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Abstract

Since 1894, hydrogels (HGs) have advanced from simple water-swollen colloids to poly (2-
hydroxyethyl methacrylate) (P HEMA)-based biomedical materials introduced in 1960. Further,
the journey continued towards innovative, stimuli-responsive hybrid systems in 2025. Once
limited to wound dressings and contact lenses, HGs have now formed a multi-billion-dollar
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market. Biohydrogels (BioHGs) are biomaterials with remarkable physicochemical properties,
enabling their widespread applications. However, several challenges also restrict their
translational potential, including poor mechanical robustness, limited long-term stability,
variability in natural polymer sources, and difficulties in large-scale production. Although
numerous reviews have summarized BioHGs and their applications, a clear understanding of how
biomaterial properties relate to HG functionality and performance remains underexplored. This
review article collates esteemed, interesting, and up-to-date information on sources, properties,
applications, and challenges of BioHGs. Superlative BioHGs can be produced by precisely
optimizing formulation and processing parameters (polymer concentration, pH, temperature,
and mechanical strength) to ensure desirable features. It was found that biomaterials spanning
an extensive molecular-weight range have been utilized for HGs fabrication, enabling the
tailoring of physicochemical and biological properties for specific applications. It is pertinent to
note that synthetic HGs demonstrate the highest mechanical strength, natural HGs excel in
swelling behaviour and porosity. In contrast, hybrid HGs achieve the most favourable overall
performance by effectively balancing all anticipated properties. Briefly, further information on
future research directions toward sustainable, high-performance biomaterials has been provided.
We highlight recent advances focused on the development of hybrid and composite BioHGs, the
incorporation of bioactive agents, and the engineering of multifunctional systems to address
these limitations. The integration of novel components, such as biosurfactants (BSs), chitosan,
protein-based polymers, and nanoparticles, into nanocomposites offers new opportunities for
designing advanced HGs with enhanced performance.

Keywords
Biohydrogels; biosurfactants; crosslinking strategies; drug delivery; hybrid/composite
hydrogels; structure-property relationship; tissue engineering

1. Introduction

‘Biomaterials’ have been acknowledged as a transformative class of resources that are designed
to function in biological systems for promising applications. In the modern era, biomaterials appear
to be one of the established approaches in the medical field, including drug delivery, tissue
engineering, wound healing, etc. [1]. Among these, hydrogels (HGs) are hydrophilic polymers
formed through several Interactions (Chemical: covalent and ionic; physical: hydrogen bonding and
van der Waals forces). The cross-linking nature of HGs allows them to absorb and retain sizable
guantities of water while maintaining their flexibility and shape. The flexibility means, in terms of
the formulation, composition, manufacturing processes, or application-related aspects in biological
systems. Consequently, the overall properties of HGs have encouraged researchers across diverse
fields since the first report by Wichterle and Lim in the 1960s [2]. Likewise, recent articles by several
research groups [3-7] show the importance of this research area. Elasticity, low adhesiveness, and
softness are influenced by HGs’ hydrophilic properties. The quantity of absorption is subject to (1)
Polymer structure, (2) Crosslink density, (3) Solution composition, and (4) Technique employed for
synthesis of HGs [1, 8]. Owing to their unique, largely reversible properties, HGs have found
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applications across diverse areas and are primarily fabricated through physical or chemical cross-
linking to form stable polymeric matrices. However, physically crosslinked biohydrogels (BioHGs),
where biomaterials used possess reversible intermolecular interactions, thereby offer greater safety
compared to the crosslinking network observed in chemical-based HGs [9, 10].

Hydrogels are basically classified as (1) Natural/biological (2) Synthetic, and/or (3) Hybrid
materials that can be crosslinked through physical/chemical, or by both means. Synthetic polymers
such as (i) Polyethylene glycol (PEG), (ii) Polyvinyl alcohol (PVA), (iii) Polyvinylpyrrolidone (PVP), and
(iv) Polyacrylic acids (PAA) are particularly valued for their customised mechanical properties and
smoothening in their functionalization [11-13]. Compared to natural or hybrid-based HGs, synthetic
polymer-based HGs offer advantages chemical refining and in scaling up production, but they have
limited bioactive nature and degradation-related challenges. The persistence of chemical-based
HGs contributes to plastic pollution, reducing their suitability for biomedical applications that
demand a biocompatible and sustainable solution or biomaterial-based HGs like BioHGs [11].

