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Abstract

Hydrogel-based functional materials have garnered widespread attention across various
fields due to their unique three-dimensional network microstructure and versatile, tunable
properties. However, owing to the absence of a systematic analysis of the application mech-
anisms of hydrogels in diverse fields, accurately choosing the suitable type of hydrogel, its
preparation method for specific application scenarios, and critical sustainability concerns
still present challenges. A systematic framework connecting hydrogel design, functional
performance, and sustainability is therefore needed. This review summarizes recent ad-
vances in chemical and physical cross-linking strategies and discusses their implications
for material performance and environmental sustainability. Representative applications in
separation engineering, sustainable agriculture, smart devices, and biomedical materials
are evaluated from both functional and sustainability perspectives. Finally, key trade-offs
between performance, functionality, scalability, and environmental impact are identified,
and future directions toward sustainable-by-design hydrogel systems are proposed. This
review aims to provide comprehensive theoretical references and technical insights for the
development of sustainable hydrogel materials with more potential applications.

Keywords: sustainable hydrogel-based materials; cross-linking technology; separation
engineering; smart device; cell and drug delivery

1. Introduction
The term “hydrogel” was first proposed by Van Bemmelen in 1894 [1]. In the 1960s,

Wichterle and Lim successfully applied it to contact lenses for the first time [2]. It is a gel
with water as the dispersing medium, formed by hydrophilic polymer chains cross-linked
either chemically or physically, typically possessing a three-dimensional network struc-
ture [3]. By introducing certain hydrophobic groups and hydrophilic residues (such as
hydroxyl and carboxyl groups) into water-soluble, high-molecular-weight polymers with a
network-cross-linked structure, the hydrophilic residues bind with water molecules and
interconnect within the network, while the hydrophobic groups expand when in contact
with water, thus forming a unique cross-linked polymer structure. Initially, hydrogel re-
search focused mainly on the synthesis of relatively simple chemical cross-linked polymer
networks. In the early 1970s, inspired by the work of Katchalsky [4], the focus of hydrogel
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research shifted from relatively simple water-swollen macromolecular networks to hydro-
gels that can respond to changes in environmental conditions such as temperature or pH [5].
Subsequently, with the growth of organic chemistry knowledge, research on chemically
cross-linked hydrogels with various functionalities gained momentum [6]. Monomers,
initiators, and cross-linkers are three important components in hydrogel synthesis. The
properties of hydrogels can be adjusted by altering the synthesis factors, such as reaction
containers, reaction time, reaction temperature, monomer types, and cross-linker types [7].
This allows the synthesis of hydrogels to be tailored by selecting different preparation
methods depending on the specific application field.

With the development and diversification of preparation methods, hydrogels suitable
for different application fields have been researched and developed. Hydrogels exhibit
distinct characteristics due to variations in preparation methods, such as the following:
(i) Water absorption and retention [8,9]: This ability allows hydrogels to expand rapidly in
water, absorbing hundreds of times their weight in water while maintaining their original
shape and three-dimensional network structure, without dissolving in water. The water
absorbed by hydrogels can be stably stored and released to maintain the surrounding
humidity. (ii) Biocompatibility and biodegradability [10–12]: The water content of hydro-
gels ranges from a few percent to as high as 99%. Since the water content of hydrogels
is similar to that of biological tissues (about 70% or up to 99% water), they exhibit strong
biocompatibility, which promotes cell growth and proliferation. Additionally, many hy-
drogel materials naturally degrade in vivo, avoiding secondary pollution. (iii) Unique
stimulus-responsive characteristics [13–15]: Many hydrogels can respond to changes in the
surrounding environment (such as pH, temperature, or light) by physically or chemically
altering their volume, shape, or properties. (iv) Excellent mechanical properties [16,17]:
Hydrogels have good stability and formability, and their mechanical properties can be con-
trolled through different preparation methods. For instance, when using a small amount of
cross-linking agent, a very soft gel can be obtained. In contrast, the rigidity of the polymer
increases with the degree of cross-linking.

In this review, sustainability is treated not as an isolated material property, but as a life-
cycle-oriented design criterion that connects hydrogel synthesis, functional performance,
practical use, and end-of-life management. Specifically, hydrogel sustainability is evalu-
ated from six interrelated dimensions: (i) renewable and low-impact feedstocks; (ii) low-
toxicity cross-linkers, initiators, and solvents; (iii) energy and resource-efficient fabrication;
(iv) durability, regeneration, and reusability during service; (v) biodegradability, recyclabil-
ity, and ecological safety at end of life; and (vi) scalability and manufacturing feasibility.
These criteria are used throughout this review to critically examine whether improvements
in hydrogel functionality translate into genuine sustainability benefits or merely shift
environmental burdens between different stages of the material life cycle [18].

Accordingly, this review does not simply catalogue hydrogel preparation methods
and applications. Instead, it establishes a structure–function–sustainability framework to
examine how network construction and material composition simultaneously determine
functional performance and environmental impact. Chemical and physical cross-linking
strategies are first compared from both performance and sustainability perspectives, fol-
lowed by application-specific analyses in separation engineering, agriculture, smart devices,
and biomedical materials. Finally, sustainable design principles, unresolved trade-offs, and
future opportunities for sustainable-by-design hydrogels are discussed.
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2. Hydrogel Preparation Strategies: Performance and Sustainability
Considerations

There are various methods for preparing hydrogels. Based on the types of interactions
involved in the matrix formation process, they can be classified into chemical cross-linking
and physical cross-linking.

