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Clay—polymer hybrid hydrogels in the vanguard of
technological innovations for bioremediation,
metal biorecovery, and diverse applications

Miguel A. Ruiz-Fresneda, () * Eduardo Gonzalez-Morales,T° Cristina Gila-
Vilchez, @9 °¢ Alberto Leon-Cecilla, € °© Mohamed L. Merroun, (2

Antonio L. Medina-Castillo (2 “® and Modesto T. Lopez-Lopez (2 °©

Polymeric hydrogels are among the most studied materials due to their exceptional properties for many
applications. In addition to organic and inorganic-based hydrogels, “hybrid hydrogels” have been gaining
significant relevance in recent years due to their enhanced mechanical properties and a broader range of
functionalities while maintaining good biocompatibility. In this sense, the addition of micro- and nanoscale
clay particles seems promising for improving the physical, chemical, and biological properties of hydrogels.
Nanoclays can contribute to the physical cross-linking of polymers, enhancing their mechanical strength
and their swelling and biocompatibility properties. Nowadays, they are being investigated for their potential
use in a wide range of applications, including medicine, industry, and environmental decontamination. The
use of microorganisms for the decontamination of environments impacted by toxic compounds, known as
bioremediation, represents one of the most promising approaches to address global pollution. The
immobilization of microorganisms in polymeric hydrogel matrices is an attractive procedure that can offer
several advantages, such as improving the preservation of cellular integrity, and facilitating cell separation,
recovery, and transport. Cell immobilization also facilitates the biorecovery of critical materials from wastes
within the framework of the circular economy. The present work aims to present an up-to-date overview
on the different "hybrid hydrogels” used to date for bioremediation of toxic metals and recovery of critical
materials, among other applications, highlighting possible drawbacks and gaps in research. This will provide
the latest trends and advancements in the field and contribute to search for effective bioremediation
strategies and critical materials recovery technologies.

This review critically examines recent advancements in clay-polymer hybrid hydrogels, emphasizing their application in bioremediation and biorecovery, while
identifying existing drawbacks and research gaps in the field. The incorporation of natural clay composites is being investigated for enhancing their mechanical
properties, stability, and biocompatibility. Abiotic clay-based hydrogels have been studied more extensively than biotic ones for their application in remediation,
medicine, and industry. However, cell immobilization offers an eco-friendly methodology not only associated with heavy metal removal, but also with the
recovery of value-added products in line with the principles of circular economy. This is due to the potential of microorganisms to enzymatically transform
contaminants into non-toxic nanoparticles of great interest. We suggest the use of biofilm-forming bacteria, as these structures seem to be involved in enhancing
cell surviving and mechanical properties of hydrogels. Filamentous fungi must also be further investigated since their hyphal network structure could allow them
to more easily reach nutrients and contaminants within the polymeric matrix. Finally, the influence of magnetite on the mechanical properties and
biocompatibility of hydrogels should be studied, as it presents itself as a very useful tool in the recovery of hydrogels through the application of magnetic fields.
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absorption capacity. The materials composing these hydrogels
could be inorganic (e.g. ceramics, clays, etc.) and organic (e.g
agarose, chitosan, alginate, etc.). Organic polymers are mostly
preferred due to their inherent biocompatibility, availability,
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low cost, and because many of them are environmentally
friendly." However, there are some major disadvantages asso-
ciated with both natural and synthetic organic polymers,
including mechanical weakness, low reproducibility, and
chemical instability." To overcome these drawbacks, the combi-
nation of non-harmful inorganic compounds, such as clays,
with natural organic polymers, known as hybrid hydrogels,
seems to be an effective solution.”> Nanoclays offer new oppor-
tunities for hydrogel design as they can be used as physical
cross-linkers of polymers, resulting in hydrogels with better
dynamic properties (self-assembly and self-healing) and greatly
enhanced mechanical stiffness and toughness.»*™ In addition,
bentonite clay minerals can improve the biological properties
of hydrogels by providing inert support surfaces for the for-
mation of microbial biofilms. Their relative low-cost, easy
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fixation of bacteria, durability, swelling capacity, and high
mechanical strength allow them to be used in packed or
fluidized bed reactors.® The improvement of the mechanical
and biocompatibility properties of clay-based hybrid hydrogels
is leading to their exhaustive investigation for numerous med-
ical and industrial applications including drug delivery, tissue
engineering, oil recovery, and agricultural applications.”® In
recent years, their use in environmental decontamination of
heavy metals and organic pollutants is also gaining special
attention. Today, much research is focused on the use of hybrid
hydrogels for physico-chemical remediation, mainly through
the processes of adsorption, sedimentation or chemical
precipitation.”*™* However, the incorporation of microorgan-
isms into their polymeric matrices with the aim of improving
the pollutant removal efficiency has not been studied as much.
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Microorganisms have developed tolerance mechanisms (e.g.
bioaccumulation, biosorption, precipitation, and biotransfor-
mation) through evolutionary pressure, enabling them to thrive
in highly polluted environments.'**> All these biological toler-
ance mechanisms can be of great interest for the bioremedia-
tion of polluted environments, as they can immobilize heavy
metals reducing their solubility and toxicity. Beyond their role
in bioremediation, microorganisms could also be applied for
the biorecovery of critical elements such as selenium (Se),
palladium (Pd), or platinum (Pt) from acidic leachates of
electronic scrap and mining wastes. This is due to their ability
to produce metallic nanoparticles (NPs) for use in various
industries, such as electronics and catalysis, within the frame-
work of circular economy.'®™*® The use of planktonic or free-
living cells has been a standard for heavy metal bioremediation
due to their ease of handling and lower cost. However, in recent
years, the immobilization of microbial biomass has received a
great deal of attention. Immobilization is defined as the natural
or artificial encapsulation that limits the mobility of the cell or
any biocatalyst within an aqueous system, while maintaining
their viability and metabolic activity.'®*° Cell immobilization
enhances resistance to heavy metal toxicity and adverse envir-
onmental conditions, enhanced mechanical stability and meta-
bolic activity, and easy biomass retention.*>** One of the main
methods used in cell immobilization for bioremediation pur-
poses is cell entrapment within porous hydrogels composed of
natural or synthetic cross-linked polymers. Polymers of natural
origin (e.g., agarose, chitosan, alginate, etc.) are mostly pre-
ferred for the immobilization of cells due to their inherent
biocompatibility, availability, and low cost."

The present review provides a comprehensive analysis of the
most recent advances and promising results of hybrid clay-
polymer composite hydrogels for their application in many
fields, with a special focus on bioremediation and biorecovery
of heavy metals and critical elements. The enhancements
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provided by inert micro- or nano-clay composites in the
mechanical properties of hydrogels and the immobilization of
microorganisms make them potential tools for various biologi-
cal applications. Both biotic and abiotic clay-based hydrogels
are thoroughly compared in their use for remediation of heavy
metals and other contaminants. Novel research aspects, includ-
ing the use of biofilm-forming bacteria and filamentous fungi
for immobilization in hydrogels, are also highlighted due to
their enormous rheological and biological potential, respec-
tively. Finally, future perspectives, trends, gaps, and possible
drawbacks in the field are thoroughly discussed.

