]; Ba(II)[149–151];
Mn(II)[160,161]; Ni(II)[69,171,172,174]; Zn(II)[193,196]; Fe(III)[215–218,224–226];

Al(III)[227–230]; Y(III)[238–240]; La(III)[242–244,246]; Ce(III)[249]; Zr(IV)[256–260]

Contrast agent – Medical imaging Mn(II)[156–158]; Gd(III)[255]

Scaffold for cell growth – Tissue engineering
– Regenerative medicine

Ca(II)[26,117–120]; Sr(II)[134–141]; Ba(II)[33,145–147]; Mn(II)[157]; Co(II)[165];
Cu(II)[34,179]; Fe(III)[222,223]; Ga(III)[35,236]

Antimicrobial – Tissue engineering
– Wound healing
– Antifouling treatments

Cu(II)[177–181]; Zn(II)[74,189,190]; Ga(III)[233,235]; Ce(III)[250]

Food additive and supplements – Food packaging
– Food storage
– Dietary supplements
– Nutraceuticals

Ca(II)[29,30,128–131]; Zn(II)[31]

Flame retardant – Automotive
– Textiles
– Building and construction
– Wires and cables
– Electronics

Ba(II)[144]; Mn(II)[81]; Co(II)[81,166]; Ni(II)[169]; Zn(II)[80,192]; Fe(III)[79];
Al(III)[79,231]

Catalyst – Organic synthesis
– Water purification

Cu(II)[182–184]

Supercapacitor[263] – Automotive
– Electronic devices
– e-skins

Ca(II)[122]; Zn(II)[194]

Sensor – Environmental monitoring
– Physiological monitoring
– Robotics
– e-skins

Ca(II)[125–127]; Mn(II)[76]; Cu(II)[76,185]; Fe(III)[76]; Eu(III)[254]; Tb(III)[254];
Zr(IV)[76]

Vibration isolator – Automotive
– Aerospace
– Construction
– Electronics

Al(III)[232]
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or solid material with specific mechanical and structural prop-
erties. The choice of cation and crosslinking method dramati-
cally affects the properties of the final material, as highlighted
in the following section where cations are individually dis-
cussed. The most commonly employed method involves the
ionic crosslinking of alginate with divalent cations like calcium
(Ca2+).[23–27] This process leads to the formation of hydrogels
through interactions between the cations and the G-blocks of al-
ginate. Calcium-alginate gels are widely used due to their bio-
compatibility and ease of gelation, making them ideal materials
for agriculture,[28] food,[29–31] and biomedical applications,[32–35]

such as soil conditioners, controlled-release fertilizers, gelling
agents, edible films, wound dressings, and drug delivery
systems.

Crosslinked alginate networks can be formed through either
external or internal gelation. In external gelation, the crosslinker
diffuses toward the interior of the polymer solution. In inter-
nal gelation, the crosslinker is embedded within the alginate in
an insoluble form and is gradually released (typically by lower-
ing the pH of the medium), often by adding a reactant. Con-
trolling the crosslinking kinetics allows for the preparation of
networks with different mechanical strengths and stabilities, as
well as materials with anisotropic properties. Layered crosslink-
ing is also possible, adopting an external gelation approach[25]:
this advanced technique often involves the sequential layering of
different cations, which can create materials with gradient prop-
erties or hierarchical structures. Layered crosslinking can also
be achieved using a single cation as a function of its concen-
tration. The diffusion process creates uneven concentration gra-
dients of the crosslinker, leading to discontinuities in the gel’s
physicochemical properties. This method is useful for develop-
ing materials with complex mechanical requirements, such as
those required for the successful integration into multifunctional
biomedical devices.

2.2. Composites

Cation-alginate complexes can function as matrices that allow for
the incorporation of specific micro- and/or nanomaterials to en-
hance the properties of the composite. This can be done either
by using cations as precursors for the in situ formation of nanos-
tructures or by adding pre-formed nano- or microstructures to
alginate dispersions, where they can act as active crosslinkers or
fillers. This approach improves the material’s functionality, intro-
ducing additional properties, such as conductivity, magnetism,
or antimicrobial activity, depending on the specific materials
utilized.[36–39]

Embedding metallic nanoparticles (NPs) like silver or gold
into cation-alginate matrices can impart antimicrobial[40–42]

and/or catalytic properties[43,44] to the material. For example,
silver nanoparticle-enhanced calcium-alginate hydrogels have
demonstrated significant promise in wound healing applica-
tions by preventing bacterial infections and promoting tissue
regeneration.[45,46]

The combination of magnetic nanoparticles with cation-
alginate complexes allows for the design of magnetically re-
sponsive materials, which are highly valuable in targeted drug
delivery,[47] where an external magnetic field can direct the mate-

rial to a specific location in the body, or in environmental cleanup
efforts,[48] where magnetic fields can be used to recover the ma-
terial after it has adsorbed pollutants.

By incorporating conductive nanomaterials, such as graphene,
carbon nanotubes, or 2D metal carbides (MXenes) into cation-
alginate complexes, electrically active hydrogels or films can be
fabricated.[49–54] These materials are ideal for flexible electron-
ics, electromagnetic shielding, biosensors, and electroactive tis-
sue engineering, where electrical stimulation impacts cell behav-
ior and tissue growth.

Graphene and MXenes have also been shown as effective
fillers in nanocomposites including alginate for the preparation
of ion-selective membranes for different applications, such as en-
hanced ion-sieving membranes for recovery of acids from iron-
containing wastewater[55] and for osmotic energy harvesting by
reverse electrodialysis.[56]

SiO2 reinforced-alginate hybrid films have been shown to im-
prove the poor Coulombic efficiency and unsatisfactory lifespan
of aqueous rechargeable Zn metal batteries[57]; in fact, the ability
to modulate metal solid–liquid interaction energy and spatial dis-
tribution of all species in the electric double layer (EDL) near the
Zn electrode stabilizes the Zn/electrolyte interface which often
causes Zn dendrite growth and side reactions.

2.3. Advanced Processing Techniques

Processing techniques are crucial in shaping cation-alginate
complexes into functional forms that meet specific application
needs. The method of processing often dictates the material’s
morphology, mechanical properties, and overall performance. As
mentioned earlier, the ability to control the kinetics of cation
crosslinking allows for the creation of complex, gradient ma-
terials with customized mechanical and biological properties.
This can be best achieved through a subtle control over the in-
terplay of concentration (of both cation and alginate), viscosity,
and processing technique, such as casting, extrusion, spraying,
etc.[58–60]

Cation-alginate complexes and hydrogels are highly compati-
ble with 2D and 3D printing technologies, which allow for the
high-throughput fabrication of intricate, custom-shaped struc-
tures. These methods are particularly beneficial in creating
patient-specific implants or scaffolds for tissue engineering,[58]

where precise geometry, tunable porosity, and structural integrity
are critical, as well as microparticles for the immobilization and
culture of algal cells and single cell encapsulations.[17]

Highly porous, low-density structures with controlled pore size
and distribution can be prepared by freeze-drying cation-alginate
gels.[61] These materials are ideal for use in tissue engineering,
where porosity is necessary for cell infiltration and nutrient diffu-
sion, an in environmental applications, where high surface area
is crucial for adsorption processes.

Another strategy toward the preparation of materials with high
surface area and tunable porosity is electrospinning,[62] which
can be used to produce nanofibrous mats of cation-alginate com-
plexes. These characteristics are advantageous for applications
such as tissue scaffolds, where the high surface area promotes
cell attachment and growth, or in filtration membranes, where
porosity is key to performance.
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Figure 2. a) Sketch illustrating the potential of NMR in studying MX+-crosslinked alginate samples. Adapted with permission.[63] Copyright 2017, Amer-
ican Chemical Society. b) XRD patterns of (A) Na-alg, (B) GO (graphene oxide), (C) Na-alg/GO, (D) Ca-alg/GO, (E) Ba-alg/GO, and (F) Fe-alg/GO.
Adapted with permission.[65] Copyright 2016, John Wiley and Sons. c) Small-angle neutron scattering (SANS) measurements of Ca-alginate aerogel
(CaAG) at various hydration levels (A). The scattering curves represent CaAG samples with different water contents, and have been vertically offset for
clarity. The arrow indicates the direction of increasing water content in the samples, with the specific water contents provided in the legend in g/g units.
Power exponent (p) values and gyration radius, estimated using the Beaucage model, plotted as a function of the water content in CaAG. The dotted
vertical lines mark the approximate water content levels at which notable structural changes take place (B). Adapted with permission.[66] Copyright
2021, American Chemical Society. d) FT-IR spectra of (from bottom to top) Na+/Ca2+/Cu2+/Cd2+/Pb2+/Ni2+/Zn2+-crosslinked alginate and e) coordi-
nation geometries for the MX+-carboxylate coordination: ionic (I), monodentate (II), bidentate chelating (III), and bidentate bridging (IV). Adapted with
permission.[64] Copyright 2009, Elsevier.

2.4. Characterization Techniques for Validating Cation-Alginate
Complexes

Developing functional materials based on cation-alginate com-
plexes requires thorough, multiscale characterization to link
structure and properties, ensuring they meet application-specific
requirements. This section offers a guide to key characteriza-
tion tools relevant for designing and optimizing these materials.
Techniques are organized by the specific properties they assess,
enabling a more efficient, targeted approach. By utilizing these
comprehensive methods, researchers can rigorously validate the
properties and functionalities of cation-alginate complexes, en-
suring their suitability for various practical applications.

2.4.1. Structural and Compositional Analysis

To unravel the structural and compositional characteristics
of these complexes, several techniques could be employed.

Nuclear magnetic resonance (NMR) spectroscopy is a pow-
erful tool for unraveling the assembly of the alginate chains
around the cationic species, reaching atomic-resolution (see
Figure 2).[63] Fourier transform infrared spectroscopy (FT-IR)
is instrumental in confirming interactions between alginate
and cations, as it identifies shifts in characteristic absorption
bands.[64] This method is particularly useful for revealing the
extent of crosslinking and the presence of specific functional
groups within the complex. X-ray diffraction (XRD)[65] further
complements this by providing insights into the crystalline
structure, especially when filler materials are incorporated.
Through XRD, the phase distribution and crystallinity, which
are critical for assessing the material’s mechanical properties
and overall stability, can be assessed. Small angle scattering of
neutrons and X-rays (SANS and SAXS)[66–68] can significantly
complement structural studies by providing detailed insights
into the nanostructure of cation-alginate complexes, with the
distinct advantage of allowing the investigation of hydrated
samples, such as hydrogels, in their native state without the
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need for drying, thereby preserving their inherent structural
characteristics.

For compositional analysis, inductively coupled plasma atomic
emission spectroscopy (ICP-AES) is used to precisely quantify the
elements in the cation-alginate complexes. This technique is par-
ticularly valuable for determining the concentration and distri-
bution of cations within the material, providing essential data for
understanding how these ions influence the material’s proper-
ties. When focusing on the surface elemental composition and
chemical states, X-ray photoelectron spectroscopy (XPS) plays a
crucial role, thereby confirming the presence of cations and un-
derstanding the nature of their binding with the alginate.[69]

2.4.2. Morphological and Microstructural Analysis

Examining the morphology and microstructure of cation-alginate
complexes requires the use of advanced imaging techniques, es-
pecially in composites where fillers are incorporated within algi-
nate. Field emission scanning electron microscopy (FE-SEM)[25]

offers high-resolution images of the surface without the need
for metallization, allowing for detailed observation of porosity,
surface roughness, and, when present, the distribution of filler
particles. For an even more detailed view of the internal nanos-
tructure, transmission electron microscopy (TEM) could be em-
ployed. TEM provides essential information on the dispersion,
size, and interaction of fillers within the alginate matrix, which
is vital for understanding how composites will perform in var-
ious applications. Additionally, Cryo-transmission electron mi-
croscopy (cryo-TEM) can be utilized to examine thin sections
of hydrogels at cryogenic temperatures, preserving their native
hydrated state and providing further insights into their internal
structure and interactions without the need for drying. Atomic
force microscopy (AFM) and confocal laser scanning microscopy
(CLSM) are effective in analyzing the interior morphology of
cation-alginate hydrogels,[70,71] where uniform crosslinking plays
a critical role. This uniformity not only ensures the long-term sta-
bility of the microcapsules but also significantly influences their
mechanical properties, such as elasticity and resistance to defor-
mation.