2.1. Chemical Cross-Linking Method

The chemical cross-linking method refers to the process in which macromolecular
chains are connected through chemical bonds to form a network or three-dimensional struc-
tured polymer under the influence of cross-linking agents or other media. The cross-linking
agents serve as bridges between linear molecules, facilitating the formation of covalent
bonds between polymer chains. Hydrogels synthesized by this method typically exhibit
enhanced mechanical properties, as well as higher stability and durability. The chemical
cross-linking method can be further divided into monomer cross-linking polymerization
and carrier graft copolymerization.

2.1.1. Monomer Cross-Linking Polymerization

Monomer cross-linking polymerization is the preparation of macromolecular hydrogel
material by free radical homopolymerization or copolymerization in the presence of cross-
linkers. Haraguchi et al. [19] first polymerized N-isopropylacrylamide (NIPAM) monomer
through in situ free radical polymerization in a dispersion of lithium montmorillonite
(Laponite) nanoparticles without adding a chemical cross-linker, resulting in a nanocompos-
ite hydrogel with excellent tensile strength and toughness. N, N’-methylenebisacrylamide
(MBA) is commonly used as a cross-linking agent for the preparation of hydrogels. Re-
searchers prepared poly (acrylic acid-acrylamide) (PAA) hydrogels with good swelling
and adsorption properties from acrylic acid (AA), acrylamide (AM) and other materials
in the presence of MBA [20–22]. Guo et al. [23] also used MBA as a chemical cross-linker
and acrylamide as raw materials to polymerize composite hydrogels with unusual and
reversible thermo-responses via aqueous solution polymerization. Wang et al. [24] like-
wise synthesized a novel hydrogel using MBA as a cross-linking agent, which exhibited
excellent transparency, flame retardancy, and anti-aging properties. From a sustainability
perspective, monomer cross-linking polymerization benefits from mature processing and
scalability but may involve petroleum-derived monomers, toxic residual initiators or cross-
linkers, and considerable purification requirements. Future development should therefore
prioritize bio-derived monomers, low-toxicity cross-linkers, aqueous polymerization, and
high monomer conversion to minimize chemical waste and post-treatment demand [25].

2.1.2. Photo-Cross-Linking

Photo-cross-linking is a method that uses light (usually UV or visible light) as a
“switch”. It mainly relies on light-sensitive groups or photoinitiators to produce free radi-
cals under light, which then trigger covalent bonds between molecular chains to form a 3D
hydrogel network [26]. Trucco et al. [27] developed an injectable, visible-light-cross-linkable
hydrogel made from the methacrylated gellan gum (GGMA) using a ruthenium–sodium
persulfate photoinitiator system, allowing in situ cross-linking under visible light and
the encapsulation of human chondrocytes. The study systematically looked at how gel
concentration, photoinitiator ratio, light exposure time, and steam sterilization affect the
material’s properties. The research shows that visible-light-cross-linked GGMA has promis-
ing potential for cartilage defect repair. Photo-cross-linking offers spatial and temporal
control and can reduce thermal energy input compared with conventional thermally initi-
ated polymerization. Nevertheless, its sustainability depends strongly on the photoinitiator
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toxicity, light source, exposure time, and penetration depth. Visible-light-responsive and
initiator-efficient systems are therefore preferable to UV-intensive processes when compa-
rable functionality can be achieved [28].

2.1.3. Carrier Graft Copolymerization

Hydrogels can be grafted onto carriers with a certain strength to improve the poor
mechanical strength. The most typical example is the work by Fanta et al. [29] in 1983. They
utilized ammonium cerium nitrate as an initiator and found that Ce4+ coordinated with the
glucose rings of starch, causing breaks of rings and forming free radicals, which then led
to the grafting of acrylonitrile and other monomers onto starch. Athawale et al. [30] and
Cao et al. [31] also used ammonium cerium nitrate as an initiator to graft acrylamide onto
starch, to prepare hydrogels with thermal stability and high water absorption. Li et al. [32]
used lignosulfonate (LS), a natural high molecular material, acrylamide (AM) and hydrox-
yethyl methacrylate (HEMA) as monomers, and MBA as a cross-linker, to successfully
prepare a novel polymer hydrogel with pH responsiveness and excellent mechanical prop-
erties by grafting copolymerization.

The carrier graft copolymerization method can introduce various functions into hy-
drogels by grafting different monomers or functional groups. Compared to the other two
methods, hydrogels prepared using this approach typically possess high functionality
and customization potential, but the process is relatively complex. The use of renewable
carriers such as cellulose, starch, chitosan, and lignin can reduce dependence on fully
synthetic polymer matrices. However, multistep functionalization, solvent consumption,
low grafting efficiency, and purification requirements may offset these benefits. Sustain-
ability assessment should therefore consider the entire modification route rather than the
renewable origin of the carrier alone [33].

2.1.4. Radiation Cross-Linking

The radiation cross-linking method is the process of using the primary active free
radicals produced by various kinds of radiation to trigger the cross-linking of polymer
chains to form hydrogels. El-Rehim et al. [34] prepared cross-linked CMC-N/PAAm hydro-
gels using electron beam irradiation. Ammonium carbonate was added as a gas-blowing
agent in the irradiation process to make hydrogels with an ultra-porous structure. Nizam
et al. [35] prepared the hydrogels using an acrylamide monomer (AM) and carboxymethyl
cellulose (CMC) as the base materials by gamma irradiation. Radiation cross-linking can
eliminate chemical initiators and simultaneously enable cross-linking and sterilization,
thereby reducing chemical residues. However, the high-energy radiation source, special-
ized equipment, and associated energy demand must be considered when evaluating its
overall environmental advantage [36].