2. Hybrid hydrogels

Hydrogels are three-dimensional (3D) polymer networks that
can absorb and retain large amounts of water. In the multi-
disciplinary field involving the synthesis of hydrogels, the
concept of “hybrid hydrogel” is ambiguously used to refer to
two types of materials with different physical structures and
properties:>**” (i) hydrogels whose physical structure is a
homogeneous semi-solid solution (single-phase hydrogels);
(ii) hydrogels whose physical structure is a heterogeneous
semi-solid dispersion (composite hydrogels). In this review,
we propose a simple classification of hydrogels based on their
chemical composition and physical structure, establishing a
well-differentiated line between hydrogels based on homoge-
neous semi-solid solutions and those based on heterogeneous
semi-solid dispersion (Fig. 1).

2.1. Single-phase hydrogels

Single-phase hydrogels consist of polymeric networks swollen
by water-based fluids, which may also contain soluted polymers
intertwined at the molecular scale within the polymeric net-
work. According to their chemical composition, they may be

Modesto T. Lopez-Lopez obtained
his PhD in Physics from the
University of Granada, Spain, in
2005. He was a postdoctoral fellow
at the LPMC, a CNRS-University of
Nice  Sophia  Antipolis  joint
laboratory, from 2006 to 2008. In
2008, he joined the University of
Granada’s Department of Applied
Physics, where he became an
Associate Professor in 2012 and a
Sfull Professor in 2019. Prof. Lopez-
Lopez’s  research  focuses on
composite hydrogels, encompassing
the synthesis and functionalization of particles, investigation of hydrogel
mechanical properties and self-assembly processes, and exploration of
sol-gel transitions.

1

Modesto T. Lopez-Lopez

Mater. Horiz., 2024, 11, 5533-5549 | 5535


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mh00975d

Open Access Article. Published on 15 Augustus 2024. Downloaded on 2025-12-04 2:41:19 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

(A) SINGLE-PHASE HYDROGELS

(B) COMPOSITE HYDROGELS

INERT MICRO OR
NANOPARTICLE

TRANSPARENCY

Fig. 1 Classification of hydrogels based on their chemical composition
and physical structure: (A) single-phase hydrogels based on homogeneous
semi-solid solutions and (B) composite hydrogels based on heteroge-
neous semi-solid dispersion including inert micro- or nanoparticulate solid
materials.

classified into three groups: (a) inorganic hydrogels, composed
of inorganic polymers and crosslinkers; (b) organic hydrogels,
composed of organic polymers and crosslinkers; and (c) mixed
hydrogels, composed of a mixture of at least one organic and
one inorganic element (polymer or crosslinker). It is well-
known that single-network hydrogels exhibit low Young’s mod-
ulus, low tensile and compressive strength, and low fracture
energy, also showing a slow response to swelling.”*

In the last decades with the aim to enhance the mechanical
properties and swelling/deswelling response of single-network
hydrogels, multicomponent networks have been designed.
Multicomponent polymer networks are polymeric blends of
two or more polymers in a network form, with at least one
such polymer polymerized and/or crosslinked in the presence
of the other(s). Therefore, based on their physical structure
hydrogels can be classified as follows:** (i) hydrogels based on a
single network (SNs), in which a bond or a short sequence of
bonds joins one polymeric chain to another, creating a perco-
lated mesh that on a macroscopic scale can be considered as a
single molecule with a molecular weight approaching infinity.>
(ii) Hydrogels based on interpenetrating polymer networks
(IPNs), that comprise two or more 3D networks that are at least
partially interlaced on the molecular scale but not covalently
bonded to each other. (iii) Hydrogels based on semi-
interpenetrating polymer networks (SIPNs), that comprise one
or more polymer networks and one or more linear or branched
polymers, that are characterized by the penetration on a
molecular scale of at least one of the networks by at least some
of the linear or branched polymers®®

Biopolymers are attracting increasing attention in recent
years, with their use for the preparation of INPs and SIPNs
hydrogels being an area requiring intense research in the near
future. Either by leveraging their native intermolecular interac-
tions or by chemical modifications, biopolymers can be used to
form multicomponent networks (IPNs or SIPNs). An advantage
of biopolymers is that many of them exhibit inherent properties
such as bioactivity, degradability, and biocompatibility.>
Despite their advantages, biopolymers also have drawbacks
such as weaker mechanical properties, wider distributions in
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molecular weights, undefined chemical compositions, etc.*'
The advances in functionalization and crosslinking chemistry
of biopolymers developed in the last decades have enhanced the
biopolymer-based hydrogel properties.® However, the required
properties for many applications have not yet been achieved
since these materials can often negatively impact encapsulated
cells, undergo phase separation, and fast degradation of their
mechanical properties,” all of them being aspects that should be
urgently addressed in near-future research.

2.2. Composite hydrogels

Composite hydrogels are characterized by the presence of inert
micro- and/or nanoparticulates (Inert-u-NP) dispersed within
the polymer network.

In composite hydrogels, the Inert-u-NP are distributed
between the meshes of the 3D polymeric networks forming a
heterogeneous semi-solid dispersion (weak interactions
between the Inert-u-NP and the 3D polymeric network). The
introduction of the micro- and/or nanoparticles of inorganic
materials in a polymeric matrix to fabricate composite hydro-
gels endows them with novel functionalities arising from the
combination of the soft swollen characteristics of the matrix
and the properties of the particles. For example, some hydro-
gels are made responsive to external stimuli, such as pH, light,
heat, or magnetic field by the introduction of particles. We refer
to these hydrogels as stimuli-responsive hydrogels.>™” It
should be noticed, nevertheless, that the introduction of parti-
cles is not a requirement to endow hydrogels with stimuli-
responsiveness, as there are many polymeric systems that are
sensitive to different stimuli such as pH and temperature e.g.,
agarose hydrogels, pluronic hydrogels, and polyacrylamide
hydrogels. Due to their composition being like that of biologi-
cal tissues, one of the applications of hydrogels is as a support
medium in biological applications. However, the toughness of
conventional hydrogels is about two orders of magnitude
smaller than that of natural living tissues,*® and here as well
the use of composite hydrogels can be an approach to improv-
ing the mechanical properties.**?*°*>*3 However, special care
should be taken to use particles with adequate functionaliza-
tion so that they can serve as additional anchoring points,
enhancing the crosslinking density or functionality of the
crosslinking points.* When a mismatch between the surface
functionalization of the particles and the polymer materials
exists, the result is a weakening or even phase-separation of the
resulting hydrogels provoked by the defects created by the
embedded particles.®® A particular case is that of polymer
hydrogels crosslinked uniquely by the dispersed particles,
known as grafting-onto method.*' For example, nanoclays can
be used as physical cross-linkers of polymers, resulting in
hydrogels that combine the dynamic properties (self-assembly
and self-healing) associated to physical hydrogels with greatly
enhanced mechanical stiffness and toughness (composite
hydrogels).>**> Unfortunately, regardless of the method, most
existing composite hydrogels become very brittle at large par-
ticle loading, so manufacturing mechanically strong hydrogels
at high particle loading is still an unsolved challenge.*®

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Impact of particles in the microstructure of hydrogels. (a)-(c) SEM
images of fibrin hydrogels: without MNPs (a), with MNPs (b), with MNPs
and crosslinking under a magnetic field (c) remark anisotropy in the
magnetic field direction (arrow). (d) and (e) SEM images of peptide hydro-
gels: without MNPs (d), with MNPs (e). Bar length: (a)-(e): 10 pm. Note:
MNPs (magnetic nanoparticles).