Conversely, HGs derived from natural polymers or BioHGs have gained considerable attention as
an eco-friendly substitute, owing to their intrinsic biodegradability, biocompatibility, and
abundance in nature [14]. BioHGs are fabricated from natural/biological polymers derived through
biochemical reactions, isolation from natural sources, and photosynthesis. Different materials used
for preparing BioHGs include collagen, chitosan, gelatin, cellulose, starch, hyaluronic acid etc. [1,
11]. Compared with natural tissues, the flexibility of BioHGs enables their use in the production of
non-toxic byproducts. It thus makes them suitable for broader applications in medical sector. [1].
Additionally, plant-derived polymers are of great interest due to their thermostable nature [15].

The literature indicates that, since the 1960s, research has gradually shifted toward natural
polymers. The crosslinked synthetic polymer-based HGs are in the limelight [2]. Contribution by
Yannas et al. [16] documented the wound healing ability of collagen HGs, showcasing the potential
of BioHGs in the biomedical field. Meanwhile, innovations in this field led to the balanced
development of formulations for the medical sectors. The discoveries on the HGs in agriculture,
biosensors, and environmental remediation are widespread [5]. Nevertheless, few challenges like
batch-to-batch variations, poor solubility, non-biodegradability, weak mechanical strength, high
crystallinity, residual monomers, toxic crosslinkers, and scalability have been persistently
acknowledged in HGs production technology. These drawbacks can be resolved by combining both
natural and synthetic HGs to produce hybrid HGs with superior properties [17].

This review broadly portrays information on BioHGs, with emphasis on their sources, including
natural, synthetic, and hybrid polymers; structural and physicochemical characteristics; and
crosslinking strategies. Further prominence is given to biosurfactants (BSs) and evolving
biopolymers in adapting BioHGs preparations. Brief information on the multifunctional potential of
BioHGs in the biomedical and biotechnological sector has been described. The materials influencing
the properties and tunability of BioHGs are discussed. Moreover, current applications, key
challenges are discussed, and future research directions are highlighted, focusing on the
development of sustainable, high-performance biomaterials.

2. Sources of Hydrogels

In the preparation of BioHGs, natural (protein- and polysaccharide-based), synthetic, and hybrid
polymers have been used extensively. These biomaterials permit the formation of single, double, or
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multi-network structures, where their activity is greatly influenced by factors like the composition
of the polymers, methods (chemical or physical) employed for crosslinking, electrical charge, and
structural organization, i.e. crystalline, semi-crystalline, and amorphous [5, 9, 11, 12, 18]. Figure 1
outlines varied sources explored in BioHGs preparations. The polymeric nature of the materials
utilized influences the physicochemical and functional characteristics of HGs. To overcome the
drawbacks associated with natural HGs, hybrid HGs have been developed [8, 11, 12, 18]. Integrating
the advantages of biological materials with the robustness of synthetic materials is a remarkable
accomplishment. Table 1 summarizes the properties and applications of materials (PEG, PVA, PVP,
and PAA), and selected hybrid systems, including Pectin/PVA/GO/APTES, PAA-WPI-F, SF/SL,
PVP/PEG/MMT, and SCS/PAA employed for the preparation of HGs. These improvements have
expanded the utility of HGs across a broader range of applications, representing an important
advancement in biomaterials research [4, 5].
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Figure 1 Overall representation of natural (protein and polysaccharide-based), synthetic,
and hybrid polymers routinely employed for the preparation of Hydrogels. SF: Silk
fibroin; HA: hyaluronic acid; Pectin + PVA + GO: Pectin + Polyvinyl alcohol + Graphene
oxide; APTES + PAA + WPI-F: 3-aminopropyltriethyloxysilane + Polyacrylic acids + Whey
protein isolate amyloid Fibril; PVP + PEG + MMT: Polyvinylpyrrolidone + Polyethylene
glycol + Montmorillonite; SCS + PAA: Sodium carboxymethyl starch + Polyacrylic acids;
PVA: Polyvinyl alcohol; PEG: Polyethylene glycol; PVP: Polyvinyl pyrrolidone; PAA:
Polyacrylic acids; WPI-F: Whey protein isolate amyloid Fibril; SL: Sophorolipid; MMT:
Montmorillonite.
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Table 1 Properties and applications of natural, synthetic, and hybrid polymers employed for the preparation of Hydrogels.