2.2. Physical Cross-Linking Method

Physical cross-linking is a method for creating a gel through physical forces such
as electrostatic attraction, ionic interactions, hydrogen bonding, and chain entanglement.
The hydrogel prepared by this method is non-permanent and can undergo reversible
changes when conditions are altered. Therefore, it exhibits good adjustability and dynamic
responsiveness, making it suitable for applications in short-term functional fields such
as drug carriers or adjustable material fields like smart devices. Physical cross-linking
can be categorized into ionic interactions, hydrogen bonding, and hydrophobic bonding.
Physical cross-linking provides potential sustainability advantages because reversible
non-covalent interactions can reduce the use of permanent chemical cross-linkers and
facilitate reprocessing, self-healing, or controlled degradation. However, lower long-term
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stability may shorten the service life and increase the replacement frequency, illustrating
that “greener synthesis” does not necessarily guarantee a lower life-cycle impact [37].

2.2.1. Ion Interactions

The preparation of hydrogels through ion interactions can be categorized into two
groups: (i) the electrostatic interaction between the polyelectrolyte and oppositely charged
polyvalent ions forms physical hydrogels; (ii) the electrostatic interaction between two
oppositely charged polyelectrolytes forms polyelectrolyte complex hydrogels. Xu et al. [38]
developed a dual ionically cross-linked hydrogel by in situ polymerization of acrylic acid in
the mixed solution of 2-hydroxypropyltrimethyl ammonium chloride chitosan (HACC) and
iron ions (Fe3+), in which the ionic bond between positively charged HACC and negatively
charged PAAc is the first set of cross-linking points and the ionic interaction between the
trivalent iron ion (Fe3+) and the carboxyl group serves as the second set of ion cross-linking
points. The synthesis of hydrogels through ion interactions has been widely researched
and applied in the biomedical field. Using this method, Cheng et al. [39] developed a
zinc-cross-linked hydrogel containing zinc–insulin hexamers for oral insulin delivery, while
Wei et al. [40] prepared a three-dimensional porous hydrogel scaffold.

2.2.2. Hydrogen Bond Cross-Linking

In the polymer aqueous solution system, the intramolecular and intermolecular hydro-
gen bonds can also play the role of physical cross-linking points. For example, Li et al. [41]
used acrylamide as a hydrogen bond donor and choline chloride as a hydrogen bond
acceptor, dispersing ZnO into the system they constructed, resulting in a nanocomposite
hydrogel with excellent antibacterial properties. Chen et al. [42] also combined hydrogen
bonding and electrostatic attraction to construct a mechanically stable hydrogel bead with
a core–shell structure for the removal of Cu2+ from wastewater.

2.2.3. Hydrophobic Association

The hydrophilic monomer is used as the main reaction monomer to copolymerize
with a small number of monomers with hydrophobic groups. During the reaction pro-
cess, the hydrophobic groups of the hydrophobic monomer will gather together with the
hydrophobic groups of the added surfactants in aqueous solution through hydrophobic
association to form a mixed micelle. Hydrogels with a dense three-dimensional network
structure were synthesized by connecting these mixed micelles with the main hydrophilic
chains. Zhao et al. [43] used the cationic surfactant (dodecyl trimethyl ammonium bromide)
to form micelles with the hydrophobic agent as the physical cross-linking point of the
three-dimensional network. The hydrophobic association hydrogels can be prepared suc-
cessfully using micelles copolymerizing acrylamide and lauryl methacrylate, with excellent
mechanical, rheological, and recovery properties.

Furthermore, in addition to the chemical cross-linking or physical cross-linking alone,
there are also hydrogels with chemical and physical synergistic cross-linking. For example,
Wan et al. [44] successfully prepared a multifunctional conductive hydrogel via an interpen-
etrating network (IPN) and multiple hydrogen bond interaction with strong self-healing
shape memory and good thermal stability. The chemical cross-linking in the hydrogel sys-
tem was obtained by in situ polymerization of acrylic acid (AA) and aniline (ANI). Physical
cross-linking is achieved through the formation of an IPN skeleton by polyvinyl alcohol
(PVA), PAA-PANI polymer and PVA, in which multiple hydrogen bonds interact between
polyvinyl alcohol and polydopamine (PDA) and PF127 diamino oxygen derivatives (AOP).

Hydrogels prepared by chemical cross-linking typically exhibit more stable properties,
making them suitable for long-term use. However, their complex reaction conditions
and potential environmental hazards require special attention. The physical cross-linking
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method is easy to operate and highly adjustable, but the stability of the hydrogel needs
further enhancement.

3. Applications of Hydrogels
The outstanding adsorption performance, good biocompatibility and degradability,

unique stimuli-responsive characteristics, and excellent mechanical properties mean hydro-
gels are widely applied in fields such as separation engineering, sustainable agriculture,
smart devices, and biomedical materials. In addition, the properties of hydrogels can
also be used to encapsulate substances in hydrogels, thereby expanding their applicability
in diverse fields. In the field of separation engineering, hydrogels can serve as effective
adsorbents for oil–water separation and extraction of metal ions. Additionally, they can
also be used as soil conditioners in agriculture. Within the realm of smart devices, the
multifaceted attributes of hydrogels position them as crucial materials for flexible sensors
that enable precise monitoring of stress and strain. In biomedical engineering, hydrogels
are employed as delivery systems for cell transport and controlled drug release.

3.1. Separation Engineering

In recent years, hydrogels have been widely applied in the field of separation engineer-
ing. Their unique three-dimensional network structure and excellent interfacial regulation
properties can effectively enhance mass transfer efficiency in substance separation pro-
cesses, showing great potential in applications such as oil–water separation and metal
ion separation.