2.4.3. Mechanical Properties

Understanding the mechanical properties of cation-alginate com-
plexes is crucial, particularly for applications requiring robust
materials. Rheometry is commonly exploited to assess the vis-
coelastic properties of hydrogels.[14,23,72] By examining gelation
kinetics and crosslinking density, rheometry offers detailed infor-
mation on the mechanical stability of the materials under stress.
Furthermore, the results from rheometry can be analyzed using
various models to derive structural insight on the network, which
helps in understanding the material’s behavior under different
conditions.

Tensile and compression testing are essential for evaluat-
ing the mechanical strength, elasticity, and durability of the
complexes.[73–75] These tests are particularly important for appli-
cations like load-bearing tissue scaffolds, where mechanical per-
formance is critical. As the development of functional materi-
als expands into areas, such as wound healing patches, sensors,

and artificial skins, adhesion tests are becoming increasingly rel-
evant, especially to evaluate the ability of the materials to adhere
to different surfaces, which is crucial for ensuring effective per-
formance in practical applications.

2.4.4. Thermal Properties

The thermal behavior of cation-alginate complexes is another
key area of focus. Differential scanning calorimetry (DSC) is uti-
lized to investigate thermal transitions, such as the glass tran-
sition temperature (Tg), which can indicate changes in the self-
assembly dictated by cation interactions.[76,77] Additionally, low-
temperature differential scanning calorimetry (LT-DSC) is partic-
ularly relevant for understanding the interaction between cation-
alginate complexes and water.[78] In fact, LT-DSC allows for the
quantification of free and bound water within the material, offer-
ing valuable insights into how water influences the thermal prop-
erties and stability of the complexes. This technique provides es-
sential information on the hydration state of the material, which
is crucial for applications involving moisture-sensitive environ-
ments.

Thermogravimetric analysis (TGA) is also critical, as it moni-
tors weight loss with temperature, providing important insights
into the thermal degradation behavior of the material (which of-
ten depends on the presence of different cations) and the content
of any incorporated solid material.[79–81]

2.4.5. Swelling and Degradation Behavior

Swelling and degradation behaviors are important for applica-
tions like soil conditioning, edible films, drug delivery, and tis-
sue engineering.[82,83] Swelling ratio measurements provide in-
formation on the crosslinking density and the material’s re-
sponsiveness to environmental conditions. These measurements
are crucial for designing materials that can perform effectively
in specific settings. Notably, in vitro degradation tests are con-
ducted to monitor the rate of degradation under physiological
conditions,[83,84] helping to predict the material’s lifespan and per-
formance in biomedical contexts. These tests also offer insights
into how different cations affect the stability and durability of the
material. In particular, swelling and degradation tests serve as
important prescreening tools to assess the suitability of samples
before more complex and costly biological tests are carried out,
ensuring that only the most promising candidates advance to the
next stage of evaluation.

2.4.6. Biological Properties

Finally, the biological properties of cation-alginate complexes are
of paramount importance, especially for biomedical applications.
Ensuring biocompatibility is a critical step, and this is often
achieved through cytotoxicity assays, such as MTT or Live/Dead
staining.[85–87] These assays evaluate the impact of the complexes
on cell viability, which is essential for ensuring their safety and
effectiveness in medical contexts. Additionally, cell adhesion and
proliferation studies are conducted to assess how well cells ad-
here to and proliferate on cation-alginate scaffolds. The data are
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crucial for applications in tissue engineering and regenerative
medicine, where the interaction between the material and bio-
logical cells is a key factor in success.

3. Ion-Specific Interactions and Their Impact on
Cation-Alginate Complexes

The previous section’s strategies and validation techniques high-
light the versatility of cation-alginate complexes in material de-
sign. Their tunability, biocompatibility, and sustainability make
them a key platform for next-generation materials. This section
delves into the interactions between alginate and various cations,
grouped by valence. The cation’s nature crucially impacts proper-
ties like gelation behavior, mechanical strength, and thermal sta-
bility. By examining monovalent, divalent, trivalent, and tetrava-
lent cations, we offer a comprehensive overview of how these in-
teractions shape functional materials, enabling customization for
specific applications.

3.1. Monovalent Cations

Alginate is notorious for its strong affinity toward divalent
cations, such as calcium and strontium, also because of the rele-
vance of these cations in biomedical[11] and food applications.[88]

However, this focus often overlooks instances where alginate also
coordinates monovalent cations like sodium, potassium, and,
more relevant toward functional materials, silver.

3.1.1. Silver

Despite the widespread use of alginate composite materials con-
taining silver nanoparticles or silver flakes,[42,89] there is a scarcity
of literature offering a molecular level insight into the crosslink-
ing of alginate with silver cations. This shortage can be attributed
to the relatively weak nature of the Ag+-alginate interaction, of-
ten ascribed to the large ionic radius of Ag+ (1.15 Å),[90] which
limits the number of accessible binding sites and the diversity of
products that can be obtained. Nevertheless, the antimicrobial,
electronic, and SERS (surface-enhanced Raman spectroscopy)-
enhancing properties of Ag have garnered significant interest
from researchers. Hassan and co-workers performed FT-IR spec-
troscopy studies on silver-alginate complexes, and concluded that
in analogy to divalent cations, the Ag+-binding could occur ei-
ther at the intermolecular or at the intramolecular level (see
Figure 1a).[91] At the intermolecular level alginate has the ability
to interact with one Ag+ ion by means of either two carboxylate
groups or one carboxylate and one hydroxyl group from separate
alginate chains, resulting in the formation of a planar complex
perpendicular to the plane of the polymeric chains. At the in-
tramolecular level, silver can coordinate the carboxylate groups
belonging to two neighboring glycosidic units.[91] Moreover, the
conductivity of Ag+-alginate hydrogels suggests that the coordi-
nation of silver can induce the decarboxylation of alginate, even-
tually resulting in the reduction of Ag+ ions.[91,92] Hollow Ag+-
alginate microcontainers, designed for precise drug release tar-
geting and responsive to ultrasounds, were developed by Lengert

et al.[93] The Ag+-alginate backbone is prepared initially, followed
by treatment with ascorbic acid, resulting in a homogeneous dis-
tribution of AgNPs (silver nanoparticles) throughout the device.
The presence of silver not only guarantees device biocompati-
bility but also enhances Raman signals, encouraging future ap-
plication in theranostics.[93] However, the weak interaction be-
tween alginate and Ag+ makes it challenging to produce hydro-
gels with complex shapes, such as fibers, which significantly lim-
its the potential applications of Ag+-alginate complexes.[94,95] On
this topic, we have recently demonstrated that Ag+-crosslinked
alginate can be obtained through wet spinning: the optimization
of multiple boundary conditions (such as the flow of extrusion
and the concentrations of both the polymeric solution and the
crosslinking bath) made it possible to obtain fibers with lengths
up to several meters with consistent cross-sections.[77] The Ag+

ions can be easily reduced using mixtures of citric and ascor-
bic acid, to decorate the surface with homogeneously distributed
AgNPs.[77]

3.2. Divalent Cations

Divalent cations represent the largest subset of ions interacting
with alginate to form crosslinked structures. The following M2+

ions are reportedly capable of crosslinking alginate: Mg2+, Ca2+,
Sr2+, Ba2+, Mn2+, Co2+, Ni2+, Cu2+, Zn2+, Cd2+, Pb2+, UO2

2+.
The crosslinking of the polymeric chains can occur by forming
inter or intramolecular complexes.[13] Brus et al. demonstrated
through NMR studies that these structures can vary to some ex-
tent depending on the type of ion, exhibiting decreased regular-
ity with the decreasing ionic radius (see Figure 2).[63] FT-IR spec-
troscopy was used by Papageorgiou et al. to determine the coordi-
nation geometries between cations and carboxylate groups on the
alginate backbone (see Figure 2).[64] Such an assessment relies
on the consideration of the carboxylate groups asymmetric and
symmetric stretching (𝜈) vibrations and derives from Nakamoto’s
work on cation-carboxylate complexes.[96] The addition of diva-
lent cations to sodium alginate solutions can determine change
in pH, which affects the affinity between alginate and M2+ ions.
The systematic work by Haug et al. and Seely et al., involving
pH evaluation and complexometric titration, respectively, made
it possible to order most of the divalent ions previously intro-
duced in terms of their affinity toward alginate:[97–99] Pb2+ >

Cu2+ > Cd2+ > Ba2+ > Sr2+ > Ca2+ > Co2+ ≈ Ni2+ ≈ Zn2+ >

Mn2+. Schweiger et al. demonstrated by viscometric analysis that
the stability of the M2+-alginate complex, among alkaline-earth
metals, decreases upon lowering the ion size.[100] Increasing the
amount of EDTA in solutions containing crosslinked polymeric
chains produces an increase in the viscosity due to the seques-
tration of cations by EDTA and to the increase of the interaction
between alginate chains and water. The cation is the main factor
regulating this effect: a higher EDTA concentration is required in
high-stability cation-alginate complexes to reach maximum vis-
cosity when compared to low-stability ones.[100] The Young modu-
lus of M2+-alginate hydrogels follows the following trend: Cd2+ >

Ba2+ > Cu2+ > Ca2+ > Ni2+ > Co2+ > Mn2+.[101] It is clear that the
macroscopic properties of alginate gels not always align with the
previously reported affinity scale. The latter, however, remains a
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useful tool to rationalize multiple phenomena. All the aforemen-
tioned M2+ cations will be detailed in the following paragraphs.

3.2.1. Magnesium

Mg2+ is the least investigated among the divalent cations, most
reasonably due to its small size, which lowers the stability of its
complexes with alginate. The crosslinking phenomenon, how-
ever, could be relevant to many applications, such as in the case
of water filtration systems, where it can induce polysaccharide
fouling in membranes.[102]

Topuz et al. conducted rheological studies on the gel forma-
tion process occurring between alginate and magnesium, em-
phasizing its slow kinetics, which is dependent on the concentra-
tion of both inorganic and organic components.[103] Additionally
they noticed that an increased number of G units enhances the
strength of the resulting gels: however, the crosslinked structures
exhibited low stability in water.[103]

An intriguing and promising perspective is the use of Mg2+-
alginate formulations to treat gastroesophageal reflux in infants,
suggested for the first time by Baldassarre et al.[104] In this frame-
work, the reduced stability of the complexes represents a poten-
tial advantage toward the exchange with more effective ions.

3.2.2. Calcium

Among the divalent cations interacting with alginate, calcium
is undoubtedly the most extensively studied, owing to both the
strength of its interactions and its significance in biomedical
applications. Although it is capable of binding both the man-
nuronate and guluronate residues on alginate, Ca2+ is believed
to form “egg box” junctions (ionically interacting with ─COO−

groups) only with poly-guluronate sequences (see Figure 1f,g).[83]

In this case, the binding strength is superior with respect to man-
nuronate complexes, resulting in the formation of gels that are ki-
netically stable against dissociation.[83,105,106] The term “egg box”
was used for the first time by Grant to describe the geometry
of interaction between alginate chains and Ca2+ ions.[15] Circu-
lar dichroism (CD) combined with computer modeling provided
evidence for the formation of this buckled chain structure (see
Figure 1h) which takes place through cooperative organization
of the functional groups on the alginate backbone crosslinking
Ca2+ ions.[15,16]

Small angle X-ray scattering was found to be a powerful tech-
nique to shed light on Ca2+-alginate interaction, suggesting that
the homoguluronic acid sequences associate laterally during the
complexation.[67] Interestingly, authors concluded that alginate’s
mannuronic acid residues act as elasticity moderators (increas-
ing the flexibility of the crosslinked chains), while guluronic acid
units produce crosslinked regions with high rigidity,[107] acting
similarly to a block copolymer.