The modulation of the interactions between particles and
polymer filaments by the nature of the particle coating shell
may also have a direct impact on the microstructure of the
hydrogels®3%37% (Fig. 2). Of relevance is the preparation of
anisotropic hydrogels by making use of the responsiveness of
particles to external fields, with the aim of mimicking the well-
defined hierarchical architecture oriented anisotropically at the
macroscopic scale of biological systems. In this sense, Sharma
et al. (2018)*° demonstrated that crosslinking nickel magnetic
nanowires to collagen allowed a bidirectional alignment of
collagen matrices when processed in a uniform magnetic field.
A similar strategy was used by Shi and Coradin (2020),>®
resulting in the successful preparation of anisotropic collagen
hydrogels by the alignment of magnetic microfibers in the pre-
gel solution by external magnetic fields.

In the field of bioremediation, composite hydrogels offer the
additional advantage of providing a solid support for bacterial
cell immobilization. For example, Zvulunov et al (2019)>
immobilized bacteria in polyethyleneimine-clay composites
hydrogels and demonstrated the potential of the strategy for
the absorption and biodegradation of formaldehyde from
water. Clays from the group of bentonites are mainly composed
of smectites, which are phyllosilicate minerals of volcanic
origin. Smectite is characterized by a three-layer 2:1 TOT
(tetrahedral-octahedral-tetrahedral) laminar structure consist-
ing of two tetrahedral silica sheets interleaved by an octahedral
aluminium sheet. Their high surface-to-volume ratio due to
their small particle size, along with their high cation exchange
capacity and negative layer charge, provides them with excel-
lent physicochemical properties for industrial use.*® Specifi-
cally, clay formations have been reported for their high
plasticity, thermal conductivity, low permeability, swelling
capacity, and exceptional rheological and hydraulic properties,
among others. All these characteristics make clays important
not only for their novel use as nanocomposites, but also in
numerous other applications including catalysis processes,
water treatment, civil engineering, animal nutrition, drilling
muds, as adsorbents, etc.*’ In addition, clay minerals can
enhance the biocompatibility of hydrogels as inert support
surfaces for the attachment of microbial cells and biofilm

This journal is © The Royal Society of Chemistry 2024
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formation.® For example, bentonite clay formations have been
shown to be a natural habitat for a wide diversity of microorgan-
isms, as indicated by numerous studies.**™* In fact, several
microorganisms isolated from these geological formations have
been described for their potential to be used in bioremediation
and biorecovery, thanks to their ability to interact with selenium,
uranium, and other toxic elements.**™*® An advantage of clay
minerals such as bentonite in bioremediation strategies is that
they not only offer a support for the cells, but also this is achieved
at a relatively low-cost. Combining biocompatibility with dur-
ability and high mechanical strength (discussed above) we can
use them in packed or fluidized bed reactors.®

In conclusion, it is evident that single-phase hydrogels, both
organic and inorganic based hydrogels, as well as mixed ones,
exhibit different advantages and drawbacks depending on the
targeted application. However, the addition of micro- and
nanoparticles to these hydrogels to form composite hydrogels
seems to offer a wide range of advantages including enhanced
swellability and mechanical properties as well as further possi-
bilities of functionalization of these materials, that could be
useful in numerous applications, including hydrogels with
immobilized microbial cells. Therefore, the screening for new
nanomaterials that allow us to develop composite hydrogels
with suitable physical, chemical, and biological properties
becomes imperative.

3. Bacterial immobilization methods in
hydrogels

Free-living planktonic microbial cells have been traditionally used
in scientific research and biotechnological applications due to
their ease of handling and lower cost. Nevertheless, in recent
times, the adoption of immobilized cells in supporting polymeric
matrices or surfaces has gained interest as a promising approach
due to its numerous advantages for their final application. The
microenvironments created within these matrices can enhance the
preservation of cellular integrity by providing protection against
extreme physicochemical conditions.*® It would also provide a
controlled system that would prevent cell release into the media,
and allow substrate diffusion, facilitating the final biotechnologi-
cal application. Several other practical benefits, including conve-
nient transport and handling, reusing, as well as the ease of
separating and recovering cells and accumulated products within
the matrix, contribute to enhanced efficiency for economic and
functional scale-up applications. Hydrogels are attracting a lot of
attention as one of the most suitable polymeric networks for cell
immobilization. This is mainly due to the osmotic pressure exerted
by the water, which promotes the interaction among the micro-
organisms, the polymer forming the gel, and the target agent
(contaminant, drug, etc.)." Immobilization of living cells within
solid supports is a major challenge in biotechnology and biome-
dical science. However, it raises important challenges in terms of
chemistry as the conditions of matrix formation must be compa-
tible with the survival of the organisms. Most of the research on
microorganism immobilization using hydrogels involves the use of
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toxic and expensive chemical compounds (e.g, glutaraldehyde,
organic acids, calcium-containing substances, etc.). In today’s
world, where pollution levels are increasingly higher, there is a
need for more research on microorganisms immobilized on
“green and sustainable” hydrogels, where most of their compo-
nents are ecological and environmentally friendly. This would not
only be beneficial for the environment, but also promote the
development and survival of immobilized microbial cells. As we
have previously mentioned, one of the composites with significant
potential for use in biohydrogels are nanoclays. This natural
material not only enhances the mechanical properties of the gels,
but also serves as the natural habitat for a wide variety of
microorganisms with bioremediation potential,"®"”*® thereby
facilitating their support and growth. The use of these natural
origin composites for the production of ecological hydrogels would
not only be beneficial in cell immobilization, but also in prevent-
ing environmental pollution and saving costs in waste manage-
ment processes.

Today, several methods of cell immobilization in hydrogels
are under investigation, including entrapment, adsorption on
surfaces, encapsulation, or covalent bonding, among others>">>
(Fig. 3).