3.1.1. Separation of Metal Ions

The efficient separation or extraction of metal ions has always been a significant chal-
lenge. Numerous studies have shown that hydrogels have great potential in adsorbing
metal ions [45–50]. Emulsion hydrogels are prepared by encapsulating oil phase extractants
into hydrogels. Functional groups in emulsion hydrogels can chelate or exchange ions
with metal ions, which is a new method for the extraction or separation of metal ions.
Yuan et al. [51] prepared a three-dimensional network structure of Pickering emulsion
hydrogels (PEHGs) using acrylamide as the raw material and SiO2 as the emulsifier. The PE-
HGs were used to encapsulate the copper ion extractant 5-dodecylsalicylaldoxime (N902),
providing a channel for the diffusion of Cu2+ from the aqueous phase to the extractant
droplet oil–water interface, thereby achieving the effective extraction of Cu2+ from the
solution. Yuan et al. [52] prepared size-controllable O/W/O Pickering emulsion hydrogel
microspheres using two types of SiO2 particles with opposite wettability. Both types of hy-
drogel beads were used for the adsorption of Cu2+ from water, with extraction efficiencies
reaching 97%. Gao et al. [53] encapsulated the synergistic phosphoric acid 2-ethylhexyl
hydrogen-2-ethylhexyl ester/phosphoric acid tributyl ester (P507/TBP) hydrogel in a
semi-permeable polymer network (SIPN) structure of polyacrylamide/sodium alginate
(PAM/SA). They prepared Pickering emulsion hydrogels (PEHGs) with dual-component
absorption and studied their adsorption performance for Zn2+ in water. The results showed
that the adsorption capacity for Zn2+ could reach 76.51 mg/g. Then, Gao et al. [54,55] pre-
pared water-in-oil Pickering emulsion hydrogels using 2-ethylhexyl hydrogen-2-ethylhexyl
phosphate (P507)/kerosene and di (2-ethylhexyl) phosphoric acid (D2EHPA)/kerosene as
dispersed phases, polyacrylamide-co-diacetone acrylamide (P (AM-co-DAAM)) pre-gel
solution as the continuous phase, and nano-SiO2 particles as the stabilizer. At 298 K, the
adsorption capacities for Zn2+ and In3+ reached 138.2 mg/g and 28.232 mg/g, respectively.
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3.1.2. Oil–Water Separation

With the continuous increase in industrial oily wastewater and the frequent occurrence
of various oil spills, oil–water separation has been a global challenge. Hydrogels have
excellent water absorption and retention, and they are considered promising candidates for
designing new oil–water separators. A variety of superwettable hydrogel materials have
been developed for oil–water separation [56]. The utilization of hydrogels for oil–water
separation primarily hinges on their exceptional superhydrophilicity and superhydropho-
bicity. Upon contact with an oil–water mixture, the hydrogel’s pronounced affinity for
water enables it to rapidly absorb aqueous phases while effectively repelling oily compo-
nents, thus facilitating efficient oil–water separation. Hydrogels are usually combined with
a micron-sized porous substrate (stainless steel mesh) to form a hydrogel-coated mesh;
when the oil–water mixture is injected into the mesh, the oil remains on the mesh, while
the water is separated, and there are no oil stains in the permeated water. For instance,
Liu et al. [57,58] successively prepared two hydrogels with superhydrophilic and super-
oleophobic properties and combined the hydrogels with stainless-steel mesh for oil–water
separation. The efficiency of oil–water separation of the two hydrogels can reach more than
98%. Likewise, Wu et al. [59] utilized a similar approach to prepare PVA/CS/PAM IPN hy-
drogels (HAPC-Gel) by two-step free radical polymerization. The interpenetrating network
gives the hydrogel material high mechanical properties due to the presence of physical
and chemical cross-linking. The first network was formed by cross-linking CS and PVA
with glutaraldehyde (GA). Based on CS/PVA, acrylamide (AM) is designed to form PAM
through free radical polymerization as the second network, and the formed PAM network
interpenetrates a PVA/CS network. HAPC-Gel coating filter cloth has super-oleophobic
properties underwater, and it can stably separate the oil–water mixture under different
oil phases and complex environments (acid, alkali and salt). The HAPC gel has good
chemical stability and recyclability, which provides the possibility to recover oil and water
in complex environments, and the removal rate remains above 99% after 20 instances of
oil–water separation. Chen et al. [60] prepared multifunctional Ag NPs/guar gum hybrid
hydrogels by in situ reduction and self-cross-linking methods. The hydrogels achieved a
separation efficiency of over 98% for various oil–water mixtures.

The substances to be separated are often not present in isolation within the separation
system. The complexity of multi-component coexistence, along with the synergistic effects
of environmental factors, presents significant challenges for the application of hydrogels in
the field of separation engineering. Enhancing the ability and efficiency of hydrogels to
separate target components in complex systems is critical for their industrial applications.
From a sustainability perspective, separation performance should not be evaluated solely
by adsorption capacity or separation efficiency. The regeneration efficiency, number of reuse
cycles, consumption of acids, bases and organic solvents during regeneration, recovery of
the separated resources, hydrogel lifetime, and generation of secondary waste are equally
important. A hydrogel exhibiting exceptionally high adsorption capacity but requiring
chemically intensive regeneration may not provide a genuine environmental advantage
over conventional separation technologies. Future studies should therefore report both
separation performance and resource consumption over repeated operating cycles [61].