Farrés et al. highlighted, through rheological analysis, that
high weight averaged molecular weight (Mw) alginates form
Ca2+-alginate gels faster compared to their lower Mw counter-
parts (with equivalent M/G).[23] The measurements were per-
formed while gradually releasing Ca2+ ions from CaCO3 using
GDL (glucono-𝛿-lactone) and maintaining a neutral pH. This ap-
proach allowed the authors to isolate the effect of the cation on

the polymer assembly, separating it from the effects of its con-
centration and pH.

Ca2+-alginate gels are suitable for use as carriers in drug de-
livery and food supplement systems, owing to their easily modi-
fiable properties and biocompatibility. To this purpose, alginate-
based food supplements are often prepared in the form of beads,
commonly dropping an alginate solution in a Ca2+-containing
crosslinking bath.[108–110] Multiple preparation parameters (e.g.,
concentration of alginate and Ca2+ solutions and the crosslink-
ing time) can be adjusted to obtain specific release kinetics.[111]

Alternatively, Poncelet et al. prepared Ca2+-alginate beads via in-
ternal ionotropic gelation in emulsion, dispersing calcium car-
bonate (almost insoluble in water at neutral pH[112]) in an al-
ginate solution and inducing its gradual dissolution through
acidification.[113]

The diffusion of BSA (bovine serum albumin) in Ca2+-alginate
hydrogels was found to be susceptible to the guluronate con-
tent. In fact, it was shown that an increasing amount of G blocks
lowers the diffusion kinetics, as a consequence of the higher
rigidity of the crosslinked structure obtained.[24] Voo et al. devel-
oped ultrahigh concentration (UHC) Ca2+-alginate beads capa-
ble of prolonging methylene blue release 2.5 times longer than
normal Ca2+-alginate beads.[25] The study also highlighted that a
high Ca2+ ions concentration in the crosslinking bath induces a
stratified structure in the obtained Ca2+-alginate beads. The fast
crosslinking and water expulsion processes were suggested to be
responsible for the phenomenon, as schematically represented
in Figure 3.

Interestingly, micrometer-sized Ca2+-alginate beads can
mimic the mechanical properties of human cells: in this case
the required monodispersity can be easily reached through
microfluidics.[114]

The water purification sector can benefit from Ca2+-alginate
matrices, especially the removal of metal ions through ion ex-
change: Cu2+, Cd2+, and Pb2+ are reportedly absorbed by Ca2+-
alginate beads.[115] In this context, Tao et al. developed nanostruc-
tured crosslinked Ca2+-alginate hydrogels characterized by fast
adsorption kinetics for Cu2+ and Cd2+ at room temperature,[116]

while Papageorgiou’s Ca2+-alginate beads proved to be selective
toward Pb2+ ions.[27]

In tissue engineering, the flexibility and biocompatibility of
Ca2+-crosslinked alginate matrices are advantageous. Tubular
scaffolds with controlled diameter and good cell viability can be
easily prepared through electrodeposition, serving as excellent
candidates to realize cell-oriented scaffolds.[26] Chondrocytes-
loaded Ca2+-alginate scaffolds with good cell viability were em-
ployed by Paige et al., to generate cartilaginous tissue de novo in
mice.[117] Weber et al. also demonstrated that Ca2+-alginate hy-
drogels can be used to repair tympanic membrane perforations
in Chinchilla,[118] while injectable formulations of that type are
suitable for endovascular embolization purposes.[119]

It is worth mentioning that the strong interaction be-
tween alginate and Ca2+ ions allows for the preparation of
alginate hydrogels with filiform structures, adopting a wet
spinning approach.[120,121] These products show high tensile
strength and a low cytotoxicity, being suitable for wound healing
applications.[120]

Superstiff Ca2+-alginate supercapacitors were developed by
Ji et al.: the polymeric matrix was used as a sponge, loading
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Figure 3. Hypothesized mechanism (a, b, and c are sequential) of Ca2+-alginate gel formation in ultra-high concentration (UHC) alginate beads (from
10% w/v alginate solution).[25] d) Cross-sectional scanning electron microscope image of an UHC alginate bead, highlighting its layered structure.
Adapted with permission.[25] Copyright 2016, Elsevier.

huge amounts of Li+ and Fe3+ (the latter acting as additional
crosslinker) to increase both the ionic conductivity and the
capacitance.[122] In this framework, it is useful to point out that
dried Ca2+-crosslinked alginate starts to degrade around 200 °C
(decarboxylation), showing therefore lower thermal stability com-
pared to sodium alginate.[123,124]

Guo et al. developed Ca2+-crosslinked/polyacrylamide alginate
fibers, suitable as optical fibers: their flexibility, biocompatibility,
and stretchability make these fibers promising building blocks
for wearable sensors.[125] Regarding this topic, calcium-alginate
hydrogel structures were profitably used as strain sensors tak-
ing advantage of their good ionic conductivity and significant
flexibility.[126,127]

The food industry can take advantage of Ca2+-alginate formu-
lations in multiple fields. For instance, Ca2+-alginate emulsion
gels have been proposed as additives for the preparation of low-
fat mayonnaise.[128] Furthermore Ca2+-alginate microbeads ob-
tained by emulsification have been suggested for Spirulina (a
health beneficial alga) encapsulation, to enhance the taste and
nutritional content of yogurt.[129] Ca2+-alginate edible coatings
loaded with essential oils have demonstrated the ability to im-
prove the postharvest quality of raspberries,[29] while the use of
natamycin-loaded Ca2+-alginate films was suggested for antimi-
crobial food packaging.[130] Moreover, Vitamin B12 encapsula-
tion and controlled release can be easily achieved using Ca2+-
alginate-PVA(polyvinyl acetate) scaffolds.[30] Deng et al. reported
the preparation of Ca2+-alginate microbeads with immobilized
polygalacturonase enzyme for apple juice clarification.[131]

3.2.3. Strontium

Strontium is characterized by strong affinity toward alginate,
which, along with its osteogenic properties, is the primary reason
for its application potential. Zhang et al. demonstrated by means
of mechanical and FT-IR investigations on alginate fibers that the
Sr2+-alginate interaction is stronger than the Ca2+-alginate one,
probably due to the presence of a higher number of interaction
sites.[32] This finding is supported by the Agulhon’s DFT (Den-
sity Functional Theory) calculations performed on some alginate
complexes with transition/alkaline earth divalent cations.[132]

Crosslinking alginate with Sr2+ ions is a viable method to pre-
pare functional hydrogels with huge application potential. Rhe-
ological analysis performed by Pastore et al. revealed that Sr2+-
alginate gels experience two regimes of stress relaxation.[133] The
first, on early/intermediate length scales, can be ascribed to local

relaxations (break of physical crosslinking junctions). The sec-
ond, at a longer time, suggests the occurrence of a more collective
rearrangement, such as syneresis and aging.[133] It is interesting
to note that hitherto no studies focusing on the thermal proper-
ties of Sr2+-alginate gels have been reported.

The known osteogenic properties of strontium push the re-
search activity on Sr2+-alginate hydrogels. Scaffolds were pre-
pared by adding a Sr2+-containing aqueous solution to an
alginate-containing one, possibly incorporating additional ele-
ments, such as collagen.[134–136] Yuan et al. also investigated the
use of Sr2+-alginate coordination to prepare coatings for titanium
surfaces: Sr2+ release proved to be long-lasting and capable of in-
creasing osteoblast-like cell (MG63) proliferation.[137]

Injectable Sr2+-alginate hydrogel formulations, with or with-
out hydroxyapatite (HAP) and tricalcium phosphate (TCP) as
fillers, are reportedly osteogenic.[138–140] Concerning this topic,
Neves et al. developed an injectable Sr2+-alginate soft hydrogel
containing Sr2+crosslinked alginate beads to obtain a composite
with tunable Sr2+ release kinetics.[141]

3.2.4. Barium

Ba2+-alginate complexes are the most stable among the alkaline-
earth derivatives, due to Ba2+ capability of crosslinking both
guluronate and mannuronate functionalities of the polymeric
backbone.[142,143] This high affinity toward alginate leads to a fast
crosslinking that reduces the homogeneity of Ba2+-alginate hy-
drogels with respect to the Ca2+-crosslinked ones.[142] Thermo-
gravimetric analysis (TGA) showed that dry Ba2+-alginate gels
undergo decarboxylation around 205 °C, analogously to Ca2+-
alginate ones. Moreover, the high residue in the 300–500 °C in-
terval (significantly superior to that of sodium alginate) clearly
indicated that Ba2+-crosslinked alginate can find application as
flame retardant.[144]

These networks were proven to be an excellent matrix for
cell encapsulation: the low permeability toward antibodies re-
duces inflammatory reactions when used in allo- and xeno-graft
transplantation,[33,145,146] without introducing permselective lay-
ers, such as poly-L-lysine (PLL) or poly-ethylene-glycol onto the
surface.[147] Transplantation experiments conducted by Zekhorn
et al., with Ba2+-alginate encapsulated rat islets, revealed a sig-
nificant prolongation of postprandial normoglycaemia in recipi-
ent mice for at least several weeks, while nonencapsulated islets
induced normoglycemia for only a few days.[148] Ba2+-alginate
beads also demonstrated a higher affinity for chromium (VI)
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with respect to Ca2+-alginate ones, resulting capable of physically
adsorbing significant amounts of the aforementioned chemical
species.[149] Concerning chemicals removal, Xu et al. proposed
Ba2+-alginate beads as a novel adsorbent for sulfate removal
in lithium refining.[150] Zhang et al. realized a Ba2+-alginate-
PET(polyethylene terephthalate) composite membrane capable
of performing molecule/ion separation.[151] Methylene blue (MB)
was found to be selectively separated from NaCl (99.5% rejection
of MB and 8.3% rejection of NaCl) more efficiently than in anal-
ogous devices based on Ca2+-crosslinked alginate.[151]

The good stability of the Ba2+-alginate hydrogel structure
in the swollen state—reported in the aforementioned works—
was shown to be particularly promising for water purification
purposes.[152]

3.2.5. Manganese

Although the interaction between Mn2+ and alginate is one of
the weakest reported in the literature, Mn2+-alginate complexes
possess unique properties: the five unpaired electrons in Mn2+

valence shell (and the consequent paramagnetic character) make
Mn2+-alginate hydrogels particularly intriguing for applications
related to magnetic resonance spectroscopy and imaging (MRI).