Cell entrapment is a versatile method employed to confine
microbial, animal, or algal cells within a porous gel composed of
natural or synthetic polymers® (Fig. 3). Cross-linking plays a
pivotal role in the entrapment method. It involves creating bonds
between polymer chains, which, in turn, restricts movement and
transforms a solution of polymers into a solid-like polymer gel.
Therefore, cross-linking provides the necessary structural and
mechanical support to maintain the integrity and functionality of
the immobilization matrix. This network structure prevents the
release of cells into the surrounding medium and allows for the
diffusion of substrates and products while safeguarding the
microorganisms. Cell entrapment also offers advantages such
as a substantial cellular volume, operational ease, high cell
viability, and the strength of immobilized cell spheres.>*

Encapsulation approach confines the cells within a capsule
space formed by semi-permeable membrane walls, which

ADSORPTION COVALENT-BINDING

Electrostatics forces Covalent bond

@ icrobial cell — - — — Matrix — — — - Membrane (Ml SupporvSurface «us

Fig. 3 lllustrative scheme showing different methodologies used for
microbial cell immobilization.
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enable the transfer of nutrients and substrates from the capsu-
le’s outer region to its interior® (Fig. 3). The diffusional proper-
ties and the restricted volume of the capsules induce the
entrance of water reducing the chance for an osmotic shock.
In comparison to entrapment techniques, this process involves
a slight procedural variation that allows free movement of the
cells within the core space of the capsule, which can improve
cell metabolic activity and growth.’® Encapsulation within
beads is one of the most frequently employed methods for cell
immobilization. Nonetheless, encapsulation comes with its
own set of limitations, including the potential fragility of
capsules, instability at certain pH levels, and dissolution in
buffer and other solutions.***’

Adsorption is a method consisting of cell fixation on solid
surfaces through weak electrostatic forces®® (Fig. 3). Given the
low strength and reversible interactions participating in this
process, it is more likely for the cells to detach from the support
and potentially escape into the surrounding environment. How-
ever, some cells have the capability to develop biofilms that
confer them stronger binding to the supporting material and
protection against adverse environmental conditions. Further-
more, adsorption is of a simple and cost-effective nature,
enabling direct interaction between immobilized cells and
nutrients. This leads to elevated levels of mass transfer and
substrate conversion efficiency.>® The adsorption process is
influenced by several key factors including the bacterial physio-
logical state and characteristics and the existing conditions in
the surrounding medium (composition, pH, etc.). Finally, prop-
erties of the supporting matrix, such as the size, structure, or
presence of pores also have a notable impact. To address some
of the challenges associated with the adsorption process, cova-
lent binding has emerged as a method which establishes strong
and stable bonds between the functional groups (-COOH, -NH,,
-SH) of the cells and solid surfaces (Fig. 3). Therefore, cross-
linking processes are also crucial for this immobilization
method. In that case, the leakage of cells is minimal, and the
stability of the system is very high.">* However, the bacterial
bioavailability and hence activity is significantly decreased due
to the utilization of toxic chemical compounds as cross-linking
agents (e.g., glutaraldehyde), which further diminishes cellular
activity, often resulting in cell death."* For this reason, cova-
lent binding is more effective for enzyme adhesion than for
whole bacterial cells.

To overcome their disadvantages and find an ideal and
effective immobilization method, combined procedures employ-
ing more than one technique are also being studied (Fig. 3). One
of the most popular combined immobilization technologies
consists of the entrapment-encapsulation in spherical beads,
through the encapsulation of microorganisms in a cross-linked
polymeric matrix.>”®® The spherical shape provides a higher
surface-to-volume ratio compared to other morphologies, grant-
ing them a larger contact surface area with the contaminant
agent. Furthermore, they afford physical support and protection
against other stressors, promoting the biological activity of the
immobilized microorganisms. Other approaches involve cell
entrapment or encapsulation combined with covalent-binding
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or adsorption to a solid surface.®"*> A wide diversity of combined
innovative techniques is currently under investigation to enhance
the traditional immobilization processes mentioned earlier.
These investigations are mainly focused on the improvement of
the mechanical and diffusional properties, porosity, and strength
of the carriers employed. One of the most commonly used poly-
mers for hydrogel formation is polyvinyl alcohol (PVA), which is
capable of self-gelation in aqueous solutions. However, the solidi-
fication is slow and is formed by weak interactions (hydrogen
bonds), so in most cases, the gels are not optimal for cell
immobilization. To enhance and expedite the PVA or other poly-
mers gelation process, several innovative methodologies are being
employed. The freeze-thaw method, for instance, is a physical
process based on temperature fluctuations that induce stronger
cross-linking through the formation of electrostatic forces between
polymer chains.®® Nevertheless, conducting polymerization below
0 °C could have a negative impact on cell activity. The utilization of
LentiKats®™ technology (lens-shaped carrier made of PVA) has
emerged as a room temperature alternative that does not employ
hazardous compounds as cross-linker, thus not affecting cellular
viability. Their lens-shaped morphology allows for effective diffu-
sion, and their high internal porosity makes them exceptional for
cell and enzyme immobilization. They also exhibit good physical
and mechanical properties including low abrasion and elasticity.**
The effectiveness of this immobilization system has been demon-
strated in different studies regarding bioremediation and
biotechnology.®>® In addition, Lentikats® technology has been
demonstrated to be scalable for industrial use, which is the main
advantage in contrast to other immobilization methods. Electro-
spinning is another environmentally friendly technique in which
the polymer solution containing microorganisms is decomposed
in nano-microfibers through the application of electrostatic
forces.”” The formed polymeric fibers have a great potential for
cell immobilization due to a superior surface-area ratio and
mechanical strength.®® Summarizing, the results shown in the
literature reveal the enormous potential of combined microbial
immobilization methodologies over traditional ones, and an
increased need for research in this field.

4. From physico-chemical to
biological remediation using
composite hydrogels

Physical and chemical techniques including sedimentation,
chemical precipitation, or adsorption have been traditionally used
in water and soil decontamination and critical metal recovery. One
of the most widely accepted techniques is adsorption, which has
been demonstrated to be an efficient, easy to implement, cost-
effective, and non-contaminant strategy.®” Composite hydrogels have
been widely used as adsorption matrices because of their properties
and capacity of sequestering different kinds of pollutants including
heavy metals, drugs, or dyes (Table 1). Different strategies combining
clays (as micro- or nano- particulate composites) and organic poly-
mers have been developed to create composite hydrogels for physico-
chemical remediation and adsorption of these kinds of pollutants.
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One of the most studied dyes is Methylene Blue (MB), a dye
mainly coming from the textile industry, which has adverse
effects on aquatic systems. For MB removal, Wang et al
(2019)** synthesized cellulose/montmorillonite hydrogels with
277 mg g ' capacity of adsorption. Sanchez et al. (2019)*°
created PVA hydrogels with 3 wt% bentonite for MB removal
and posterior reuses (5 cycles) using 0.5 M of KCl in 50:50 of
water/ethanol mixture as the most effective desorption solution.
Similarly, Nguyen et al. (2021)°° incorporated montmorillonite
into agar/maltodextrin/poly(vinyl alcohol) hydrogel membranes
with best results of uptake capacity (71.51 mg g~ ') for 20 wt% of
clay. Moreover, they obtained with these composite hydrogels
good recyclability (5 cycles) and easy desorption with water and
ethanol eluent at 40: 60 volume ratio.