Sources MW (kDa) Properties - Physical, chemical, biological Application/s References
NATURAL
Thermo-sensitivity, antioxidant Tissue engineering, bone
Collagen 300 . . . i . [19-21]
properties, & mechanical stiffness regeneration & wound dressing
Elastin 60-70 Antioxidant activity Wound healing [22]
Strong mechanical strength, Tissue engineering, drug delivery,
Silk fibroin (SF) 100 biocompatibility, biodegradability with regeneration of tissues, & smart [23, 24]
lower immune response devices
Protein Good stiffness, tensile strength, fracture
Gelatin 90-100 resistance, biocompatibility, tissue Uterine tissue repair [25]
mimicking
Albumin 66.4-66.5 High b|ocompaTt|b|I|ty, antl‘—mflammatory, Wound dressing & tissue repair [26]
& low mechanical properties
Stable stiffness, biocompatible, Wound healing, tissue engineering,
Fibrin 340 biodegradable, easy cell migration, periodontal tissue regeneration, [27, 28]
microstructural organization and osteogenesis
Alginate 10-600 Rapid ionic gelation, biocompatibility Biomedical, algae cultivation [29, 30]
Chitosan 10-1000 Staplce. mechanical, bi<.)compatibility Food pres.ervation & bone (20, 31]
antimicrobial properties regeneration

. . . . Wound healing, skin tissue
Polysaccharide Glycosaminoglycans 10-100 Biocompatible . . [32]
regeneration & maturation

Biocompatibility, degradability, Drug delivery, soil protection,
Starch 102-10° mechanical strength, & water retention tissue engineering, wastewater [33, 34]
capacity treatment & food packaging
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Biodegradable, mechanical properties,

Food packaging, multifunctional

Cellulose 50-1000 biocompatibility, conductivity, stretchin . 35-37
o P y y 8 sensors & wound healing [ ]
ability
L. Biomimicry, hydrophilicity, Bone tissue generation,
Hyaluronic acid . - . . . S
(HA) 100 biocompatibility, & antibacterial cardiovascular applications & [38, 39]
properties wound healing
Synthetic
High biosafety, material accessibility, Biomedical applications. dru
Polyvinyl alcohol (PVA) 9-200 biocompatible, non-biodegradable, . PP ’ 8 [36, 40]
- delivery & food packaging
stabilizer
Biocompatibility, highly aqueous soluble,  Biomedical dressing, thermal
Polyethylene glycol (PEG) 2-40 P Pty gnly ad & . (41, 42]
non-corrosive energy storage & smart textiles
. . Antioxidant, mechanical, biocompatible, .
Polyvinylpyrrolidone (PVP) 2.5-1,300 ) . Drug release and wound healing [43]
antibacterial
Biocompatibility, hygroscopic, self- Drug delivery, cartilage substitutes,
Polyacrylic acids (PAA) 1-4,000 healing, adhesion, & mechanical wound dressings & ligament and [44]
properties tendon healing
Hybrid
Biocompatible, mechanical strength,
. flexibility, structural stability, controlled Drug delivery, wound healing
Pectin + PVA + GO + APTES - i ) . i . ) [45]
swelling, crosslinker, antibacterial activity, dressing
drug release
Mechanical, microstructure, swelling lontophoretic transdermal drug
PAA - WPI-F - : . [46]
behaviour delivery systems
SF + SL - Self-assembling, pH-responsive Biomedical applications [47]
. Delivery of curcumin to cancer
PVP/PEG/MMT - pH-responsive (48]

cells
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Mechanical, adhesive, Electrical
SCS + PAA - Conductivity, broad-spectrum Flexible wearable sensor materials  [49]
antibacterial activity

MW: Molecular weight; PVA: Polyvinyl alcohol; PEG: Polyethylene glycol; PVP: Polyvinyl pyrrolidone; APTES: Aminopropyltriethyloxysilane; PAA:
Polyacrylic acids; SCS: Sodium carboxymethyl starch; SF: Silk fibroin; SL: Sophorolipid; WPI-F: Whey protein isolate amyloid fibril; GO: Graphene oxide;
APTES: 3-aminopropyltriethyloxysilane; WPI-F: Whey protein isolate amyloid Fibril; SL: Sophorolipid; MMT: Montmorillonite.
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2.1 Physicochemical Properties of Hydrogels