Paramagnetic-induced peak broadening allows the study of
the interaction between alginate and manganese divalent cations
through 13C-NMR. In this way, Emmerichs et al. highlighted
that poly-mannuronate alginate sections, due to their stretched
ribbon-like structures, interact with C-6 and C-5 carbons. On
the other hand, poly-guluronate moieties interact with Mn2+

ions through C-6, C-5, and C-1 carbons, forming structures with
higher integration of the cation.[153]

Agulhon et al. investigated the rheological properties of Mn2+-
alginate formulations revealing that storage and loss modulus
(G’ and G’’, respectively) always intersect, regardless of the gu-
luronate content of the alginate[72]: therefore, such system cannot
be defined as gel according to the old IUPAC classification,[154]

although the term can be used according to the recent IUPAC
terminology.[155] TGA analysis showed that crosslinking sodium
alginate with Mn2+ ions lowers the decarboxylation onset (around
200 °C) with respect to sodium alginate.[81] However, the low
amount of gaseous products released upon heating makes Mn2+-
alginate gels intriguing as flame retardants.[81]

Mn2+-alginate hydrogels were profitably used as a sys-
tem for controlled release of Mn2+ ions for applications in
manganese-enhanced MRI (MEMRI)[156] and proved to be bio-
compatible and unable to generate immune response when
implanted.[157] Using a microfluidic approach, Su et al. also de-
veloped doxorubicin-loaded Mn2+-crosslinked alginate nanopar-
ticles for cancer therapy.[158] In this system, doxorubicin acted
as chemotherapeutics generating a large amount of H2O2 in the
proximity of tumor cells, while Mn2+enhanced MRI contrast and
acted as chemodynamic therapeutic generating hydroxyl radicals
through a Fenton-like reaction.[158,159]

Interestingly, Mn2+-crosslinked alginate/gelatin organohydro-
gels (MnAlgGel) demonstrated photoresponsivity under visible
light (see Figure 4)[76]: the MnAlgGel matrix, due to its higher ten-
dency trap electrons, shows photocurrent (9.2 μA W−1) and pho-
toswitching speed (2.23/3.13 s) superior to that of Cu2+- Fe3+- and

Zr4+-crosslinked analogues. This family of gels is also sensitive
to temperature, humidity, and strain with excellent cyclability.[76]

Finally, Mn2+-crosslinked alginate is a good candidate for
the removal of arsenite (III), arsenate (V), cadmium (II), and
chromium (VI) ions in water.[160,161]

3.2.6. Cobalt

Co2+-alginate gels have garnered limited attention compared to
those of other divalent cations, mostly due the toxicity associated
with this element.[162] Nevertheless, its affinity for alginate and
the appropriate dosage have demonstrated significant potential
for specific applications.

Rheological studies revealed that for Co2+-alginate gels with
low guluronate content, the storage (G’) and loss (G’’) mod-
uli intersected at higher angular frequency with respect to their
Mn2+ equivalents.[72] Additionally, high guluronate-content Co2+-
alginate gels did not exhibit a crossover point (G’ = G’’), unlike
the Mn2+-alginate equivalents. This suggests a stronger interac-
tion between Co2+ ions and alginate chains, in agreement with
the affinity scale previously reported.

Co2+-alginate gels were used as green, low-cost precursors for
the preparation of Co3O4 NPs,[163] known antimicrobial and an-
tioxidant agents,[164] via calcination. Ca2+/Co2+-alginate beads in-
duced human adipose-derived mesenchymal stem cells (hAD-
SCs) differentiation into cartilage producing chondrocytes.[165]

Interestingly, TGA and FT-IR analysis indicate that incorporat-
ing Co2+-alginate powder (produced by drying an hydrogel ma-
trix) in epoxy resins increases the flame retardant properties of
the latter.[166] Liu et al. deeply investigated this aspect, proving
that crosslinking alginate with Co2+ ions accelerates the thermal
degradation of the polymer chains (decarboxylation onset around
185 °C).[81] However, in the 180–340 °C range a lower amount of
gaseous products was produced with respect to sodium alginate,
confirming the previously mentioned flame retardancy.[81]

3.2.7. Nickel

The well-known risks associated with the use of Ni2+ (e.g., al-
lergy, lung fibrosis)[167] significantly lowered the interest in Ni2+-
crosslinked hydrogels. Despite this, the distinctive properties im-
parted by this ion and the high stability of Ni2+-alginate hydrogels
still make them of interest to researchers.

Studies on the sol–gel transition of alginate induced by Ni2+

ions highlighted a second order kinetics for the process.[168] The
resulting networks exhibited lower stability toward decarboxyla-
tion (onset ≈ 180 °C) with respect to sodium alginate, but supe-
rior flame retardant properties due to the reduced amount of gas
released during thermal degradation.[169] XPS analysis of Ni2+-
alginate hydrogels performed by Zhang et al. showed that the
Ni2+ binds to both carboxyl and oxydril groups of the alginate
backbone.[69] DFT calculations also indicated that Ni2+ preferably
coordinates 4 glycosidic units maintaining a distance of ≈1.9 Å
from each oxygen/containing functional group (both in gas and
water phase).[170]

Recently, Xiong et al. developed a device for cancer im-
munotherapy consisting of a histidine-tagged Interleukin 2 (IL2)
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Figure 4. First row: photoresponsive ionic conductive M-alginate/gelatin (M = Cu, Mn, Fe, Zr) organohydrogels compared with their sodium algi-
nate/gelatin (AlgGel) counterparts. Adapted with permission.[76] Copyright 2024, John Wiley and Sons. a) Optical image of the prepared MAlgGel
samples placed on top of a printed logo. b) Photoresponse of MnAlgGel and AlgGel upon exposure to white LED. c) Time-resolved photoresponse of
the MnAlgGel and AlgGel photodetector with a channel length of 1 cm. d) Band diagram of the MnAlgGel/Cu electrode interface. Second row: Injectable
Interleukin 2 (IL2) loaded into Ni2+-alginate microspheres for cancer therapy. Adapted with permission.[171] Copyright 2022, John Wiley and Sons. e)
In vivo fluorescence imaging of mice after injection of free Cy5.5 labeled his-tagged peptide (Cy5.5-his-peptide), Cy5.5-his-peptide@Ca-ALGMSs, and
Cy5.5-his-peptide@Ni-ALGMSs. f) The relative fluorescence at tumor areas from day 0 to day 7 postinjection of the above Cy5.5 labeled agents. g)
Average B16-F10 tumor volumes of different groups during the treatment. Third row: influence of transition metal cations and guluronate content on
the frequency-dependent viscoelastic properties of: h) Mn-HG (●/°) and Mn-LG (▴/▵) alginates. i) Co-HG (●/°) and Co-LG (▴/▵) alginates. l) Cu-HG
(●/°) and Cu-LG (▴/▵) alginates. G′ (filled symbols) and G″ (open symbols)—G′ (filled symbols) and G″ (open symbols)—T = 25 °C; 𝜎0 = 20 Pa.
Adapted with permission.[72] Copyright 2014, Elsevier.

loaded into Ni2+-alginate microspheres (Figure 4 highlights the
results) thanks to the coordination to the metallic center. The for-
mulation could be injected directly in the tumor, enhancing the
production of inflammatory cytokines and minimizing the ad-
verse effects caused by intravenous administration of the drug
alone.[171]

The selectivity of Ni2+-alginate hydrogels toward polyhistidine
tags was reported also by Dumitra̧scu et al.[172] It is noteworthy
that calcination at 500 °C of Ni2+-alginate beads resulted in the
formation of single cubic phase nickel oxide (NiO) nanoparticles,
thanks to the slow collapsing of the alginate network during the
thermal treatment.[173]

Previously mentioned Zhang’s XPS studies were instrumental
to determine the favored binding sites of ciprofloxacin on Ni2+-

crosslinked alginate gels, in order to prove their suitability for
the removal of this antibiotic from water.[69] Sami et al. reported
that Ni2+-alginate hydrogels can act as selective absorbents for
lead (II) ions in water.[174] However, the ion exchange mecha-
nism highlighted by the authors casts doubts on the utility of
such products, as it can lead to the potential release of Ni2+ in
the environment.

3.2.8. Copper

Rodrigues and Lagoa reported a lower selectivity of Cu2+ with
respect to Ca2+ toward the alginate binding sites. Cu2+ absorp-
tion studies (Cu2+ concentration in the crosslinking solution, be-
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fore and after gelation, was determined by molecular absorp-
tion spectroscopy) highlighted that the egg box coordination
model[15] is verified only at low Cu2+ concentrations, while the
number of interacting binding sites reduces to one or two at high
crosslinker concentrations.[175] Viscometric and spectroscopic
evaluations of Cu2+-alginate diluted solutions support this bind-
ing modality.[176] Rheological tests on Cu2+-alginate gels (with
both low and high guluronate content) showed no flow regions
(G’’ > G’): this behavior, in contrast with Mn2+- and Co2+-alginate
gels, suggests an atypical binding modality that results in net-
works with high cohesion.[72]

Small angle X-ray scattering (SAXS) analysis made it possible
to monitor Cu2+-induced alginate sol–gel transition, highlighting
that copper prefers a less selective binding mode than the egg
box.[68] SAXS was also useful in correlating the assembly at the
molecular scale with the macroscopical mechanical properties. In
fact, while the system’s correlation length (𝜉) remains unaffected
by the Cu2+ concentration, the resulting hydrogels proved to be
rigid enough to be suitable for the encapsulation of actives. Ca-
macho et al. developed Cu2+-alginate beads for folic acid encap-
sulation, enabling pH-responsive release: the hydrogels shrunk
in acidic pH (e.g., in the stomach), while started to swell and re-
lease folic acid when pH was higher than 5. This device therefore
allowed the release of folic acid in the intestinal environment,
protecting the active during the previous path of the digestive
system.[34]

Cu2+-alginate complexes leverage copper’s antimicrobial prop-
erties to prepare biocidal products. The treatment of wool and
cotton cellulose fabrics with Cu2+-alginate has been shown to
impart antimicrobial properties durable after several washing
cycles.[177,178] Cu2+-alginate hydrogels’ antimicrobial and drug
encapsulation properties can be used to prepare scaffolds for
bone tissue regeneration: Qi et al. demonstrated that cannabid-
iol loaded Cu2+-alginate hydrogels exhibit antibacterial, anti-
inflammation, angiogenic, and osteogenic activities and are ben-
eficial for bone defects healing.[179] Additionally, Klinkajon et al.
also highlighted that alginate hydrogels containing Cu2+ ions
are suitable for antimicrobial wound dressing since they are
capable of absorbing a high quantity of body fluids, enhanc-
ing prothrombotic coagulation and platelet activation.[180] Wound
dressing hydrogels of that kind can be prepared by electrode-
position (gradually dissolving Cu2(OH)2CO3 precursor), with
excellent control over the structure and chemical composition
(see Figure 5).[181]

The strong affinity of alginate for Cu2+ can be also exploited
in the design of hydrogels with complex shapes: for example,
wet spinning has been recently demonstrated as a viable and
promising strategy to produce fibers.[78] Combined with its an-
timicrobial properties, the Cu2+-alginate affinity could be exten-
sively exploited for the preparation of inks for extrusion 3D print-
ing, thereby expanding its application potential into additional
technological fields.