3.2. Sustainable Agriculture

In sustainable agriculture, bio-based hydrogels are developed to balance crop produc-
tivity with ecological safety [62]. They are widely applied for soil water retention, controlled
delivery of agrochemicals, seed coating, and degraded soil remediation. These materials
can mitigate water scarcity and agrochemical leaching, while reducing micro-plastic risks
compared with conventional non-degradable synthetic superabsorbents. Cui et al. [63]
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developed a physically and chemically cross-linked hydrogel made from quaternary am-
monium guar gum (QAG) and humic acid (HA). HA contains a large number of carboxyl,
hydroxyl, and carbonyl groups, which can physically cross-link with the hydroxyl and
quaternary ammonium groups in QAG through electrostatic and hydrogen bonding in-
teractions. The results showed that the presence of four hydrophilic groups (quaternary
ammonium, hydroxyl, carboxyl, and carbonyl) in the hydrogel improved the soil’s water
retention by more than double, and the adhesion strength between soil particles increased
by 650% compared to the original. Furthermore, compared to direct fertilization, the
biodegradable hydrogel not only improved the germination rate and growth condition
of mung beans but also reduced the negative impact of over-fertilization on plant roots.
Ghobashy et al. [64] proposed a novel approach for preparing a highly porous super ab-
sorbent hydrogel (SAH). They used gamma radiation to polymerize and cross-link synthetic
and natural hydrogel-based acrylamide (Am) and gelatin (G) to form hydrogels. The hydro-
gels were modified in concentrated alkali, and under the alkaline hydrolysis of concentrated
NaOH, the CONH2 group was converted to the COONa carboxyl group. The experimental
results showed that the water absorption performance of the modified hydrogel material
was significantly improved, and it had good sustained-release properties. Based on the
purpose of the integration of “water and fertilizer”, Niu et al. [65] put forward the strategy
of synchronous chemical loading. A biodegradable and environmentally friendly multi-
functional superabsorbent material SA/urea hydrogel was designed and synthesized. In
this method, urea was used as a cross-linking agent to construct an SA network. High
porosity and a large number of hydrophilic groups ensure that the hydrogel has excellent
water absorption, water retention, and biodegradability. During the degradation process,
the hydrogel can release nitrogen, phosphorus and potassium into the soil for a long time,
promoting plant growth and increasing nutrients.

Hydrogels show great potential for application in soil improvement, but the environ-
mental friendliness and biocompatibility of the materials used for their preparation are
essential prerequisites for their practical use. Therefore, the development of green prepa-
ration materials will become a key of this field. However, agricultural hydrogels should
not be considered sustainable solely because they improve water retention or fertilizer-use
efficiency. Their long-term degradation behavior, accumulation of non-degradable poly-
mer fragments, potential microplastic formation, effects of degradation products on soil
microorganisms, and economic feasibility at the field scale must also be considered. Future
evaluations should therefore integrate agronomic benefits with soil persistence, ecotoxicity,
and end-of-life behavior [66].

3.3. Smart Device

The excellent tunability and dynamic responsiveness of hydrogel materials have
garnered significant attention in the field of smart devices. As a three-dimensional network
of hydrophilic polymers, hydrogels have Young’s moduli similar to human skin and have
special elasticity, stretching ability, biocompatibility and self-healing properties [67,68];
these properties also give hydrogels unique advantages in the field of smart devices.

In the field of flexible wearable sensors, hydrogels have shown promising application
potential. Hydrogel sensors detect stress–strain by capturing the volume or shape change
in the hydrogel material when it is subjected to external stresses and converting it into a
quantifiable electrical signal. In addition, hydrogel sensors can utilize the ionic conductivity,
piezoelectric effect, and other properties of hydrogels to respond to pressure, touch, and
other stimuli. Using these principles, hydrogels have been widely studied and applied
in electronic skin, human health monitoring, implantable devices, and human–computer
interaction systems [69].
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Researchers are continuously exploring new conductive fillers and polymer substrates
to optimize the performance of wearable hydrogel sensors [70]. For example, Song et al. [71]
developed a sweat sensor with anti-fouling and antibacterial properties by incorporating
MXene and CeO2 nanomaterials into amyloid albumin hydrogels (ABSAG), which en-
hanced the sensor’s sensitivity and stability. Additionally, researchers have effectively
improved the mechanical properties and sensitivity of hydrogel sensors by introducing
materials such as cellulose, cellulose nanocrystals (CNCs), and ionic cellulose [72–78].

Human–machine interaction has been closely integrated into every aspect of people’s
lives, and traditional human–machine interaction devices are mostly made of strong mate-
rials, which poses a challenge to wearability. Compared with traditional human–computer
interaction materials, hydrogels have good mechanical properties, excellent biocompatibil-
ity and ultra-high sensitivity. By combining hydrogels with flexible electronic components,
smart devices with touch-sensitive functions can be developed. These devices can accu-
rately identify the user’s touch position for a more natural and intuitive human–computer
interaction experience. To overcome the problems of one-dimensional nanomaterials being
insensitive and expensive, and two-dimensional materials having scalability and disper-
sion. Li et al. [79,80] successfully developed double-network PAM/CMC/TA hydrogels by
reinforcing polyacrylamide (PAM) and sodium carboxymethyl cellulose (CMC) polymer
with tannic acid (TA). PAM/CMC/rGO hydrogels were also prepared with polyacrylamide
(PAM), sodium carboxymethyl cellulose (CMC) and reduced graphene oxide (rGO). These
two hydrogels have been applied to human–machine interface systems for motion recogni-
tion and wearable one-handed keyboards with gesture recognition functions respectively.
Among them, the PAM chain provides the elasticity of the hydrogel through covalent
cross-linking. CMC, a biodegradable polymer widely existing in nature and rich in car-
boxyl and hydroxyl functional groups, readily engages in robust hydrogen bonding with
other materials. Its addition, it gives the hydrogels better biocompatibility and mechanical
properties. Dong et al. [81,82] have also developed different hydrogels for smart wearable
human–computer interaction. Inspired by the adaptation mechanism of organisms in cold
environments, Fu et al. [83] doped with both antifreeze protein (AFP) and inorganic salt
(NaCl) in Agar/PAAm dual-network hydrogel to prepare a multi-functional antifreeze
hydrogel. The antifreeze effect is derived from the synergistic mixing of AFP and NaCl,
which can maintain the core performance even at −20 ◦C and ensure accurate and sta-
ble monitoring of human movement. Using these excellent properties, they assembled
the hydrogel into wearable electronic devices for HMI (intelligent control and telematics
transmission). Despite rapid improvements in sensitivity, conductivity, stretchability, and
self-healing ability, the sustainability of hydrogel-based smart devices remains insufficiently
addressed. The incorporation of nanomaterials, conductive fillers, salts, and complex elec-
tronic components can complicate material recovery and end-of-life treatment. Moreover,
high durability may conflict with biodegradability, while disposable wearable sensors may
generate additional electronic waste. Sustainable hydrogel electronics therefore require not
only a high sensing performance but also simplified compositions, low-energy fabrication,
extended service life, repairability, and compatible recycling or degradation pathways [84].