Another environmental problem faced in research using
adsorptive composite hydrogels is the water pollution caused
by heavy metals such as copper (Cu), cadmium (Cd), lead (Pb)
and arsenic (As). In this regard, Nguyen et al. (2019)%® devel-
oped chitin hydrogel films containing halloysite nanoclay up to
4 wt%. These hydrogels showed better tensile strength with the
addition of the clay and enhanced removal capacity of Pb
(8.2 mg g "), Cu (4.2 mg g ), and Cd (2.1 mg g~ '). Moreover,
Tekay et al. (2019)*” modified montmorillonite with Spirulina
biosorbent and dispersed it into chitosan hydrogels. Therefore,
the pores of the hydrogels presented receptor groups for the
adsorption of Cr(vi) ions. Thanks to the Spirulina modification,
the adsorption capacity of Cr(vi) was enhanced compared to
Spirulina, montmorillonite and chitosan hydrogels alone,
obtaining a 78 mg g~ adsorption capacity with 1% of modified
clay and with an initial Cr(vi) concentration of 200 ppm.
Hexavalent actinides such as uranium (U) have also been
reported to be remediated with abiotic composite hydrogels.
For example, Liu et al. (2021)°” reduced uranium from seawater
by high adsorbent double-network hydrogels composed of
poly(amidoxime), gelatin, cellulose nanofiber and LAPONITE ™.
The hydrogels showed high mechanical strength and the addi-
tion of the clay increased the uranium uptake amount in
73.4%, with a uranium adsorption rate of 0.345 mg g~ ' day .
Finally, composite hydrogels are also used for the adsorption
and remediation of other toxic compounds like pesticides. For
instance, Baigorria et al (2022)’° removed the fungicide
carbendazim from contaminated waters using chitosan/
montmorillonite hydrogels which presented a maximum
adsorption capacity of 0.4618 mg g~ '. This effect is much
higher compared to the individual chitosan hydrogel, thus
the clay having a key role in the adsorption capacity of the
composite hydrogel.

Despite the good results obtained by abiotic hydrogels, the
use of biological procedures for pollutant decontamination,
known as bioremediation, is gaining attention due to their
improved properties. While the optimization of cell immobiliza-
tion procedures for manufacturing hybrid composite hydrogels
have been studied for years, their environmental application in
the fields of bioremediation and critical material biorecovery
have not been investigated so far (Table 2) (Fig. 4). Indeed,
literature surveys show that the number of studies on biotic

Mater. Horiz., 2024, 11, 5533-5549 | 5539


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mh00975d

Open Access Article. Published on 15 Augustus 2024. Downloaded on 2025-12-04 2:41:19 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

Table 1 Abiotic composite hydrogels for physico-chemical remediation purposes

View Article Online

Materials Horizons

Matrix composition (inorganic component)  Matrix composition (organic component) Contaminant Removal efficiency  Ref.
P(AAm-co-AN)-AgNO; Karaya gum Crystal violet 99% 70
Graphene oxide/carbon nanotubes Alginate Antibiotics 200 mg g ! 71
Cysteine-bentonite Alginate/PVA Pb(u) 995 pmol g * 12
Polyacrylamide Carboxymethyl cellulose Cu(m) 73.80% 72
Pb(u) 90.80%
Cd(n) 70.20%
Magnetic bentonite Carboxymethyl chitosan/alginate Cu(n) 92.62% 11
pSiDm copolymer Jute cellulose nanocrystals Methylene blue  88% 73
Kaolin and montmorillonite clay Chitosan Cu(u) 86% 74
Clay Alginate-cellulose Pb(u) 90% 75
Ce0,-M003-Si0,(CH,); Alginate Cr(vi) 151.96 mg g ' 76
Mn(n) 122.66 mg g
Clay Alginate-Saponin Cr(v1) 99.70% 77
Cu(u) 99.50%
Graphene oxide Alginate Cr(m) >60% 78
Pb(u)
Dellite 43B clay Chitosan Carbendazim >0.24 mg g~ " 79
Clay Chitosan Cr(v1) 50.90% 80
Pb(u) 39.50%
Kaolin clay Polyacrylic acid Ni(n) 14.40 mg g~ 81
Bentonite Chitosan/acrylic acid Cu(n) 88.50 mg g ' 82
Zn (i) 72.90 mg g~ !
Cd(m) 51.50 mg g '
Graphene oxide Alginate Mn(u) >55% 83
Montmorillonite Cellulose Methylene blue 277 mg g ! 84
Bentonite PVA Methylene blue  26.30 mg g ' 85
Halloysite Chitin Pb(u) 820 mg g’ 86
Cu(n) 420 mg g’
Cd(n) 210 mg g™ "
Spirulina-modified montmorillonite Chitosan Cr(v1) 3333 mg g " 87
Hectorite Sodium alginate Cu(u) 160.28 mg g’ 88
Polydopamine-coated montmorillonite Hexacyanoferrate Cs(1) 173 mgg ' 89
Montmorillonite Agar/maltodextrin/PVA Methylene blue ~ 71.51 mg g ' 90
LAPONITE® AMPS/acrylic acid Methylene blue 1385 mg g ' 91
LAPONITE"™ Poly(amidoxime)/gelatine/cellulose nanofiber Uranium 8.62mgg " 92
Montmorillonite Acrylamide/acrylic acid-calcium lignosulfonate ~ Methylene blue ~ 492.70 mg g~* 93
Cysteine-modified bentonite PVA/alginate Pb(u) 995 pmol g~ * 12
Bentonite-vermiculite PVA/poly acrylic acid Ni(1) 238.51 mg g " 94
Pb(n) 357.06 mg g~ "
Methylene blue  343.74 mg g '
Montmorillonite Chitosan Methyl green 303.21 mg g " 95
Montmorillonite PVA/chitosan As(v) 69.64 mg g~ * 13
Montmorillonite APMS/carboxymethyl cellulose Methylene blue ~ 490.50 mg g~ " 96
Kaolinite Carboxymethyl chitosan Cr(v1) 205mgg ' 97
Pb(u) 125 mg g~
Table 2 Microorganisms immobilized within composite hydrogels for bioremediation purposes
Removal
Matrix composition (organic/inorganic) Immobilization method Immobilized microorganism Contaminant efficiency Ref.
PVA/alginate/bentonite clay Entrapment/encapsulation Bacillus fusiformis Naphthalene 99.70% 98
PVA/Na-alginate/kaolin Entrapment/encapsulation Sphingomonas sp. GY2B Phenol 99.50% 99
PVA/alginate/clay mix Entrapment/encapsulation Pseudomonas stutzeri Crude oil hydrocarbons 74% 100
Rhodococcus gingshengii 67%
Polyethyleneimine/montmorillonite clay ~Adsorption Pseudomonas putida Formaldehyde — 2
Iron oxide/alginate Encapsulation Agrobacterium fabrum Methylene blue 45% 101
PVA/poly(p-xylylene) (PPX) Wet spinning Nitrobacter winogradskyi Nitrite >99% 102
Magnetic silica/alginate Entrapment/encapsulation Pseudomonas fluorescens Rhodamine B dye 99 86-99% 103
PVA/Na-alginate/bentonite Encapsulation Pseudomonas aeruginosa Hydrocarbons 99% 104
Bacillus subtilis
Ralstonia pickettii
Silica/alginate Entrapment/encapsulation Stereum hirsutum Malachite green 80% 105