Cu2+-alginate hydrogels were employed as catalyst for the 1,3-
dipolar cycloaddition of alkynes with azides and oxidative cou-
pling of 2-naphthols and phenols in water.[182] For example, Bah-
sis et al. developed a reusable superporous hydrogel with high
catalytic activity and regioselectivity (confirmed through DFT cal-
culations) for the synthesis of 1,4-disubstituted-1,2,3-triazoles in
water.[183] Souza et al. reported the preparation of a Cu2+-alginate

gel catalyst for the synthesis of 4-organylselanyl-1H-pyrazoles:
the crosslinking strength contributes to the recyclability of the
product (5 cycles tested).[184]

It is worth mentioning that CuAlg composites with polyacry-
lamide (PAM), obtained through radiation-induced polymeriza-
tion of AM followed by alginate’s ionic gelation, were found to
effectively operate as highly stretchable ionic conductive strain
sensors.[185] Application of Cu2+-alginate gels always needs to
take into account that Cu2+ ions strongly catalyze alginate chains
degradation.[186]

3.2.9. Zinc

Zn2+-alginate interaction, although being one of the weakest
among the M2+-alginate ones, has demonstrated significant po-
tential for various applications, primarily due to the unique
properties of this element. Viscometric characterization of Zn2+-
/Ca2+-alginate diluted formulations proved that Ca2+ and Zn2+

do not compete for the same binding sites, suggesting that
the egg box coordination[15] is inadequate to describe the Zn2+-
alginate complex.[187] Dynamic light scattering (DLS) analysis
performed on diluted mixtures of alginate and zinc highlighted
that the complexation process leads to the formation of alginate
nanoparticles.[188]

Zn2+-crosslinked alginate coatings can be used for diverse ap-
plications. For example, by leveraging the antifouling properties
of zinc,[189,190] Nassif et al. developed an electrophoretic method
for the preparation of uniform Zn2+-crosslinked alginate coatings
for stainless steel.[191] Additionally, due to the thermally induced
conversion of Zn2+ ions to ZnO, Zn2+-crosslinked alginate films
proved to act as flame retardants.[192]

Zn2+-alginate pyrolysis behavior strongly differs from that of
sodium alginate: Liu et al. pointed out (using TGA, TG-FTIR,
and pyrolysis-gas chromatography-mass spectrometry (Py-GC-
MS)) that crosslinking with Zn2+ shifts the decarboxylation onset
abundantly below 200 °C, while reducing the number of pyrolysis
compounds (less flammable gaseous products).[80]

Zn2+-crosslinked alginate beads have been shown to perform
slow release of nitrogen-based fertilizers, due to the strong
Zn2+-alginate interaction, resulting in hydrogels with small
porosities.[193]

Interestingly, Wen et al. developed zinc-ion hybrid superca-
pacitor (ZHS) based on a Zn2+-alginate/PAAm hydrogel act-
ing as electrolyte. This system is sensitive to applied pressures
and allows easy modulation of energy density by adjusting Zn2+

concentration, suggesting its potential as a self-powered sensor
for detecting human movement and breathing.[194] Zn2+-alginate
has also been used to enhance the electrochemical performance
of Zn ion batteries: coating Zn electrodes with thermoplastic
polyurethane (TPU) infiltrated with ZnAlg minimizes corrosion
and dendrite growth.[195]

Zn2+-alginate hydrogels with finely controlled morpholo-
gies can be prepared through internal gelation. d-(+)-gluconic
acid 𝛿-lactone (GDL) addition to [ZnCO3]2·[Zn(OH)2]3-loaded
alginate induces the progressive release of Zn2+ ions and
produces a highly homogeneous network.[74] Gray et al.
showed that Zn2+-alginate hydrogels are suitable for perform-
ing slow insulin release. This evidence was attributed to
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Figure 5. First row: a) Sketch of the preparation of antimicrobial Cu2+-alginate dressing through electrodeposition. Adapted with permission.[181] Copy-
right 2021, Springer Nature. Second row: b) Transparent Zn2+-crosslinked alginate gels obtained by internal gelation. Adapted with permission.[74]

Copyright 2015, Elsevier. c) Stress versus strain curves of Zn2+-alginate gels (Alg1, Alg4, Alg6) prepared under different pH conditions, compared to
a Ca2+-alginate reference. Adapted with permission.[74] Copyright 2015, Elsevier. d) Bacteria inhibition zones of Ca2+-alginate (top) and Zn2+-alginate
(bottom) gels. Adapted with permission.[74] Copyright 2015, Elsevier.

the high density of the Zn2+-crosslinked hydrogel structure
with respect to Ca2+ and to a possible Zn2+-insulin bridge
formation.[196]

Interestingly Zn2+-alginate formulations have been demon-
strated to improve the stability of color and chemical composition
of natural pigments from anthocyanin-rich purple corn extract,
proposing a viable and sustainable opportunity for innovation in
the beverage sector.[31]

3.2.10. Cadmium

Although Cd2+-alginate interaction is one of the strongest among
the M2+-alginate complexes (leading to gels with high Young
modulus[101]), the interest in this cation is strongly limited by its
toxic nature.[197] The strong interaction is also why alginate is of-
ten exploited for the removal of Cd2+ contamination from water:
alginate gel beads (sometimes in the form of organic/inorganic
composite systems), either crosslinked or not, were profitably

used for this purpose due to the fast ion exchange involving Cd2+

ions.[198–201]

Wang et al. developed Cd2+-alginate nanobeads for triple
tumor marker detection (Alpha fetoprotein, AFP; Carcinoem-
brionic antigen, CEA; Prostate specific antigen, PSA), using
a double-water-in-oil-emulsion procedure.[202] The beads were
used to immobilize labeled anti-AFP, anti-CEA, and anti-PSA
and then immobilized on a conductive substrate. The presence
of Cd2+ ions is crucial since they generate the anodic peaks nec-
essary for analyte detection via differential pulse voltammetry
(DPV).[202]

3.2.11. Lead

As previously introduced, the affinity between alginate and Pb2+

ions is the strongest among all divalent cationic species. Lamelas
et al. studied the complexation between Pb2+ and alginate, mix-
ing alginate and lead-containing solutions in various conditions
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and using Pb2+-selective electrodes:[203] authors highlighted that,
in the pH 4.0–8.0 range, the uptake of lead ions by the alginate
matrix is a linear function of the Pb2+ concentration in the bath,
regardless of pH variations. Furthermore, cation-alginate com-
plexation experiments (performed with variable ionic strength)
proved that coulombic interaction accounts for 15% of the for-
mation of the complex.[203]

As observed by Andresen and Smidsrød, the elasticity modu-
lus (E) of Pb2+-crosslinked alginate gels decreases as a function
of the temperature (from 10 to 50 °C),[204] suggesting their poten-
tial use as thermoresponsive functional materials. The negative
temperature dependence of E testifies that the entropy of the sys-
tem increases during compression, likely due to the rupture of
linkages in the organized hydrogel matrix.[204]

Due to the high toxicity of lead,[205] the strong interaction be-
tween Pb2+ and alginate is often exploited to remove the ion from
water or gastric juices:[174,206] Ca2+-alginate gels are suitable for
this purpose, since the calcium can be easily replaced by lead in
the polymeric network.[207,115]

3.2.12. Uranyl

This subsection is titled “Uranyl” rather than “Uranium” and
it belongs to the divalent cations section because of a well-
defined reason. In fact, although uranium has an oxidation state
of (VI) in the uranyl cation, this cation behaves similar to di-
valent elements. A unique study of Hassan demonstrated that
the interaction between alginate and uranyl cations (UO2

2+) re-
sults in the formation of hydrogels.[208] Titrimetric analysis ex-
amined the competition between uranyl cations and protons
for the carboxylate groups, revealing an equilibrium constant
of ≈15.5 for the UO2

2+-alginate complex. IR spectroscopy con-
firmed the coordination between UO2

2+ ions and the polymer
backbone, evidenced by characteristic shifts of the 𝜈(COO−

asym)
and 𝜈(COO−

sym) bands with respect to sodium alginate reference
(to lower and higher energies, respectively).[208] This coordina-
tion with the uranyl groups also led to the appearance of a band at
930 cm−1, absent in the sodium alginate spectrum. XRD diffrac-
tion patterns proved the amorphous nature of the UO2

2+-alginate
complex.[208] Two coordination geometries were proposed for the
UO2

2+-alginate complex. In the case of intrachain interaction, or
“planar interaction,” both hydroxyl and carboxylate groups are in-
volved in the coordination. On the other hand, interchain inter-
actions (see Figure 1b–d) involve only carboxylate groups from
different polysaccharide chains, forcing the uranyl cations to ar-
range in a plane that is perpendicular to that of the polysaccharide
chains (nonplanar geometry).

3.3. Trivalent Cations

Cr3+, Fe3+, Al3+, Ga3+, La3+, Ce3+, Eu3+, Tb3+, and Gd3+ form
hydrogels through interactions with alginate chains. Their com-
plexes typically exhibit octahedral geometries, where the binding
of M3+ ions is predominantly intermolecular due to the reduced
strain on the cation-oxygen bonds in this configuration.[209] The
coordination involves two carboxyl groups from one alginate
chain and one carboxyl group from another, resulting in asym-

metrical attraction forces. Consequently, the formation of M3+-
alginate hydrogels takes place anisotropically, with a preferential
direction, especially when diluted alginate solutions are used.[13]

Thermogravimetric studies by Zaafarany et al. on various al-
ginate complexes have shown that the thermal stability of M3+-
alginate gels is cation-dependent, following the order (deter-
mined from the decarboxylation onsets): Al3+ > Cr3+ > Fe3+.[210]

M3+-alginate complexes were also characterized through FT-IR
spectroscopy, unraveling that the coordination of M3+ ions leads
to shifts of the symmetric and asymmetric ─COO− stretching
bands with respect to sodium alginate.[209] The following sections
will provide a detailed discussion for each of the trivalent cations
mentioned above.

3.3.1. Chromium

The preparation of Cr3+-alginate hydrogels was first reported and
patented by Milin et al. in 2003,[211] although the interaction be-
tween alginate and Cr3+ ions was already known.[212] This mate-
rial has been proposed for artificial chromium supplementation.
Additionally, Cr3+-alginate interaction can be exploited for Cr3+

removal from water. Araújo et al. demonstrated that Ca2+-alginate
gels are effective for this purpose, as they can load substantial
quantities of Cr3+, mainly through ion exchange.[212]

3.3.2. Iron

Fe3+ is the most extensively studied among the M3+ ions capa-
ble of crosslinking alginate due to its strong ionic interactions,
which create stable and versatile hydrogels with desirable me-
chanical properties, biocompatibility, and functionality for vari-
ous biomedical and industrial applications. Notably, Fe3+-alginate
hydrogels can be formed either using Fe3+ or Fe2+ salts as precur-
sors. The latter approach is less common and requires the oxida-
tion of the ions after the crosslinking.

Sreeram et al. proved through pH-metric titration that the
complexation with alginate increases the stability of Fe3+ ions,
preventing precipitation of ferric hydroxides till pH 4.2.[213] This
aspect is particularly interesting since it suggests that Fe3+-
alginate could possibly replace chromium (III) ions in the leather
industry, during the tanning process.[214]

Fe3+-alginate crosslinked structures and derivatives demon-
strated high application potential in the removal of water contam-
inants, such as Cr(VI) and As(III).[215–217] Zhang et al. developed
an Fe3+-alginate photocatalyst capable to concomitantly reduce
Cr(VI) to Cr(III) and oxidize As(III) to As(V). The obtained prod-
ucts, beyond their lower toxicity with respect to their precursors,
are easier to adsorb on the crosslinked polymeric structure.[218]

Furthermore, Fe3+-alginate films have been shown to catalyze
the decolorization of methyl orange through Fenton-like pro-
cesses, with good recyclability.[219] The ease of reducing Fe3+ to
Fe2+ via UV irradiation—with a consequent reorganization of the
alginate chains—enables to obtain photoresponsive Fe3+-alginate
composites, suitable as soft actuators.[220]

It is worth mentioning that, as described by Liu et al., re-
placing sodium with iron strongly improves the flame retar-
dant properties of alginates, achieving an excellent V-0 rating
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Figure 6. First row: a) Scheme of the electrochemically induced BSA release from Fe3+-alginate scaffold.[226] b) Chronocoulometry curves obtained for
the electrochemical dissolution of the BSAFeAlg films upon application of different reductive potentials: a) +0.1, b) −0.4, c) −1.0 V to the modified
electrode. Adapted with permission.[226] Copyright 2011, American Chemical Society. c) Percentage (from the total amount in the BSAFeAlg film) of the
released iron cations and BSA upon application of different reductive potentials for 30 min. Adapted with permission.[226] Copyright 2011, American
Chemical Society. Second row: d) Demonstration of the stable working performance of Ca–Alg/D/Ca–Fe–Li hydrogels solid gel electrolytes. e) Schematic
structure of the Ca–Alg–PEDOT/D/Ca–Fe–Li hydrogel matrices. f) Elastic modulus and conductivity of Ca–Alg-PEDOT/D/Ca–Fe–Li hydrogels. Adapted
with permission.[122] Copyright 2022, Springer Nature.

in the UL-94 test (i.e., the Standard for Safety of Flamma-
bility of Plastic Materials for Parts in Devices and Appli-
ances testing), making iron alginate an inherent flame-retardant
material.[79]

Fe3+-alginate photodegradable gels were produced by
Narayanan et al.,[221] following this procedure in order to
obtain a homogeneous distribution of cations in the network.
These gels, when supplemented with sodium lactate, showed
to be photodegradable if exposed to UV light (𝜆 = 365 nm) and
therefore suitable for biomedical applications.[221]

Fe3+-alginate films have shown significant potential as tis-
sue engineering scaffolds due to their superior protein adsorp-
tion properties (especially vitronectin) with respect to Ca2+-
alginate films, supporting fibroblast adhesion, spreading, and
proliferation.[222] Machida-Sano et al., corroborated fibroblast ad-
hesion, noting that the phenomenon becomes more favorable
as the alginate’s guluronate content increases.[223] Fe3+-alginate
gels have been also proposed as carriers for the release of DNA
fragment[224] or proteins (e.g., lysozyme and BSA).[225,226] In this
latter case, Jin et al. demonstrated that electrochemical reduction
of the Fe3+ ions allows the modulation of the drug release profile,

due to the lower stability of the Fe2+-alginate crosslinked network
(Figure 6).