3.4. Biomedical Materials
3.4.1. Cell Delivery

The viscoelastic properties of hydrogels and their similarity to extracellular matrices
(ECMs) allow them to encapsulate cells as cell support scaffolds to form cell–hydrogel
complexes. By encapsulating cells in hydrogels, cells can be protected from interference
from the external environment while providing oxygen and nutrients required for cell
growth. What’s more, the cells encapsulated in the hydrogel remain resident at the implant
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site for a long time. Kwokdinata et al. [85] investigated the use of an injectable hydrogel
consisting of thiolated hyaluronic acid and thiolated gelatin. They encapsulated SCPCs in
thiol-modified hyaluronan gelatin hydrogels and transplanted them into the rat spinal cord
to treat spinal cord injuries. Pupkaite et al. [86] modified collagen with a sulfhydryl group,
and hydrogels were prepared by cross-linking with 8-arm polyethylene glycol-maleimide.
The results showed that the thiol-collagen hydrogel was also suitable for cell delivery. In
addition, self-assembled peptide hydrogels have great potential in cell delivery due to their
high biocompatibility, low immunogenicity, and reabsorption of degradation products by
organisms [87].

Delivery of therapeutic cells to injured or diseased tissues through controlled degra-
dation can reduce inflammation and increase the regenerative potential of several tissues.
Ansari et al. [88] encapsulated the GMSCs in a hydrogel to develop an injectable 3D RGD-
coupled alginate brine gel cell encapsulation structure with multiple growth factor delivery
capabilities. According to their biomechanical analysis, GMSCs encapsulated in alginate
gel have the highest muscle differentiation ability compared with other hydrogels, so the
cell-encapsulated hydrogels have the potential to enable muscle tissue repair/regeneration.
Torres-Ortega et al. [89] developed and characterized a drug delivery system for brain
tissue repair, where mesenchymal stem cells (MSCs) and glial cell line-derived neurotrophic
factor (GDNF) were included in a nanoparticle-modified supramolecular guest–host HA
HG. The results showed that the incorporation of NPs into supramolecular guest–host HG
enhanced the mechanical properties of the biomaterial as a physical cross-linking agent of
the HG compared to conventional HA gels. It was also demonstrated that the developed
HG enhanced the anti-inflammatory properties of MSCs, promoted their relationship with
ECM, and promoted differentiation into neuron-like cells.

3.4.2. Drug Delivery

Hydrogels have a high water content, biocompatibility, and a structure similar to
the macromolecular composition of the human body. As a drug carrier, hydrogel can be
used for wound healing, which can not only maintain a moist wound environment and
promote cell growth and tissue repair but also achieve the slow release and controlled re-
lease of drugs, to improve the therapeutic effect and action time of drugs. Yang et al. [90]
prepared LL-37/CS hydrogel dressings by the physical blending method. Chitosan was
used as the base material of hydrogel, and LL-37 was encapsulated in hydrogel. Their
results showed that the LL-37/CS hydrogel could effectively deliver LL-37 peptide to the
wound site and produce antimicrobial and pro-healing activity. Self-assembled peptide
hydrogels are considered to be good choice materials for drug delivery carriers due to
their structural similarity to natural extracellular matrix. Cui et al. [91] developed a dual
drug delivery system. They used FGF-alginate fiber as the core material and antibiotic
self-assembled peptide hydrogel as the shell material, and encapsulated micron-scale
alginate fiber in the instant self-assembled peptide hydrogel to construct a dual-loaded
drug delivery system. When the hydrogel was applied to rats, the wounds of the rats
were gradually healed, demonstrating that the two-drug delivery system can rapidly
control acute inflammation and promote wound healing. Compared to pure peptide
hydrogels and pure alginate fiber gels, the fiber–peptide hydrogel exhibited a slow
degradation rate.

Hydrogels can also be used as probiotic carriers to protect probiotics from harsh
environmental influences (such as damage by stomach acid and digestive enzymes)
to ensure that sufficient amounts of probiotics reach the target areas of the intestine.
Xiao et al. [92] encapsulated a model probiotic (Lactobacillus rhamnosus) in a hydrogel
to alleviate bacterial enteritis. When exposed to H2S secreted by surrounding intesti-
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nal pathogens, the hydrogel can be locally degraded and rapidly release the cargo to
compete with the source pathogen in turn for binding to the host. More importantly,
the presence of hydrogels enhances the survival of Lactobacillus rhamnosus in the face of
gastrointestinal injury.