clay-polymer composite hydrogels for bioremediation (Table 2)
is much lower compared to abiotic ones (Table 1). Biotic
hydrogels offer an eco-friendly approach that promotes a

circular economy, as microorganisms not only remove contami-
nants but can also transform them into valuable products of
industrial interest (Fig. 4).

5540 | Mater. Horiz., 2024, 11, 5533-5549 This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mh00975d

Open Access Article. Published on 15 Augustus 2024. Downloaded on 2025-12-04 2:41:19 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Horizons

Nanoparticle

REDOX

TRANSFORMATION
7 BIOREMEDIATION

(D=2

s,

\
N BIORECOVERY

N

Hybrid hydrogel

% Inorganic Covalent ’ Inert-p-NP
Crosslinker (clays)

Inorganic
Precursor

Organic
++ Crosslinkers _+_

Fig. 4 Schematic illustration of hybrid clay/polymer hydrogels with immo-
bilized bacteria, which offer a green and effective methodology for bioreme-
diation of toxic compounds and their biorecovery as valuable products.

It is important to emphasize that most studies employing
composite hydrogels with immobilized microbial cells are pri-
marily focused on the removal of synthetic organic chemicals (e.g.
phenol, formaldehyde, methylene blue, rhodamine B dye, etc.)
and hydrocarbons (Table 2). However, despite its intrinsic inter-
est, there is very little research on their use on the removal of
heavy metals (Table 2), which are among the most hazardous
pollutants released by anthropogenic activities today. Today, the
use of microorganisms for heavy metal decontamination is one of
the most promising green alternatives under investigation. In
fact, many microorganisms including Bacillus megaterium Y-4"%°
and Weissella oryzae'”” have been reported to efficiently remove
heavy metals transforming them into palladium and silver NPs of
interest, respectively. Therefore, this area is still an “in develop-
ment” scientific discipline and it is expected that more investiga-
tions focused on heavy metal bioremediation using hydrogels will
be conducted in the near future. Review of the literature also
reveals that bacteria (Bacillus, Pseudomonas, or Rhodococcus, etc.)
are the most commonly immobilized microorganisms in hydro-
gels. This is due to their high diversity, metabolic versatility,
adaptability, and rapid growth in optimal conditions in compar-
ison to other microbial cells.'®® For example, Zvulunov et al.,
(2019)* and Zvulunov and Radian (2021)'® used the synthetic
polymer polyethylenimine (PEI) mixed with montmorillonite clay
to produce hydrogels in which Pseudomonas putida cells were
adsorbed. They tested its potential to remove formaldehyde from
solution and compared the results obtained between using free
cells and immobilized cells. They observed that the hydrogel/clay
system acted as a pH buffer and only when immobilized bacteria
were used, more than 99% of formaldehyde degradation was
attained. Biofilm-forming bacteria should also be further
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researched for their inclusion in biohydrogels, as they could
improve their mechanical properties. Extracellular polymeric
substances (EPSs) released by some microorganisms establish
the functional and structural integrity of biofilms, determining
their physicochemical properties. These substances confer vis-
coelasticity, tightness, and self-healing abilities to biofilms,
which could be highly useful for improving their rheological
properties.'** "' Therefore, biofilm-forming bacteria capable of
eliminating heavy metals and converting them into valuable
products are excellent candidates for developing bioremediation
applications with hydrogels.

We have also identified a need to investigate other types of
microorganisms as the majority of studies are focused on
bacteria. The variety of microorganisms with bioremediation
and metal recovery potential, including yeasts, filamentous
fungi, algae, or archaea, offers a wide range of possibilities for
exploration. For instance, filamentous fungi also possess bior-
emediation potential, and their immobilization within compo-
site hydrogels has proven to be effective. A notable example is
the work by Perullini et al., (2010),'°® wherein they immobilized
the mycelium of the fungus species Stereum hirsutum within
alginate beads inside a sodium silicate monolith for the removal
of malachite green. The obtained results highlight that the
composite hydrogels in which the beads were encapsulated in
silica, showed higher removal rates than others, achieving 80%
of malachite green elimination.

Despite the enormous potential presented by both bacteria
and filamentous fungi, it is also important to consider their
possible drawbacks or areas for improvement. One of these
drawbacks is the potential degradation of the polymer matrix
due to the release of secondary metabolites by microbial cells or
physical stresses occurring during their application, both in the
environment (in situ experimentation) or in bioreactors (ex situ
experimentation). This fact could also make the scaling-up
process of these hydrogels more difficult. Therefore, we con-
sider fundamental the study of the rheological properties of the
hydrogels investigated as potential candidates for bioremedia-
tion. Unfortunately, very few studies contribute to this today.

Finally, the use of cell-free biohydrogels systems is also being
studied. Most of them consist basically in both bacterial or
fungal bioproducts such as enzymes, that are isolated and
immobilized within the polymeric matrices. An important prac-
tical benefit that enzymes offer against whole cells is that it is
not necessary to remove cell biomass debris due to the biode-
gradable nature of enzymes.'"® Moreover, enzymatic reactions
reduce the required activation energy, leading to a faster reac-
tion compared to non-enzymatic reactions.'** All this results in
a more cost-effective process with reduced waste production.

5. Other applications of composite
hydrogels
5.1. Biomedical industry

Due to their biocompatibility, biodegradability, soft consistency
and microstructure, polymeric hydrogels have been widely used

Mater. Horiz., 2024, 11, 5533-5549 | 5541


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4mh00975d

Open Access Article. Published on 15 Augustus 2024. Downloaded on 2025-12-04 2:41:19 nm..