The physicochemical properties of HGs play a decisive role in employing the biomaterial for its
intended purposes. Their networking ability, biocompatibility, conductivity, swelling behaviour, and
functional adaptability permit their applications across diverse industrial sectors. For example, the
PAM-S-CNT (polyacrylamide- carbon nanotube - sandwich-structured) composite-based HG poses
superior mechanical strength (stress: 126.41 kPa), (strain: 367.9% at 500% - water-solid ratio), and
considerable conductivity (34.02 S/m) at around 50% water-solid ratio, and rapid responsiveness
(20 ms). Thus, multifunctional applications of carbon nanotube-HG composites are enabled by the
dual-conductivity mechanism [50]. The administration of HGs in these applications is certainly
guided by their physicochemical properties, such as mechanical modulus, swelling capacity,
diffusion behaviour, and responsiveness to external stimuli. The hybrid HGs have been produced by
combining polymers with complementary characteristics, thereby enhancing biocompatibility,
mechanical strength, stability, and functional versatility [8, 11, 12, 18]. As stated by Wei et al. [51],
the photo-crosslinked chitosan methacrylate (CSMA) HGs exhibit notable properties with a
substitution degree of 49.61%, enabling efficient grafting of C=C bonds and a high crosslinking
density. The optimized CSMA7 HGs achieved 97.96% e-polylysine (e-PL) loading efficiency,
equilibrium swelling (407.65%), and retained 304.16% re-swelling capacity after 5 cycles. Sustained
€-PL release within 480 minutes provided long-term antibacterial activity, extending salmon shelf
life from 3 to 19 days (@4°C), underscoring its ability in aquatic product preservation. Synthetic HGs
show the highest mechanical strength, with Young’s modulus reaching up to 1000 MPa and tensile
strength up to 60 MPa, making them the best for load-bearing applications. However, they have low
swelling (<100-3000% g/g) and often slow or non-degradable behaviour (up to 180 days). In contrast,
natural HGs exhibit the highest swelling capacity (up to 3000% g/g) and excellent porosity (up to
95%), along with fast degradation (within 2-60 days) and moderate gelation times, but are
mechanically weak (<5 MPa). Hybrid HGs provide the best balance, combining moderate-to-high
mechanical strength (up to 5 MPa) with controlled swelling (<1200% g/g), tunable gelation (2-30
min), and extended degradation (up to 90 days). Overall, synthetic HGs are best for strength, natural
HGs for swelling and porosity, and hybrid HGs offer the most optimized overall performance across
all parameters [52, 53].

The physicochemical and biological properties of HGs can be improved using nanocomposite HGs,
which have potential for bone tissue engineering applications. Research contribution by Yodpatum
et al. [54] demonstrated the synthesis of thermosensitive chitosan-collagen HGs by using ZnONPs
and AgNPs (0.01%). These chitosan-collagen HGs exhibited effective antibacterial activity, structural
integrity, water absorption, and thermal stability, while having improved mechanical properties.
The authors recommended their application in chitosan-collagen-based HGs preparations for
grafting alveolar bone.

One of the imperative properties of HGs is their stimulus-responsive behaviour, which enables
them to undergo reversible sol-gel or volume phase transitions when exposed to external physical
or chemical cues. These stimuli may be physical (temperature, light, pressure, and electromagnetic
fields) or chemical/biochemical (pH changes, ionic strength, and specific molecular interactions).
The responsiveness of HGs is largely determined by the (1) Monomer composition, (2) Charge
density, (3) Pendant chains, and (4) Crosslinking degree, with the magnitude of action is
proportional to the applied stimulus [55]. Natural polymers like chitosan, cellulose, and gelatin, as
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well as synthetic polymers such as poly-N-isopropylacrylamide, PEG, PAA, and PVA, are commonly
employed to design such smart HGs [56]. Their adaptability has led to diverse applications
(environmental remediation, drug delivery, and smart textiles), including positioning stimuli-
responsive HGs as a pivotal class of advanced biomaterials [5]. For instance, thermo-responsive HG
(poloxamer-based) has been designed for drug loading and delivery of a ‘hydrophilic-nature
Traditional Chinese Drug’ to treat atopic dermatitis by applying it onto Shrewd fabrics [57]. Such
innovations are encouraging and suggest many more such opportunities for the benefit of mankind.

Dubey et al. [47] prepared sophorolipids (SLs) and silk fibroin (SF) based HGs and examined the
effect of pH on SL-SF interactions and gel development through (1) Rheology, (2) Fluorescence
spectroscopy, (3) Small Angle Neutron Scattering - SANS, and (4) Nuclear Magnetic Resonance -
NMR. SLs are a popular low-molecular-weight biosurfactant (BS) and, due to their amphiphilic
nature, act as a self-assembling gelation molecule. SLs accelerate the polymer gelation process while
improving its mechanical stability. Furthermore, the antimicrobial properties of SLs positively
encourage their usage in HGs preparations and applications, particularly in the medical sector.
Dubey et al. [47] reported that increasing pH from 6 to 8 reduces the assembly of SLs (two forms:
acidic sophorolipids - ASL and lactonic sophorolipids - LSL), altering their hydrophobic association
with SF, resulting in chain unfolding and rapid gelation. As the structural design and fabrication
methods change, the functional performance also differs. Altogether, the incorporation of LSL
meaningfully influenced the physicochemical properties of SF-based HGs by modifying their self-
assembly behaviour, gelation kinetics, and structural organization. The adjacent link between
preparation strategy, property profile, and application emphasizes the versatility of HGs in modern
research.

2.2 Applications of Biohydrogels

Variations in properties directly shape their applications, enabling HGs to serve diverse roles in
biomedical fields as well as non-medical areas, including food preservation, environmental
remediation, and smart devices. Thus, this section focuses on the versatility of HGs across different
areas, i.e., their applications, arising from the dynamic interplay between intrinsic properties and
tailored design strategies.