In biomedical applications, biocompatibility and biodegradability are often regarded
as indicators of sustainability; however, they should not be considered equivalent to envi-
ronmental sustainability. Complex chemical modification, sterile manufacturing, single-use
products, and energy-intensive purification may substantially increase the environmen-
tal footprint of biomedical hydrogels. Sustainable design in this field therefore requires
balancing clinical performance and patient safety with manufacturing efficiency, mate-
rial utilization, controlled degradation, and waste management, without compromising
regulatory requirements [93].

4. The Sustainability of Hydrogels
After discussing the methods for synthesizing hydrogels and their potential appli-

cations in different fields, we will move on to focus on the sustainability of hydrogels.
Sustainable hydrogel design should start with reverse-engineering network architectures
according to application demands [94]. For instance, separation applications prioritize se-
lective mass transport and chemical stability; agricultural scenarios require water retention,
sustained release and biodegradability; smart devices demand conductivity, toughness
and cyclic stability; while biomedical materials focus on biocompatibility, tissue-matching
mechanics and controllable degradation. Therefore, hydrogels should not be universally de-
signed with high cross-linking density and high mechanical strength. Instead, cross-linking
strategies, pore structures, water content and interfacial chemistry ought to be tailored to
the targeted functions [95].

In network construction, low-toxicity, low-energy-consumption and reversible cross-
linking strategies should be prioritized, including hydrogen bonding, ionic interactions,
host–guest interactions, dynamic covalent bonds, and visible-light-mediated cross-linking,
to reduce the utilization of conventional highly toxic cross-linkers and organic solvents.
Meanwhile, double-network, interpenetrating network, gradient or phase-separated ar-
chitectures can be adopted to spatially partition different functions. For example, one
network bears the structural load and maintains mechanical stability, while the other net-
work undertakes ion transport, self-healing or stimulus-responsive behaviors. This strategy
helps alleviate the well-known trade-off where enhanced strength is accompanied by a
deteriorated mass-transport performance [96].

Sustainability should also be reflected in raw material selection. Renewable or
biobased polymers such as cellulose, chitosan, alginate, starch and gelatin are preferred,
while the proportion of non-degradable petrochemical monomers should be reduced.
Nevertheless, “natural origin” does not inherently guarantee true sustainability. Full assess-
ments are required regarding raw material acquisition, chemical modification procedures,
solvent usage, and final degradation products. Accordingly, a more rational principle is
to minimize synthetic steps and the degree of functionalization, and prioritize material
systems capable of direct gelation or mild modification.

For functional design, the concept of “more functions is better” should be avoided.
Although excessive incorporation of nanofillers, conductive materials, complex cross-
linkers or multi stimulus-responsive components may boost laboratory-scale performance,
it will raise the production cost, manufacturing complexity, recycling barriers and potential
environmental risks. A better approach is to “achieve maximum function with minimal
components”, meaning we should leverage the network structure itself for mechanical,
transport, and responsive functions, rather than constantly adding additives.
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Scalability should also be considered at the early stage of material development.
Hydrogels prepared in laboratories via sophisticated microfluidics, prolonged freeze–thaw
cycles, multi-step grafting or precision lithography will face limited practical value if
continuous manufacturing cannot be realized. Therefore, the raw material cost, reaction
time, energy consumption, equipment requirements, batch consistency, and continuous
manufacturability need to be evaluated in parallel.

When it comes to environmental impact, we should expand the focus from just “per-
formance during use” to considering the “entire life cycle”. A truly sustainable hydrogel
needs to account for things like where the raw materials come from, the energy used in
production, the lifespan, the number of times it can be recycled, how it is disposed of,
and the ecological safety of its degradation products. For example, with adsorption and
ion-separating hydrogels, you should not just report the adsorption capacity; you should
also look at how many times it can be reused and how much acid, base, and solvent are
consumed during regeneration. For agricultural hydrogels, you need to pay attention to
long-term residues and potential microplastic risks.

Table 1 systematically compares representative preparation methods, including chemi-
cal and physical cross-linking, core advantages, and main limitations, together with their
suitable application scenarios and representative recent studies.
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Table 1. Key conditions, advantages, limitations and application field of hydrogels with different cross-linking strategies.

Method Key Condition Core Advantage Main
Limitation

Sustainability
Benefits

Sustainability
Concerns Applicable Field Ref.

Chemical
cross-linking

Monomer
polymerization

For example, (AA, AM, NIPAM)
+ cross-linking agent + initiator;

heat/light induced

The process is well-established,
costs are low, you can easily

tweak the cross-linking density
and mechanical properties, and it

is great for mass production

Residual monomers/initiators
might be toxic; the network

structure is uneven

Mature and scalable
processing; aqueous

synthesis possible

Residual
monomers/cross-

linkers; petrochemical
feedstocks; purification

waste

Adsorption separation,
agricultural water
retention, flexible

sensors

[97,98]

Carrier graft
copolymeriza-

tion

The carrier contains active groups
like -OH, -COOH; the initiation

system creates grafting sites;
control the monomer ratio,

temperature, pH, and reaction
time to prevent monomer

homopolymerization; carrier
concentration regulates the

density of the network

Retains the intrinsic properties of
the carrier while introducing

functional side chains; the
covalent network has good

stability in water; mechanical,
charge, and responsive

characteristics can be tuned; can
enhance drug adsorption and

cell adhesion

Prone to homopolymer side
reactions; reaction parameters are

sensitive, making scale-up
consistency poor; leftover

reagents pose a cytotoxicity risk;
grafting rate involves a

performance trade-off; covalent
network degradation behavior is

hard to control precisely

Biomedical materials,
separation engineering [30,99]