3.3.3. Aluminum

Due to the high affinity between Al3+ and fluoride ions, Al3+-
alginate gels were proposed for the removal of fluoride (F-) from
water by the groups of Kaygusuz[227] and Zhou.[228] Both papers
describe devices with intriguing properties, even though some
details are still to be fully addressed, such as the effect of pH on
the carboxylate stretching bands of alginate.

Al3+-alginate hydrogels have also been suggested as carriers
for drug delivery,[229,230] although their use in this field is limited
compared to other cations (e.g., Ca2+).

In addition to Fe3+ ions, Liu et al. also investigated the effect of
Al3+ ions on the thermal degradation mechanism of alginate, us-
ing TGA-FTIR-MS and Py-GC-MS: Al3+ ions proved to favor de-
hydration, decarboxylation, and decarbonylation of alginate.[231]

This study is particularly relevant in the view of the use of Al3+-
alginate gels as flame retardants.

Adv. Funct. Mater. 2024, 2416390 2416390 (16 of 29) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202416390 by C
ochrane France, W

iley O
nline L

ibrary on [11/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Yang et al. demonstrated that Al3+-mediated crosslinking of al-
ginate/polyacrylamide hydrogels significantly enhances the me-
chanical properties of the matrix making it suitable for use as a
vibration isolator.[232]

3.3.4. Gallium

Ga3+-alginate gels are well-known for their antimicrobial prop-
erties, as recently highlighted by Li et al.[233] This antimicro-
bial efficacy can be attributed to the similarity between Ga3+

and Fe3+ ions, which allows Ga3+ to interact with iron-binding
proteins, thereby disrupting iron-dependent metabolic pathways
in bacteria.[234,235] Rasting et al. demonstrated that gallium-
mediated crosslinking imparts significant antimicrobial activ-
ity and compressive strength to alginate-containing inks for 3D
bioprinting.[235] The resulting scaffolds were capable of maintain-
ing the viability of encapsulated fibroblasts over 90% for 7 days.
It is worth mentioning that composites comprising Ga3+-alginate
and bioactive glass exhibited promising properties for bone tis-
sue engineering application.[35,236]

3.3.5. Yttrium

Y3+ ions are reportedly capable of interacting with alginate car-
boxylate groups[237] leading to crosslinking phenomena. How-
ever, Y3+-crosslinked alginate scaffolds have not garnered partic-
ular attention and their applications are limited to water purifi-
cation. Electrostatic interaction and hydrogen bonding between
pollutants and yttrium ions were found to be the main factors re-
sponsible for the efficiency of Y3+-alginate beads in the removal of
dyes[238,239] and fluoride ions.[240] As proved by He et al. through
XPS characterization, F− ions have the ability to replace the hy-
droxide groups bonded to the Y3+.[239]

3.3.6. Lanthanides

Despite the high cost of lanthanide salts, research on alginate
complexations persists due to the unique properties these com-
plexes offer, such as in bioimaging and sensing applications. This
ongoing interest is summarized in the following subsections and
it reflects the significant potential and value of these materials.

Lanthanum: The high cost of lanthanum-based salts limits
the study of La3+-alginate gels. However, due to the strong affin-
ity between La3+ and phosphate (PO4

3−) ions,[241] several studies
regarding La3+-alginate matrix for PO4

3− removal are reported.
In most of them La3+-alginate hydrogels were dehydrated[242,243]

or even calcined[244] before use. Liu et al. proposed a compos-
ite La3+-alginate-attapulgite (an aluminum silicate clay[245]) hy-
drogel adsorbent for PO4

3− ions removal from water.[244] The
system gained mechanical strength and stability from atta-
pulgite, while the sorption properties primarily derived from
the La3+-crosslinked polymer matrix.[244] Additionally, Li et al.
proved that La3+-alginate beads can efficiently remove azo-dyes
from water, mainly due to electrostatic and hydrogen bonding
interactions.[246] The coordination between La3+ and alginate car-
boxylic groups was confirmed through FT-IR spectroscopy, as ev-
idenced by the shift of the asymmetric ─COO− stretching band
to higher energies.[246]

Cerium: Ce3+ complexes with alginate have been relatively
underrepresented in literature, primarily due to the high cost of
cerium salts. Nonetheless, investigations have revealed robust in-
teractions between Ce3+ ions and alginate chains, resulting in
densely packed structures with high thermal stability (i.e., main
degradation in 700–850 °C range).[247] Interestingly, DFT calcula-
tions highlighted the Ce3+-alginate interaction is more favorable
than the Cu2+-alginate one.[247] Ce3+-alginate complexes have
been proposed for corrosion protection applications, leveraging
the facile substitution of Ce3+ ions by the common ions produced
during corrosion processes (e.g., Fe3+, Fe2+, Al3+, and Cu2+) while
exhibiting low toxicity profiles.[248] Moreover, the affinity between
Ce3+ and fluoride (F−) ions can be exploited for the design of
crosslinked scaffolds for water purification purposes.[249] In the
biomedical sector, Ce3+-alginate beads have demonstrated wound
healing capacities owing to their antimicrobial character (evalu-
ated against Staphylococcus aureus and Escherichia coli).[250]

Neodymium: Nd3+ ions attracted significant interest for in
vivo applications, due to their low toxicity[251] and high fluores-
cent emission intensity when complexed with alginate.[75] Addi-
tionally, Nd3+-alginate scaffolds showed impressive mechanical
properties, surpassing those of their Ca2+-based counterparts.[75]

Huang et al. exploited the affinity of Nd3+ toward alginate
carboxylate groups to develop crosslinked alginate-(carboxyl-
functionalized graphene) composites with high tensile strength
and solvent resistance.[252] Konishi et al. described in detail the
ion exchange process that leads to the sorption of Nd3+ on alginic
acid particles, highlighting its reversible nature[253]: Their find-
ings indicated that the sorption process is predominantly gov-
erned by the rate of ion exchange between H+ and Nd3+, with
external mass transfer and intraparticle diffusion playing negli-
gible roles.[253]

Europium and Terbium: Ma et al. developed Eu3+- and Tb3+-
alginate hydrogels capable of emitting red and green light, re-
spectively (see Figure 7), when exposed to UV radiation.[254] FT-
IR spectroscopy revealed shifts to higher energies in both the
asymmetric and the symmetric ─COO− stretching bands as a
consequence of the coordination between alginate and the M3+

center. The fluorescent emission of these hydrogels proved to be
sensitive to the presence of the anthrax biomarker sodium dipi-
colinate (NaDPA), with low detection limits (8.3 × 10−8 M for
Eu3+-alginate and 9.0 × 10−8 M for Tb3+-alginate).[254]

Gadolinium: Podgórna et al. developed Gd3+-alginate
nanogels through a reverse oil in water emulsion method,
highly stable in suspension.[255] The formulation is a promising
contrast agent since it demonstrated to be nontoxic for human
neuroblastoma cells line SH-SY5Y and capable of shortening the
T1 relaxation time in magnetic resonance imaging (MRI).[255]

3.4. Tetravalent Cations

The group of tetravalent cations did not attract particular inter-
est and therefore solely two M4+-alginate are described in the
following paragraphs. It is worth mentioning that, as suggested
by Hassan, tetravalent ions are restricted to crosslinking via in-
termolecular association: M4+ ions chelate two adjacent carboxy-
late groups from one chain and two from another.[13] This com-
plexation mechanism results in identical attraction forces be-
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Figure 7. First row: a) UV light-sensitive Eu3+- and Tb3+-alginate hydrogels. b) Emission spectra (𝜆ex = 275 nm) of the Tb3+-alginate beads in the presence
of different concentrations of NaDPA, from 10−6 M to 10−5 M. Adapted with permission.[254] Copyright 2015, Elsevier. Second row: c) Hysteresis curves of
various kinds of alginate/PAAm hydrogels under stress. d) Scheme of the vibration isolation experiment set-up and e) transmissibility versus frequency
ratio 𝜔/𝜔n. Adapted with permission.[232] Copyright 2013, American Chemical Society.

tween the ion and the carboxylate groups in all direction, poten-
tially explaining the spherical symmetry and favorable mechani-
cal properties of M4+-alginate gel droplets, regardless of the algi-
nate concentration.[13]

3.4.1. Zirconium

The high positive charge of Zr4+ facilitates the formation of
strong interactions with the alginate chains, resulting in the for-
mation of hydrogel networks. This charge was also reported to
be responsible for an easy hydrolysis of the metal center and
formation of a solvation sphere, beneficial for the coordina-
tion of polluting species.[256] Li et al. developed magnetic Zr4+-
alginate hydrogels with high efficiency and reusability for the re-
moval of Pb2+ ions.[256] Due to their high electron density, phos-
phate (PO4

3−), fluoride (F−), and nitrate (NO3
−) ions interact

with Zr4+ active sites and therefore can be easily adsorbed onto
Zr4+-crosslinked alginate beads.[257–259] To enhance the adsorp-
tion capabilities, fillers (e.g., graphene oxide and kaolin[258,259])

are commonly added. Interestingly, Zr4+ ions can be used for the
preparation of crosslinked alginate fibers, adopting a wet spin-
ning approach:[260] Zr4+-alginate fibers developed by Chen et al.
are capable of performing methylene blue removal from water,
showing good recyclability. Due to the acid character of the Zr4+

crosslinking bath, the polymer network is partially protonated
(highlighted through FT-IR spectroscopy).[260] This aspect is of-
ten neglected or misinterpreted (i.e., wrong FT-IR spectra assign-
ment), although it plays a crucial role in the swelling properties
(and on the water purification performances, as a consequence)
of Zr4+-alginate hydrogels.