2.2.1 Applications of Hydrogels in the Biomedical Sector

The BioHGs have been recognised as promising candidates for designing wound dressings due to
their exceptional properties and capacity to mimic an optimal healing environment. Wound-healing
applications: The BioHGs have sparked research interest in the biomedical sector due to their high
water retention, porous structure [58], and ability to maintain a moist environment that accelerates
healing and supports tissue regeneration. For instance, polyurethane-based HGs synthesized from
renewable components exhibit excellent cell compatibility and promote cell proliferation. The
controlled release of curcumin (a cross-linking agent, free radical scavenging) and Panax
notoginseng saponins (PNS) enhances their therapeutic efficacy, making them a promising
candidate for treating mechanically damaged skin prone to infection and bleeding [59]. Another
contribution appeared from the research group of Ghahfarokhi et al. [60], recommending the role
of HGs in tissue engineering and the wound healing process. Here, HGs serve as scaffolds that mimic
the extracellular matrix, supporting cell attachment, growth, and differentiation [61, 62]. Excellent
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cytocompatibility, facilitating cell viability and spreading, is demonstrated by Methacrylate
quaternized chitosan/oxidized Kappa-carrageenan (MQC/OKC) based HGs. For soft tissue
engineering applications specifically, MQC/OKC-M HGs exhibit tunable mechanical properties,
controlled degradation, and adjustable swelling behaviour, making them highly suitable [60].

In addition to wound healing, HGs have also been widely explored for drug delivery, cancer
therapy, and other biomedical applications. Their ability of HGs to respond to environmental stimuli
enables targeted and sustained release of therapeutic agents. For example, bacterial ghosts (BGs)
incorporated into HGs and loaded with the anticancer drug doxorubicin (DOX) exhibited pH-
responsive drug release behaviour, attributed to the ionization of HGs under varying pH conditions
[63]. It’s noteworthy that biomedical applications of BioHGs represent the largest share among all
HGs applications, owing to their unique properties. In the year 2020, Kim et al. [64] designed an
injectable scaffold biocompatibility delivery system by engineering alginate with poly (e-
caprolactone-co-lactide)-b-poly (ethylene glycol)-b-poly (e-caprolactoneco-lactide) and O-
phosphorylethanolamine to promote expedited bone biomineralization. Overall, in gene therapy,
they facilitate the safe and efficient delivery of genetic material. At the same time, in tissue
engineering, they serve as scaffolds that mimic the extracellular matrix to support cell growth and
regeneration.

2.2.2 Applications of Hydrogels in Environmental Remediation and the Agriculture Sector

While biomedical applications represent the largest domain for BioHGs due to their varied and
remarkable features, these materials have also expanded for environmental bioremediation
purposes and agricultural fields. In wastewater remediation, HGs serve as efficient adsorbents for
heavy metals, pollutants, and dyes. In the agriculture sector, HGs serve as powerful soil conditioners
and water-retaining agents, gradually releasing water and nutrients to promote sustainable farming
practices. As a powerful platform for environmental remediation, the combination of HGs with
Biochar (BC-HG) unveils superior mechanical stability, enhanced swelling capacity, and strong
pollutant affinity. Biochar is a carbon-rich material produced by heating organic materials such as
agricultural waste, wood, and leaves under limited-oxygen conditions, i.e., the pyrolysis process [65].
For diverse environmental applications, these preparations integrate the varied properties of HGs,
offering a sustainable, eco-friendly solution [66].

Hydrogel preparations are also helpful in the removal of toxic organic dyes. Research by Mondal
et al. [67] demonstrated the usage of bovine serum albumin (BSA) in removing methylene Blue (MB),
Coomassie Brilliant Blue (CBB), and Bismarck Brown Y (BBY) from wastewater. The HGs exhibited
supreme adsorption capacities (509.92: BBY), (607.72: MB), and (305.56: CBB) mg g™ at 298 K.
Moreover, metals like Pb?* and Cd?* were removed by about 90% from wastewater. Collagen-
Xanthan gum (XG) semi-IPN HGs enable the gradual release of plant-relevant compounds, achieving
a protein concentration (=19.5 mg/L, phosphorus =1.7 mg/L). Biological assays confirmed excellent
biocompatibility, as tomato-derived cells adhered, migrated, and proliferated with enhanced
metabolic activity. At the whole-plant level, HGs application supported normal growth for 60 days
under low-input conditions, highlighting their multifunctional potential with required hydration,
degradation, and nutrient-release properties [68].