Radiation
cross-linking

Using Y-rays, electron beams
(EBs), or high-energy radiation to
generate free radicals, triggering

the formation of covalent
cross-linked networks between

polymer chains; usually no
chemical initiators are needed

No need for extra chemical
initiators; cross-linking and

sterilization can happen at the
same time; strong penetration

ability; low residues; the degree
of cross-linking can be controlled

by the radiation dose

High doses of radiation can cause
polymer chains to break or

degrade; equipment and safety
protections are required; the

radiation dose and cross-linking
density need to be precisely

controlled

Cell delivery, drug
delivery [100]

Photo-cross-
linking

Photosensitive
monomer/polymer

photoinitiator; UV or visible light
exposure

High precision in space and time
control; gels quickly; easy to

build microstructures

Photoinitiator residues and UV
might affect cells; light

penetration is limited in
thick samples

Flexible electronics [101]

Physical
cross-linking

Ion interactions
Charged polymers + multivalent

ions; for example, the sodium
alginate/Ca2+ system

Mild conditions; gels quickly; no
high temperature needed

Ion exchange may gradually
destabilize the structure;

long-term mechanical
performance is limited

Low chemical input;
reversible; potentially

reprocessable

Poor long-term stability;
shortened service

lifetime

Agriculture slow
release, adsorption

separation, cell delivery,
drug delivery

[102,103]

Hydrogen bond
cross-linking

Uses -OH, -COOH, -NH2,
-CONH groups to form reversible

hydrogen bonds; commonly
found in PVA, PAA, PAM,

cellulose, etc.; temperature, pH,
and polymer concentration affect

the cross-linking strength

No need for chemical
cross-linkers; highly reversible;

good self-healing properties;
relatively high biocompatibility;

easy to build dissipative
networks

Hydrogen bonds are easily
affected by water competition,

temperature, and pH; long-term
stability and wet mechanical

performance might not
be enough

Flexible sensors, drug
delivery, separation

engineering
[104,105]

Hydrophobic
association

Introducing hydrophobic groups
into a hydrophilic polymer
network; the hydrophobic
segments gather in a water

environment to form reversible
physical cross-linking domains;
the performance is controlled by

the content of hydrophobic
groups, chain length, and

polymer concentration

High toughness; large
deformation capability; reversible

energy dissipation; fatigue
resistance; some systems have

self-healing properties

Hydrophobic monomers have
poor water solubility; preparation

and composition control are
relatively complicated; excessive
association may reduce swelling
and mass transfer performance

High-strength tough
hydrogel, smart devices [106,107]
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5. Conclusions and Perspectives
Hydrogels are emerging functional materials with versatile properties and flexible

structures, and they have been widely studied and applied in fields such as separation
engineering, sustainable agriculture, smart devices, and biomedical materials. The prepara-
tion methods of hydrogels can be classified into two categories: chemical cross-linking and
physical cross-linking. Hydrogels prepared by different methods exhibit varying functions
and properties, which in turn determine their application fields. Understanding the corre-
lation between the preparation methods of hydrogels and their functions and properties
is of great significance for improving the preparation level and application efficiency of
hydrogel materials.

Hydrogel research has progressed from conventional water-swollen polymer net-
works toward highly functional materials for separation, agriculture, smart devices, and
biomedical engineering. However, future advances should no longer be evaluated solely
by improvements in adsorption capacity, mechanical strength, sensitivity, responsiveness,
or therapeutic efficacy. A central challenge is to achieve these functions while simultane-
ously reducing material consumption, chemical hazards, energy demand, and end-of-life
environmental burden.

A major unresolved issue is the trade-off between functional performance and sus-
tainability. Increasing the cross-linking density may improve durability but reduce mass
transport and degradability; incorporating nanofillers can enhance conductivity or me-
chanical strength but complicate recycling; biodegradable networks may reduce long-term
persistence but exhibit insufficient service stability; and highly multifunctional architec-
tures often require additional synthesis steps, reagents, and energy. Therefore, sustainable
hydrogel design requires optimization across the entire material life cycle rather than
maximization of a single performance metric.

Future studies should establish quantitative sustainability metrics alongside conven-
tional performance indicators. Depending on the application, these may include renewable
feedstock fraction, solvent and water consumption, synthesis energy demand, material
utilization efficiency, functional lifetime, regeneration efficiency, number of reuse cycles,
degradation rate, ecotoxicity of degradation products, recyclability, and manufacturing cost.
Life-cycle assessment and techno-economic analysis should increasingly be incorporated
to identify the environmental burden shifting between synthesis, use, and disposal stages.
Programmable, self-healing, and adaptive hydrogels remain important future directions,
but their value should increasingly be assessed in terms of whether they contribute to
sustainability. For example, self-healing can extend the service lifetime, stimuli-responsive
transport can reduce chemical and energy inputs, and data-driven or inverse design may
reduce trial-and-error synthesis and material consumption. Thus, “smart” functionality and
sustainability should not develop as independent objectives; instead, adaptive functions
should be designed to reduce resource consumption and extend the material lifetime.

Overall, the next generation of hydrogel-based functional materials should move from
a performance-centered paradigm toward a sustainability-by-design paradigm. The key
question is no longer simply how to make hydrogels stronger, smarter, or more multi-
functional, but how to deliver the required function with fewer materials, safer chemistry,
lower energy input, a longer service life, and environmentally responsible end-of-life path-
ways. Establishing this balance among performance, sustainability, scalability, and cost
will be essential for translating hydrogel technologies from laboratory demonstrations to
practical applications.
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