3.4.2. Thorium

Zaafarany et al. demonstrated that Th4+ ions can effectively serve
as crosslinkers for the formation of alginate hydrogels.[261] Titri-
metric studies highlighted that the coordination of Th4+ ions
is thermodynamically favorable, while IR spectroscopy revealed
that Th4+-alginate interactions determine a shift to higher en-
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ergies of both the asymmetric and symmetric ─COO− stretch-
ing bands (𝜈(COO−

asym) and 𝜈(COO−
sym), respectively).[261] Fur-

thermore, the chelation of Th4+ by the alginate backbone was
evidenced by the emergence of a band at 890 cm−1. An inter-
chain association mechanism—the only one enabling an octahe-
dral coordination between (tri/tetra)valent cations and alginate—
was proposed for the coordination of Th4+ ions.[261] As exten-
sively known, thorium is a radioactive element and therefore
the interaction with alginate can be used only for its removal
(e.g., from water). Ding et al. developed alginate-immobilized As-
pergillus niger microspheres (AAM) to perform thorium (IV) re-
moval from water.[262] Like in the aforementioned Zaafarany’s
study, alginate 𝜈(COO−

asym) IR absorption band shifted to higher
energies in the presence of Th4+, testifying the coordination: the
ionic exchange mechanism contributes to increase the amount
of loaded contaminant.[262]

3.5. Key Insights into Complexation and Hydrogel Properties

The information in this section is summarized in Tables 1 and 2,
which provide valuable guidance for less experienced readers in
shaping future research strategies on advanced alginate-based
functional materials. Table 1 details the specific features of MX+-
alginate complexation and the intrinsic properties of the result-
ing hydrogel matrix, while Table 2 outlines the sectors that could
benefit from the use of these complexes. For instance, Ca2+-
alginate is commonly applied in drug delivery and the food in-
dustry due to its nontoxic nature (even at high crosslinker concen-
trations), while Cu2+-alginate is preferred for antimicrobial and
catalytic applications because of its high reactivity. Lanthanides,
with their intrinsic fluorescence, present promising opportuni-
ties for applications in sensing technologies and medical imag-
ing. The precise description of the MX+-alginate interactions re-
ported in Table 1 is crucial to understanding why certain ions
are selected for the specific applications shown in Table 2. It is
also important to recognize that the complexation process and
the hydrogel matrix properties are strongly affected by environ-
mental conditions. Increased ionic strength can introduce com-
petition during complexation, while temperature changes can in-
fluence the viscosity of alginate solutions and the diffusion rate
of the crosslinker within the polymer network, both of which can
lead to significant alterations in the crosslinked matrix proper-
ties. Furthermore, low pH levels can greatly affect the character-
istics of alginate-based materials by inducing protonation of the
alginate chains, thereby increasing rigidity and hydrophobicity
of the network. This phenomenon commonly occurs while us-
ing Fe3+, Al3+, or Zr4+ as crosslinkers, as clearly mentioned in
Table 1.

4. Functional Applications of Cation-Alginate
Complexes: Current Technologies and Future
Directions

Cation-alginate complexes serve as unique building blocks for
advanced functional materials. Their strength derives not only
from the inherent properties of the cation and alginate but also
from the distinctive structures that form when alginate assem-
bles around the cation. This dynamic interplay greatly enhances

their versatility, making them highly effective in applications
ranging from drug delivery and environmental remediation to
sensing and energy storage.

Overall, while cation-alginate complexes hold great promise
across various applications, significant challenges related to sta-
bility, performance, and scalability must be addressed to unlock
the full potential of cation-alginate complexes, driving technolog-
ical advancements in diverse fields.

This section examines these challenges in depth and in a
broader context, proposing strategies to overcome them by build-
ing on advanced processing techniques and focusing on techno-
logical innovations. The content is organized to guide the reader
through both well-established and less conventional application
fields, emphasizing the potential of cation-alginate complexes
in each area while highlighting the challenges that must be ad-
dressed for real-world application. Table 2 summarizes the func-
tions, sectors of impact, and involved cations, along with rele-
vant examples from the literature. It serves as a roadmap for re-
searchers who may not yet be fully aware of the potential appli-
cations of cation-alginate complexes. While consulting Table 2,
readers are encouraged to refer to Table 1 to gain a complete un-
derstanding of the physicochemical properties that determine the
suitability of different ions (and related crosslinked alginate net-
works) for specific applications.

4.1. Food Additive and Supplements

Cation-alginate complexes are utilized in food products and sup-
plements to enhance texture, stability, and nutritional value (e.g.,
preventing oxidation).[29–31,128–131,264,265] However, their effective-
ness can be inconsistent due to sensitivity to processing condi-
tions like temperature, pH, and moisture. This variability can af-
fect the performance and stability of these complexes throughout
a product’s shelf life. Achieving desirable sensory qualities with-
out compromising taste or texture is also a significant challenge.

In food supplements, managing the controlled release of en-
capsulated nutrients is essential to ensure bioavailability. Envi-
ronmental factors can disrupt this control, leading to variable out-
comes, and protecting sensitive nutrients during processing and
storage remains crucial.

Innovative processing techniques can address these issues.
Spray-drying produces more uniform alginate particles, enhanc-
ing consistency and stability. Advanced encapsulation methods,
including freeze-drying and supercritical fluid processing, offer
additional protection for nutrients and optimize release profiles,
making cation-alginate complexes more reliable in food applica-
tions.

4.2. Biomedical Applications

Due to their well-known biocompatibility, mechanical stability,
and capacity to retain large amounts of fluids, cation-alginate
complexes hold significant promise in various biomedical ap-
plications, including their use as contrast agents in imaging,
scaffolds for tissue engineering, drug delivery systems, and
wound healing.[266–286] However, the successful implementation
of these applications faces several challenges, such as ensuring
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biocompatibility, minimizing toxicity, achieving precise mechan-
ical properties, and controlling the release and stability of thera-
peutic agents.

In imaging, the careful selection and combination of cations
can optimize contrast, enhancing image clarity while minimiz-
ing potential side effects. The biocompatibility of these com-
plexes is crucial, as any toxicity could limit their use in clinical set-
tings. Developing formulations that maintain high contrast while
reducing adverse effects remains a key area of research.

In tissue engineering, advanced fabrication techniques like
electrospinning improve scaffold integrity, supporting cell
growth and tissue regeneration. However, achieving the neces-
sary mechanical properties is challenging, as the scaffold must be
strong enough to provide structural support while being porous
enough to allow cell infiltration and nutrient exchange. Advanced
fabrication techniques, such as electrospinning, can improve the
integrity of these scaffolds, enhancing their ability to support cell
proliferation and tissue integration.

In drug delivery, controlling the release and stability of encap-
sulated drugs is essential to ensure therapeutic efficacy. The mod-
ification of alginate structures, combined with innovative encap-
sulation methods like spray-drying, can enhance the stability of
the complexes and provide more predictable release profiles. This
approach can be particularly effective in delivering and releasing
pharmaceuticals products over extended periods, improving pa-
tient outcomes.

Wound healing is another promising application of cation-
alginate complexes. These materials can be used to create dress-
ings that promote healing by maintaining a moist environment,
absorbing exudates, and delivering antimicrobial agents directly
to the wound site. However, challenges such as ensuring the op-
timal release of therapeutic agents or maintaining the structural
integrity of the dressing over time are still to be addressed. The
incorporation of bioactive cations and the use of advanced pro-
cessing techniques can enhance the healing properties of these
dressings, offering better control over drug release and improv-
ing the overall effectiveness of the treatment.

By addressing these challenges through innovative strategies,
cation-alginate complexes could become vital tools in the devel-
opment of next-generation biomedical materials. These materials
have the potential to provide new solutions for imaging, tissue
regeneration, targeted drug delivery, and wound healing, signifi-
cantly advancing patient care and treatment outcomes.

4.3. Artificial Skins and e-Skins

Cation-alginate complexes offer promising potential for ar-
tificial skin applications due to their biocompatibility and
flexibility.[76,127,287–289] However, several challenges need to be ad-
dressed to optimize their performance. Achieving a balance be-
tween flexibility and mechanical strength represents a major
challenge. Cation-alginate materials can sometimes be too rigid
or excessively soft, affecting their effectiveness as artificial skin.
Additionally, maintaining consistent performance over time is
crucial, as degradation due to moisture, UV exposure, or mechan-
ical stress can compromise the material.

Another critical factor is the adhesion properties of these ma-
terials. For artificial skin to function effectively, it must adhere

securely to underlying tissues without causing irritation or de-
tachment over time. Poor adhesion can lead to slippage, discom-
fort, or compromised healing, particularly in dynamic or high-
movement areas of the body.

In the context of electronic skins (e-skins), cation-alginate
complexes can be further enhanced to exhibit sensor and
super-capacitive properties, making them suitable for advanced
biomedical and wearable technologies. These e-skins require ma-
terials that not only mimic the flexibility and durability of natural
skin but also integrate functionalities, such as pressure sensitiv-
ity, temperature responsiveness, and energy storage. By incorpo-
rating conductive nanomaterials and optimizing the crosslinking
processes, cation-alginate complexes can achieve the necessary
electrical conductivity and mechanical resilience, enabling the
development of multifunctional e-skins that can monitor phys-
iological signals or power small devices.

To overcome these issues, enhancing the mechanical proper-
ties of cation-alginate materials through chemical modifications
and the incorporation of reinforcing agents, such as elastic poly-
mers or fibers, can improve both flexibility and strength. Ad-
vanced fabrication techniques like additive manufacturing en-
able precise layering and customization, allowing for a closer
mimicry of natural skin. By employing these strategies, cation-
alginate complexes can be developed into highly effective artifi-
cial skins suitable for various applications.

4.4. Antimicrobials

Cation-alginate complexes have potential as antimicrobial agents
due to their ability to bind and, in certain conditions, release an-
timicrobial cations like silver or copper.[74,177,178,233,250] However,
bottlenecks such as inconsistent ion release and resistance de-
velopment need to be overcome. Controlling the release of these
cations is crucial to avoid inadequate antimicrobial activity or ex-
cessive release leading to cytotoxicity. The potential for resistance
development also limits the long-term effectiveness of single-ion
antimicrobial agents.

Future research should focus on multication complexes that
combine various antimicrobial mechanisms to reduce resistance
likelihood. Balancing the release rates of multiple cations while
maintaining biocompatibility is essential. Innovative processing
techniques, such as spray-drying and electrospinning, could be
utilized to produce antimicrobial devices with controlled mor-
phology, composition and release, enhancing their performance
and reducing resistance development.

4.5. Remediation by Complexation/Filtration

Owing to their biodegradability, recyclability, and high charge
density, cation-alginate complexes are highly effective in environ-
mental remediation, particularly for capturing heavy metals and
other contaminants.[69,115,150,238,290–294] However, their broader ap-
plication is challenged by limited selectivity, the capacity to han-
dle multiple contaminants, and difficulties in regeneration and
reuse.

To solve these problems, implementing ion-specific protocols
during the remediation process (such as the use of competitive
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complexing agents) could significantly enhance the efficiency of
cation-alginate complexes. By tailoring the remediation strategy
to target specific ions under certain environmental conditions,
it is possible to optimize the uptake of particular contaminants
while minimizing interference from others. This approach can
improve the selectivity and overall performance of the complexes
in diverse and complex environmental matrices.

Enhancing the physical stability of cation-alginate complexes
is also critical. Techniques such as crosslinking alginate with
other polymers or applying advanced surface coatings can in-
crease the resistance of these complexes to leaching and degra-
dation, ensuring they maintain functionality over extended peri-
ods. This enhancement would make them more viable for long-
term remediation applications. Additionally, innovative process-
ing methods like spray-drying or electro-spinning can produce
structures with improved stability and increased surface area.
This not only improves contaminant capture efficiency but also
facilitates the handling and reuse of the complexes, addressing a
significant obstacle to the widespread adoption of cation-alginate
complexes in environmental remediation. By focusing on these
solutions, cation-alginate complexes could become more effec-
tive and sustainable tools for environmental cleanup, offering im-
proved performance and more immediate practical applicability
in real-world scenarios.

4.6. Sensors

Cation-alginate complexes show promise in sensor ap-
plications (due to their sensitivity to the surrounding
environment)[76,125,295,296] but their widespread use is still
hampered by their limited sensitivity and selectivity, particularly
in detecting low concentrations of analytes in complex environ-
ments. The weak and nonspecific interactions between alginate
complexes and target molecules often result in false positives
or reduced detection limits, undermining the reliability of these
sensors. Another significant challenge is the slow response
time of cation-alginate-based sensors, which restricts their
effectiveness in real-time monitoring applications.

To overcome these limitations, enhancing the specificity of
cation-alginate sensors is crucial. One promising approach in-
volves the incorporation of selective recognition elements, such
as molecularly imprinted polymers (MIPs) or aptamers, into
the alginate matrix. These elements can provide higher bind-
ing affinities for specific target molecules, reducing the likeli-
hood of false positives and improving the overall sensitivity of the
sensor.