Similarly, Rebelo et al. [69] demonstrated that cellulose-HGs exhibited strong resistance to pH
and salinity, enhancing soil water retention by ~20% with only 1.0 wt% incorporation. The cellulose-
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HGs delayed fertilizer release for over 1 week and biodegrade within 12 weeks approximately,
offering an eco-friendly solution aligned with sustainable agricultural practices. BioHGs transcend
their role as passive adsorbents by functioning as dynamic interfaces between pollutants and
ecological systems. Their ability to conjugate biodegradability with selective adsorption and
controlled nutrient release not only mitigates contamination but also actively restores
environmental balance.

2.2.3 Other Industrial Sectors - Food, Electronics, etc.

The HGs have also carved a niche in diverse technological and industrial arenas, as well as in
medicine and environmental and/or agricultural sustainability. The unique properties of HGs
enabled applications in flexible electronics, sensors, food preservation, and smart packaging. This
section highlights the emerging directions, underscoring how HGs are evolving into versatile
platforms that bridge basic science, biology, materials science, and industries together. The
incorporation of polymer-based HGs with sensing capabilities is a current trend that enables
biomaterials to detect and respond to biological signals such as pH changes, biomarkers, or enzyme
activity. By embedding sensors within HGs, continuous monitoring of disease progression,
therapeutic efficacy, and drug release status is now possible. Smart polymer-sensor integration
positions HGs as advanced platforms for real-time biomedical monitoring [12].

Recently, in 2026, Li et al. [70] developed a starch-based fluorescence HG by using CDs and Eu3*.
The fluorescent-HG sensor was used to selectively detect methyl parathion (MP). The starch-based
HGs exhibited excellent mechanical performance, with elongation (up to 976%) and a 70%
compression ratio. Their high adsorption energy (-65.3 kcal/mol) ensured strong selectivity for MP,
while the fluorescent sensor achieved detection up to 0.4 uM, demonstrating superior sensitivity,
stability, and reusability. This study introduces a visual, non-destructive approach for detecting
specific pesticide residues, even at lower concentrations, guiding advanced applications of HG-
based sensors [70]. Such studies are extremely useful when multi-colour fluorescent HG-sensors
could be used to detect and differentiate several components.

A demonstration by Alasalvar et al. [71] anticipated that pectin-chitosan HG films enriched with
extract (solvent) derived from Hibiscus sabdariffa exhibited strong antioxidant activity and were
useful for enhancing oxidative stability in food packaging. Although the solvent increased water
vapour permeability and reduced barrier performance; the films showed promising results for
direct-contact use with perishable foods. The visible colour changes of the food enabled freshness
monitoring, while pH responsiveness, antioxidant functionality, and mechanical flexibility supported
smart packaging applications of HGs. In recent times, HGs, across their wide spectrum of
applications, have revealed themselves not simply as materials but as adaptive approaches capable
of sensing, protecting, nourishing, and communicating with their surroundings. This unique duality,
i.e., functioning both as guardians of sustainability and enablers of advanced technologies, marks
HGs as limit-breaking innovations poised to redefine the future of material science. Figure 2
illustrates overall applications of BioHGs in different industrial sectors.
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Figure 2 Applications of biohydrogels in different industrial sectors.
2.3 Challenges Associated with the Use of Hydrogel-Based Systems for Application Purposes
2.3.1 Mechanical Strength

Hydrogels made from natural polymers is associated with certain limitations, including inferior
mechanical properties due to their origin. Therefore, limiting their use in load-bearing biomedical
applications demands rigorous structural integrity testing. These challenges are serious in tissue
engineering of cartilage, bone, and also in wound-healing scaffolds, where stability of the materials
under physiological conditions is critical [11]. Native cartilage exhibits compressive moduli of =0.5-
1 MPa, where properties (softness and brittleness) of natural polymer HGs result in premature
failure to compensate under physiological conditions [72]. To overcome the said challenges,
approaches such as crosslinking, composite formation, and nanomaterial amalgamation improve
their mechanical properties for sustainable applications. On the contrary, classical HGs (monomer
usage, cross-linkers) affect toughness, stiffness, and tensile strength. Current research is directed
toward innovative strategies for producing HGs with improved mechanical properties [73] through
a double-network (DN). Achieving higher energies and tensile strengths (>1-3 MPa) is essential [74]
to use for the desired applications. Furthermore, nano-composite HGs impregnated with graphene
oxide, nano-clay, or cellulose nanofibers establish greater strength and improved flexibility
compared to conventional HGs.

Nano-composite HGs exhibit improved elasticity due to strong polymer-filler bonding [75, 76].
Gong et al. [74] synthesized a new material category of HGs in the form of a “double network”,
which was derived from several cross-linking processes between two polymer networks. In
conclusion, nanocomposite HGs, impregnated with nanomaterials, possess higher strength and

Page 12/24



Recent Progress in Materials 2026; 8(3), d0i:10.21926/rpm.2603007

improved flexibility than traditional HGs. These advancements highlight the transition toward
mechanically robust applications of specific nanocomposite-based HG systems.