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

for biomedical applications such as drug delivery or tissue
engineering. The combination of these matrices with other
compounds such as magnetic particles or clays makes them
more versatile materials with enhanced mechanical, structural
and swelling properties. For example, composite hydrogels
have been widely developed as 3D inks for the creation of
scaffolds useful in regenerative medicine and tissue engineer-
ing. In this scenario, Alexa et al. (2021a)"*® studied the addition
of organomodified montmorillonite into alginate hydrogels as
3D-printed scaffolds for bone tissue regeneration. The intro-
duction of the clay leads to an improvement of the porosity,
mechanical properties and biocompatibility of the hydrogel. In
another work, Alexa et al. (2021b)° developed 3D printed scaf-
folds for tissue engineering by adding the montmorillonite into
methacrylated gelatin hydrogels, increasing the viscosity of the
inks, the porosity and mechanical properties of the hydrogels.
Similarly, gelatin methacryloyl hydrogels with synthetic nanoclay
LAPONITE® were used by Man et al. (2022)™° to create 3D printed
structures able to retain and release epigenetically activated
osteoblast-derived extracellular vesicles for bone repair. Here, the
clay binds, stabilizes, and improves the retention and release of
the extracellular vesicles in the hydrogels, thus enhancing the
proliferation, migration, histone acetylation and mineralisation of
human bone marrow stromal cells. Composite hydrogels are also
used in cosmetics formulations. For example, Cavallaro et al
(2022)"" introduced halloysite nanotubes into keratin/alginate
hydrogels for protective treatment of human hair. They demon-
strate that the addition of keratin and halloysite enhances the
tensile strength of the human hair after the exposure to UV
irradiation.

Another interesting and widely studied application for the
composite hydrogels is wound dressing. In this regard, Elbas-
syoni et al. (2020)'"® studied the effect of attapulgite clay in the
properties of PVA and hydroxyethyl starch hybrid hydrogels.
They observed that the clay increased the swelling ability, the
mechanical characteristics and the antimicrobial activity for
their use in dermal wound dressings. In a later work of the
same group,'’® the attapulgite was introduced into PVA-car-
boxymethyl cellulose hydrogels to improve their mechanical,
thermal properties and antimicrobial activity. Similarly, Feiz
et al. (2019)"*° introduced chitosan-modified montmorillonite
(CsMMT) and nitrofurazone into PVA hydrogel films for wound
dressing with drug release. Thus, the drug release was con-
trolled with the quantity of CsSMMT, which also modified the
gel fraction, water vapor permeability, water uptake and tensile/
rheological properties of films.

As clay composites considerably change the drug release
behaviour due to their effect on the swelling, diffusion and
network parameters, composite hydrogels also find several
advantages as drug delivery materials. For example, Nath et al.
(2019)"*' reported that when montmorillonite was added to
gelatin (Ge)-g-poly(acrylic acid-co-acrylamide) hydrogels, the
controlled release of vitamin B12 in artificial gastric fluid
and artificial intestinal fluid, was enhanced due to the
better swellability of the hydrogels with the addition of clay.
Samanta et al. (2022)'** introduced the montmorillonite into
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acrylamide-polyethylene glycol hydrogels to increase the effi-
cient cure of different diseases and reduce the side effects.
Here, the swelling, drug loading, drug entrapment efficiency
(86%), and drug release properties (96.6%) increased for
3.2 wt% clay and 24 wt% PEG. Moreover, montmorillonite
was modified with curdlan-grafted poly-N-isopropylacrylamide
by Bera et al. (2023)"** for the delivery of erlotinib HCI (ERL) to
triple-negative breast cancer cells. Again, the clay reinforced the
drug entrapment efficiency drug release profile, temperature/
pH-responsive swelling, biodegradability and mucoadhesion
properties. Not only montmorillonite but also other types of
clays are widely used for drug delivery, due to their capacity of
adsorption of small molecules in contrast to the high burst
release and rapid diffusion from the pristine hydrogels. Thus,
Khachani et al. (2022)"** studied the drug release from PEG
hydrogels with LAPONITE®, montmorillonite, and halloysite.
They were able not only to control the release profile using the
different clay combined with the PEG, but also controlling the
buffer salt concentration and pH. Finally, Luo et al. (2019)'*°
used the adsorption capacity of halloysite nanotubes to create
chitosan hybrid hydrogels for sustained drug release.

5.2. il recovery

Composite hydrogels have been also used in oil reservoir
applications to palliate some of the deficiencies such as the
large energy waste, large inert gas consumption and low
efficiency of traditional methods. These problems are mainly
due to the hot work on oil pipelines and the high permeability
zones of the channels where part of the oil is left behind.
Different strategies using composite hydrogels had been devel-
oped to face these problems and enhance the oil recovery
process. For this aim, Tessarolli et al. (2019)® developed hybrid
composite hydrogels based on acrylamide, bentonite and poly-
ethylenimine with good stability, strength and blocking ability
characteristics under harsh conditions of salinity and hardness.
Polyacrylamide hydrogels with bentonite and montmorillonite
were used in oil reservoirs by Amiri (2019)'?® for water shut-off
operations. The strong and reversible interactions between the
polyacrylamide and the clays improved the thermal stability,
strength, and gelation time of these hydrogels. Similarly, Roslan
et al. (2023)'”” developed water shut-off techniques in oil
reservoirs by using composite hydrogels based on acrylamide,
PEG, attapulgite and bentonite. While the addition of clays
improves the swelling capacity and thermal stability of the
hydrogels, an excessive concentration leads to a decrease in
the swelling ratio due to the additional crosslinking points
which strengthen the polymeric chain and lower the porosity.
Another problem in the water shut-off operations is the thixo-
tropy of the hydrogels when filling in the annulus between the
slotted liners and the wellbore in horizontal wells. In this
regard, Chen et al. (2022)'*® introduced LAPONITE® into acry-
lamide matrices to enhance the hydrogels thixotropy perfor-
mance and thus their filling shape. Finally, Fan et al. (2022)"*°
also demonstrated that the inclusion of montmorillonite in
acrylamide-based hydrogels significantly improves their com-
pressive strength, flame resistance and oil and gas isolation.
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5.3. Agricultural applications

The great ability of composite hydrogels to absorb water by
swelling processes makes them of special interest as growing
scaffolds. For example, Santoso et al. (2019)” demonstrated that
the addition of bentonite (30 wt%) in cellulose hydrogels resulted
in a remarkable improvement of the Congo red adsorption
(45.77 mg g ). These hydrogels were also used as substrates
for soilless culture, promoting germination and growth of mung
bean (Vigna radiata L.) and mouse-ear cress (Arabidopsis thaliana),
thanks to the hydrated microenvironment created by the bento-
nite into the hydrogel matrix. Similarly, pectin-montmorillonite
hydrogels were used by Fernandes Filho et al. (2023)'° (122) as
dye and herbicide adsorbents, as the inclusion of montmorillo-
nite at low concentrations (1%) increased the methylene blue and
2,4-dichlorophenoxyacetic acid removal efficiency of the hydro-
gels. Moreover, Aydinoglu et al. (2021)"*° fabricated carrageenan/
psyllium/montmorillonite composite hydrogels as water absor-
bents for soil irrigation in agriculture. Another strategy for the
use of hybrid composite hydrogels in agriculture, is the reduction
of pesticides by controlled release formulations. In this concern,
Zhang et al. (2020)"*' propose the use of alginate-bentonite
hydrogels for the controlled release of imidacloprid, a widely
used agricultural insecticide. More recently, Dou et al. (2023)"**
fabricated chitosan-montmorillonite hydrogels as controlled-
release fertilizers. In this case, the addition of montmorillonite,
leads to an enhancement of the phosphorus and potassium
release, in the water retention of the soil with a daily release of
2.8% of the loaded fertilizer and a high degradation (57%) after
20 days.