Innovative fabrication techniques also offer potential solu-
tions. Additive manufacturing, for example, could enable the
creation of sensor platforms with complex geometries and inte-
grated microfluidics. These advanced designs could optimize the
interaction between the sensor surface and the analyte, leading to
faster response times and improved detection capabilities. By in-
corporating microfluidic channels, sensors could be designed to
rapidly transport analytes to the detection site, thereby reducing
the time required for a response.

Spray-drying and electro-spinning are other techniques that
could be utilized to produce sensor particles with controlled size,
shape, and surface properties. This level of control can enhance

the interaction between the sensor and the analyte, improving
both sensitivity and response time.

4.7. Supercapacitors

Cation-alginate complexes hold significant potential for energy
storage applications, especially in supercapacitors,[122,269,297,298]

where they function as dielectrics with high ionic content. How-
ever, challenges such as low energy density, poor cycle stability,
and the inherently low conductivity of alginate have limited their
performance in high-energy applications.

To overcome these limitations, several promising solutions are
being explored. Integrating conductive additives, such as carbon
black, metal nanoparticles, or conductive polymers, into cation-
alginate complexes can significantly enhance their electrical con-
ductivity. This approach can help to bridge the gap between the
insulating nature of alginate and the high conductivity required
for effective supercapacitor electrodes.

Combining alginate complexes with advanced materials like
graphene or carbon nanotubes offers another powerful strategy.
These materials are known for their exceptional electrical prop-
erties and mechanical strength, making them ideal components
for improving both the conductivity and structural integrity of
alginate-based supercapacitor electrodes. By creating hybrid ma-
terials that leverage the strengths of both alginate and these
high-performance additives, researchers can achieve better en-
ergy density and cycle stability, extending the lifespan and effi-
ciency of the supercapacitors.

Innovative processing techniques also play a crucial role in en-
hancing supercapacitor performance. Additive manufacturing,
for instance, can be used to create complex, layered architectures
that optimize ion transport within the electrode structure. By pre-
cisely controlling the arrangement and composition of the layers,
it is possible to maximize the surface area available for charge
storage while ensuring efficient ion movement, which is key to
improving the overall performance of the supercapacitor.

By focusing on these solutions, cation-alginate complexes
could become more viable and effective materials for next-
generation supercapacitors, offering enhanced energy density,
better cycle stability, and greater overall efficiency in energy stor-
age applications.

4.8. Catalysts

Cation-alginate complexes are emerging as promising candi-
dates for catalytic applications (leveraging their recyclability and
biodegradability) in green chemistry,[182–184,299–301] but their effec-
tiveness is often constrained by several key challenges. One sig-
nificant issue is their stability and activity under harsh condi-
tions: in fact, the structural integrity of alginate complexes can
degrade over time, particularly when exposed to high tempera-
tures or extreme pH levels.

Several strategic improvements should be adopted to over-
come these limitations. Enhancing the robustness of cation-
alginate complexes is crucial. By selecting cations known for their
stability and catalytic efficiency, the longevity and performance of
the complexes can be significantly improved. Additionally, chem-
ically modifying the alginate matrix—for example by making use
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of crosslinking or grafting with more resistant polymers—can
enhance its resistance to degradation and improve overall stabil-
ity.

Innovative fabrication techniques offer additional solutions to
enhance catalytic performance. Additive manufacturing allows
for the creation of catalytic structures with precise geometries,
which can enhance the exposure of active sites and optimize
mass transfer. Spray-drying is another valuable technique for im-
proving the performance of cation-alginate catalysts. By produc-
ing finely divided particles with controlled morphology, spray-
drying enhances the dispersion of the catalytic material and in-
creases its surface area, leading to improved catalytic activity. This
method can also contribute to more uniform particle sizes, which
further optimizes the performance of the catalysts. Electrospin-
ning provides a promising approach for producing high-surface-
area devices. This technique generates fibrous materials with a
large surface area relative to their volume, potentially increasing
the overall efficiency of the catalytic process.

4.9. Flame Retardants

Cation-alginate complexes show promise as sustainable flame
retardants,[80,144,166,169,302–306] due to the significant amount of
residue produced during combustion. However, their practical
application is hindered by several challenges. One major issue is
that incorporating these complexes often compromises the me-
chanical properties of the materials they protect. The addition of
cation-alginate complexes can lead to increased brittleness or re-
duced strength, which can significantly affect the durability and
usability of the materials.

Achieving uniform distribution of cation-alginate complexes
within the host material also represents a difficult target. Poor
dispersion can result in uneven flame retardancy, where some ar-
eas may not receive adequate protection. This inconsistency can
undermine the effectiveness of the flame retardant and limit its
practical applications.

Addressing these challenges requires targeted strategies. Im-
proving the compatibility of cation-alginate complexes with var-
ious matrices is essential. Surface modifications to the alginate
or the use of synergistic additives can enhance both flame re-
tardancy and mechanical properties. For instance, incorporating
additives that strengthen the material while preserving its flame
retardant capabilities can help balance these conflicting require-
ments. Innovative fabrication techniques offer additional solu-
tions. Additive manufacturing enables the precise incorporation
of cation-alginate complexes into materials, which can improve
uniformity and integration.

4.10. Mechanical Isolators

Cation-alginate complexes hold potential as mechanical isola-
tors due to their flexibility, tunable mechanical properties, and
lightweight nature.[232] However, optimizing their performance
requires addressing several challenges.

Above all, achieving effective mechanical isolation is particu-
larly complicated. Cation-alginate materials must become capa-
ble of absorbing and dissipating vibrations and shocks without

compromising their structure. Current formulations may not al-
ways provide adequate isolation or can suffer from degradation
when placed under stress.

Uniformity in performance is also critical. Heterogeneous dis-
tribution of the complexes can lead to areas featuring inade-
quate isolation. Additionally, the material must maintain its per-
formance across various temperatures and environmental condi-
tions.

Adhesion properties are equally important for the efficacy of
cation-alginate isolators. Ensuring strong adhesion between the
cation-alginate complexes and the substrates they are applied to is
crucial for maintaining mechanical stability. Moreover, reversible
adhesion, where the materials can be adhered and detached mul-
tiple times without significant loss of performance, can enhance
the sustainability of these isolators. This capability allows for eas-
ier maintenance, reusability, and reduced material waste.

To overcome all these challenges, several strategies can be em-
ployed. Enhancing the mechanical properties of cation-alginate
complexes through chemical modifications and the addition of
reinforcing agents, such as fibers or fillers, can offer a major
step forward in the improvement of isolation capabilities. Ad-
vanced techniques like additive manufacturing can allow the
crafting of complex structures that optimize isolation by better
distributing mechanical forces. Additionally, developing formu-
lations that balance strong yet reversible adhesion can signifi-
cantly contribute to the overall durability and sustainability of
these materials.

5. Conclusion

The complexation of alginate with various cations represents an
extremely powerful strategy for modulating the physicochemi-
cal properties of alginate-based hydrogels. Alginate, thanks to its
sustainability, its ability to interact with various cations, and the
resulting diverse properties, represents a unique building block
for the development of hybrid materials when combined with
cationic species. By fully controlling the interplay of thermody-
namics and kinetics ruling the complexation process, and gain-
ing an in-depth understanding of the supramolecular interac-
tions between alginate and various metal cations forming func-
tional complexes, we have explored the novel architectures and
related properties that are imparted to the hybrids for each cation.

This review addresses a key gap in the literature by providing
a comprehensive overview of how alginate-cation combinations
influence the properties of metal-alginate complexes. We struc-
tured the content to guide research, starting with fundamental
strategies and characterization techniques, particularly for less-
experienced readers. We then explored ion-specific interactions
at various levels, offering detailed insights into the mechanisms
behind these complexes. Finally, we examined functional applica-
tions across fields like sensing and energy storage, highlighting
current uses and future research directions. Each section stands
alone, allowing readers to focus on areas of interest.

Opportunities and challenges toward the realization of un-
precedented cation-alginate functional materials have been dis-
cussed, proposing a roadmap for future research in this dy-
namic field of high potential for sustainable technological break-
throughs. Their high ion-loading capacity within the polymeric
matrix promotes them as active key components for advance-
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ments in chemical sensors, water purification, and energy stor-
age applications. Alginate-cation complexes also exhibit high
ionic conductivity, opening the door to their application in the
burgeoning field of flexible electronics, when combined with
nonconductive polymers as scaffolds, to ultimately avoid the use
of carbon-based fillers that can impair transparency. Tailoring
matrix properties, such as thermal stability and mechanical re-
sponse through careful cation selection, enhances the versatility
of alginate in these applications. In the biomedical field, the abil-
ity to modify alginate’s properties for specific cations enables the
development of advanced drug delivery systems and tissue engi-
neering scaffolds. By adjusting the mechanical and degradation
characteristics, these formulations can be optimized for biocom-
patibility and functionality. The ability to finely tune these proper-
ties allows alginate to be a competitive alternative to other materi-
als for both biomedical (tissue engineering, healing patches, arti-
ficial skins, etc.) and mechanical (mechanical isolators, reversible
adhesives, etc.) applications.

Cation-alginate complexes face several overarching challenges
across various applications. The high sensitivity to environmen-
tal conditions such as temperature, pH, and moisture represents
a critical limitation of these materials, jeopardizing their perfor-
mance and stability. This variability often impacts their effective-
ness and longevity, making it crucial to address their degrada-
tion under extreme conditions, especially when used in water pu-
rification or energy storage applications. Additionally, achieving
a balance between flexibility and strength remains a persistent
challenge, especially when these materials are used in high me-
chanical stress demanding applications like artificial skin or me-
chanical isolators. Controlled release and specificity are other crit-
ical areas of concern. For applications like drug delivery and food
supplements, the variable release rates of encapsulated cations
can affect performance. This inconsistency is compounded by
the challenge of ensuring selectivity in environmental and sen-
sor applications, where precise targeting of ions or molecules
is essential to ensure effectiveness. Ensuring biocompatibility
and minimizing toxicity is crucial, especially for biomedical uses.
The safety of cation-alginate complexes must be guaranteed to
avoid adverse effects, which can be a significant barrier to their
clinical implementation. Uniformity in structural and functional
integrity is another key challenge. Inconsistent integration of
cation-alginate complexes within materials can lead to uneven
performance, which is particularly problematic in applications
where reliability is crucial.

To address all these challenges, we have identified several
promising future directions. Advanced processing techniques
such as spray-drying, electrospinning, and additive manufactur-
ing offer potential solutions for enhancing the consistency and
performance of these complexes. By developing multication com-
plexes, researchers aim to improve efficacy and reduce issues
like resistance development. Chemical modifications and rein-
forcements can also play a crucial role. Enhancing the mechan-
ical properties of alginate through chemical tweaks or incorpo-
rating reinforcing agents can significantly improve stability and
performance. These modifications help ensure that the materials
maintain their integrity and functionality under various condi-
tions. Enhanced specificity and controlled release are key to im-
proving performance in applications like sensors and drug de-
livery systems. Integrating selective recognition elements, such

as molecularly imprinted polymers or aptamers, can increase the
specificity of sensors, while advanced encapsulation methods can
better control the release profiles of therapeutic agents. The in-
tegration of high-performance materials, such as graphene or
carbon nanotubes, with cation-alginate complexes offers a pow-
erful strategy to boost conductivity and performance, especially
in supercapacitors and mechanical isolators. Finally, adopting
eco-friendly approaches and focusing on sustainable technolo-
gies will be important for developing greener solutions in cataly-
sis and environmental remediation. By overcoming these limita-
tions and exploring these future directions, cation-alginate com-
plexes would become more versatile and effective for a wide range
of applications.

All in all, alginate-metal complexes have proven to be sustain-
able, versatile functional hybrids with on-demand properties and
high potential to drive innovations in sensing, catalysis, energy
storage, environmental remediation, and filtration technologies,
shaping sustainable solutions for diverse disruptive applications.
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