2.3.2 Biocompatibility and Biodegradability

These properties of HGs are advantageous for biologically related applications. However,
significant batch-wise variation can be expected in performance and composition of HGs. The
molecular weights of varied biomaterials used for rearing HGs are also a major concern. Additionally,
impurities in the raw substrates could be a major hurdle [77]. Overall, the factors described here
significantly affect the consistency in key characteristics of BioHGs. These HGs derived from natural
biomaterials (chitosan, starch, alginate, pectin, etc.) may represent the extracellular matrix and
provide simulation and supporting interactions within cell populations without affecting
immunological pathways [11]. Generally, the following aspects influence the overall performance
of HGs for intended applications. Along with the quality of the raw material, their usage, and the
exploitation of advanced analytical techniques, and refined extraction processes, these factors
ensure consistent performance of HGs [61]. However, despite their ever-growing usage, HGs face
several interlinked challenges related to their intrinsic properties, sources, and applications, which
ultimately limit their full potential for proposed applications. For example, controlled drug delivery
is another critical limitation, as variations in physiological conditions (enzymatic activity,
temperature, and acid/alkali conditions) in the body’s environment can lead to unpredictable
release profiles, reducing therapeutic efficacy. Refining extraction processes, standardizing raw
material quality, and using advanced characterization techniques are essential to mitigate these
challenges and ensure reliable HGs performance. An overall summary highlighting source-based
limitations of HGs and related impact on physicochemical properties and biomedical applications is
presented in Table 2.
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Table 2 Source-dependent limitations of hydrogels: Impact on physicochemical properties and biomedical applications.

Hydrogel Source

Property Variation
(Source-dependent)

Proposed Limitation

Impact on Applications

References

Natural polymers

Variability in molecular

weight, purity, & composition

Poor reproducibility,
Batch inconsistency

Unpredictable gel strength,
swelling, & drug release

(62, 78]

Non-uniform ionic/

Too fast biodegradation

Loss of the scaffold before

Natural HGs enzyme crosslinking - tissue regeneration completes [52, 62,79, 80]
. . Poor scalability . .

Enzyme-mediated degradation Difficult large-scale production

Natural HGs . . o L Limits clinical translation

. . Presence of endotoxins, proteins  High immunogenicity risk [62, 81]
(animal-derived) and regulatory approval
H-sensitive solubility, . . Limited use in load-bearin

Chitosan P ) Y Weak structural integrity ) . ) 8 [82, 83]
low mechanical strength tissue engineering
Rapid enzymatic degradation

Hyaluronic acid (HA) P y & Poor stability Short residence time in vivo [84, 85]
(2-14 days)
Source-dependent molecular Inconsistent mechanical

Silk fibroin ) P Batch variability . [52, 62]
weight properties

Protein-based hydrogels . . Poor mechanical strength, o . .
Allergenic, pH sensitivity Limited biomedical use [4, 86]

(SPI, gluten)

Immune response

Synthetic HGs

Chemically defined structure
Lack of degradability
(e.g., PEG, PVA)

Low bioactivity
Accumulation in the body

Poor cell adhesion unless
modified; limited long-term
implantation

[11, 52, 87]

PEG HGs

Polydispersity, molecular
weight variation

Balance between degradation

and stability

PEG-HGs

Polydispersity, molecular
weight variation

Batch inconsistency in
degradation & stiffness
Difficult tuning

Unpredictable drug release
& mechanical behaviour
Failure in orthopaedic/
neurosurgical implants

[88-91]
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PVA HGs Non-biodegradable nature Long-term accumulation Limited in vivo applications [88, 89, 92]
Temperature-dependent gelation Weak mechanical strength  Poor long-term cell viability
High concentration toxicity Cytotoxicity risk Limits injectable applications

Poloxamer HGs [89, 93]

Unpredictable degradation

LA/GA ratio variation . . Difficult drug release control
PLA/PLGA HGs . . . & swelling, coupling . . [58, 94, 95]
Swelling degradation coupling . Unreliable drug delivery systems
Complex kinetics
Mixing natural + synthetic or Complex processin High cost & scalability issues
Hybrid-HGs & y PIex processing '8 ' 56 Y [86, 88, 96]
degradable products Potential toxicity Biocompatibility concerns

HGs: Hydrogels; PEG HGs: Polyethylene glycol hydrogels; PVA HGs: Polyvinyl alcohol hydrogel; PLA/PLGA HGs: Polylactic acid/Poly-lactic-co-glycolic acid
hydrogels; LA/GA: Lactic-co-glycolic acid.
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2.3.3 Production Cost and Scalability