6. Conclusions and future
perspectives

The current literature reflects that the most promising research
for improving the physical, chemical, and biological properties
of hybrid hydrogels involves the addition of inert and natural
particles of micro- or nanoscopic size (composites), such as
nanoclays. The incorporation of natural nanoclays would not
only improve mechanical, physical, and chemical properties,
but also provide support for the fixation of microorganisms and
the formation of biofilms. Indeed, clays are the natural habitat
of a wide variety of organisms with proven capabilities as
bioremediation agents.””*® This represents a significant
advancement in improving both the biocompatibility of hydro-
gels and the processes of microorganism immobilization
within them. These recent developments in the field open the
door to the search for new natural micro- or nano-composite
materials that can stimulate the metabolic activity of indigen-
ous microorganisms with bioremediation and biotechnological
capabilities. In the present manuscript, we have emphasized
the use of organic and eco-friendly polymers for the fabrication
of hydrogels. This would not only be beneficial in preventing
environmental pollution and ensuring biocompatibility, but
also in saving costs in manufacturing and waste management
processes. However, the inclusion of inorganic clay composites
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can also provide hydrogels with greater long-term mechanical
stability since they are non-biodegradable natural minerals.
Furthermore, clays are natural compounds, thus they have no
impact on the environment. This increased temporal stability
grants clay-based hybrid hydrogels superior properties for
industrial applications.

The utilization of clay-based hydrogels for the physico-
chemical remediation of environments contaminated with toxic
compounds have been extensively studied in recent years (see
Table 1). However, the use of these gels with immobilized
microbial cells has not been explored as much in this field as
summarized in Table 2. The increased use of abiotic clay-based
hydrogels may be due to the fact that clays are capable of
directly absorbing metals, eliminating the need for the addition
of microorganisms. This can be the case for heavy metals and
other contaminants that can be absorbed through electrostatic
interactions, such as cadmium or zinc. However, for other
elements that can be removed through processes like biominer-
alization (e.g. Pd) or redox biotransformation (e.g. Se), the
addition of microorganisms would greatly enhance the biore-
mediation efficiency of the hydrogels. Therefore, the effective-
ness of biotic or abiotic clay-based hydrogels for bioremediation
can vary depending on the specific metal to be removed.

Compared to conventional abiotic physico-chemical remediation
strategies, bioremediation is often cheaper, eco-friendly, and more
effective towards several contaminants."*® In many cases, bioreme-
diation of contaminants by hydrogels is not only associated with
pollutant removal, but also with the recovery of critical materials
and value-added products, which makes them a promising and
efficient strategy in line with the principles of the circular economy.
This is due to the potential of microorganisms not only for the
adsorption and immobilization of the pollutants, but also for its
ability to enzymatically transform them into less toxic nanoparticles
of great interest in both medicine and industry. For all these
reasons, major efforts must be made in designing efficient biohy-
drogels over physico-chemical ones for environmental remediation
purposes. Interestingly, in the present review, we have identified
bacteria as the most studied microorganisms for their immobiliza-
tion in clay-based hydrogels. This is mainly due to their high
diversity, metabolic versatility, adaptability, and rapid growth in
comparison to other microbial cells. In addition, recent studies
conducted in our research group revealed that biofilm-forming
bacteria are capable of enhancing the rheological properties of
hybrid hydrogels composed of alginate, cellulose, and bentonite
clays (data not shown). This is most probably due to the wide variety
of unique properties of extracellular polymeric substances (EPSs)
forming the biofilms. Bacterial biofilms have a slimy consistency
and can be described as viscoelastic, which are materials exhibiting
both fluid-like and solid-like characteristics."> Depending on the
bacterial species, biofilms have also shown very high stiffness
ability, resisting high pressure values ranging from hundreds to
several thousand kPa.''' Their self-healing abilities have been
proved as well. When exposed to shear forces, biofilms can quickly
and fully recover their initial viscoelastic properties."*® Considering
all the points discussed above, the combined use of clays and
biofilm-forming microorganisms in the preparation of hydrogels
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emerges as an ideal system for three main reasons: (a) both can
enhance the mechanical properties of the gels, (b) clays can facilitate
biofilm formation by acting as a support, and (c) microorganisms
can improve the efficiency of bioremediation and biorecovery
processes.

Other less explored microorganisms with bioremediation
potential, such as fungi, have been reported to be effective in
pollutant removal within silica composite hydrogels.'® The
filamentous structure of some fungal species, forming extensive
hyphal networks, could allow them to explore larger areas and
reach nutrients and contaminants within the polymeric matrix
that might be less accessible to bacteria. This could greatly
enhance the efficiency of redox biotransformation, adsorption,
or biomineralization microbial processes. Therefore, we con-
sider that further research is necessary on hydrogels with
immobilized filamentous fungi for the bioremediation of con-
taminated environments.

As discussed before, biohydrogels could also be used for the
biorecovery of precious metals and valuable products derived
from the interaction between the contaminant and the micro-
organism. Inclusion of magnetic materials such as magnetite
(Fe304) NPs within hydrogels is one of the latest innovations
being researched in the field of biorecovery. Magnetite NPs
produced by magnetic bacteria are being investigated as suita-
ble for bioscience and biomedicine due to their water solubility
and biocompatibility."** It is well known that magnetic NP
surfaces can be functionalized for different purposes. The
nature of the coating can modulate the interactions between
the NPs and the polymeric filaments of hydrogels, having a
direct impact on their properties, as we have demonstrated in
various studies.” Additionally, magnetic NPs with the appropri-
ate surface chemistry can conjugate drugs, proteins, enzymes,
antibodies, or nucleotides for use in numerous applications.
The most significant advantage of magnetic hydrogels is their
easy recovery and separation simply by applying a magnetic
field."*®> However, magnetic hydrogels with encapsulated micro-
organisms have not been explored for bioremediation and
biorecovery yet. In fact, most works found in the literature are
focused on their application in biomedicine for targeted drug
delivery and for physico-chemical remediation. Therefore, the
study of magnetic hydrogels for the bioremediation and bior-
ecovery of contaminated environments emerges as an interest-
ing field of study to explore.
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