The production cost of BioHGs is primarily determined by the quality of biomaterials (crude or
pure), the type and nature of crosslinking agents, and the purification processes used during their
manufacture. The use of highly purified materials increases the overall monetary burden. Added
expenses may arise from functionalization strategies designed to expand superlative durability,
chemical modifications/complex fabrication, bioactivity, mechanical strength, or other performance
characteristics. Furthermore, contributions to the financial burden can arise from the
implementation of sterilization protocols, specialized equipment, and stringent control procedures.
Costs associated with storage, transportation, and a limited shelf life also need to be considered.
Rigorous regulatory compliance and quality control amendments also require significant financial
resources. Despite enormous application potential, the large-scale production of BioHGs
encounters several challenges at scalable production [78]. Also, inherent limitations with in batch-
to-batch variability associated with natural biopolymers and the availability of consistent/reliable
sources of biomaterial used can adversely affect product performance and uniformity. Moreover,
the extraction, purification, and processing of natural polymers are often labour-intensive and time-
consuming. These issues result in significant barriers to industrial-scale manufacturing and clinical
translation. Achieving process standardization, reproducibility, and quality consistency across large
production batches remains a critical challenge. These constraints make commercial-scale BioHGs
production less competitive than the manufacture of more readily processed synthetic alternatives.
Therefore, the development of cost-effective extraction methods, scalable processing technologies,
and standardized modification strategies is essential to facilitate widespread industrial adoption of
BioHGs.

3. Conclusions & Future Prospects

This review has endeavoured to integrate the current framework of BioHGs, covering their
sources, physicochemical properties, and multifunctional applications across diverse sectors. The
structural diversity and adaptability of BioHGs for diverse industrial sectors are unquestionably
incredible. The extracellular matrix architecture of BioHGs allows controlled release profiles, making
them highly suitable for tissue engineering, drug delivery, wound healing, bio-sensing, agriculture,
etc. Biomedical uses remain dominant due to biocompatibility and therapeutic precision, yet
ecological and agronomic roles emphasize sustainability. Critically, the balance between natural and
synthetic BioHGs dictates degradability, mechanical strength, and scalability, while challenges of
reproducibility, cost efficiency, and regulatory hurdles remain unresolved. Despite significant
advances, major gaps persist, including limited mechanical robustness, batch-to-batch
inconsistencies in natural polymers, unpredictable drug-release profiles, and challenges with
scalability and standardization. To address these limitations, future research should focus on
developing reproducible synthesis protocols, advanced hybrid nano-enabled systems, and precisely
tunable multi-stimuli responsive HGs. Additionally, integrating green synthesis approaches,
computational modelling, and clear regulatory pathways will be crucial to translate these materials
into reliable, viable, application-specific next-generation biomaterials. At the microstructural level,
HGs engineered with nanoreinforcements and microscale patterning offer customization of
transport properties, targeted adsorption capabilities, and superior mechanical robustness.
Integration with imaging technologies, microfluidics, membrane systems, and real-time sensor
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platforms could lead to adaptive, intelligent therapies and water-treatment solutions. Overall, HGs

demonstrate exceptional promise for enabling next-generation applications that address emerging

societal and technological challenges. Emphasis is placed on advanced strategies, improved
standardized processing methods, and more cost-effective production techniques to enable the
development of HGs to ensure consistent and reliable performance and controlled functionality in
real-world applications. Since their first description in 1894, hydrogels (HGs) have undergone
significant development. They have progressed from early colloidal systems in 1960 to biomedical
materials and ultimately to sophisticated smart, stimuli-responsive hybrid systems by 2025.
Ultimately, BioHGs and smart biopolymer gels are poised not only as versatile materials but as
transformative platforms driving innovation at the interface of human health, sustainability, and
advanced technology.

Abbreviations/Acronyms

APTES

BBY

BC-HG

BGs
BioHGs
BSA - HGs
CBB

CSMA

DES

DN

EC

GO

HA

HGs

MB

MMT
MQC/OKC
MQC/OKC-M HG
MW

NMR

PAA
PAM-S-CNT
PEG
PLA/PLGA HGs
PNS

LA/GA

PVA

PVP

SANS

SCS

Aminopropyltriethyloxysilane
Bismark brown Y

Biochar-hydrogel

Bacterial ghosts

Biohydrogels

Bovine serum albumin-hydrogels
Coomassie brilliant blue

Chitosan methacrylate

Deep eutectic solvent
Double-network

Electrical conductivity

Graphene oxide

Hyaluronic acid

Hydrogels

Methylene blue

Montmorillonite

Methacrylate quaternized chitosan/oxidized kappa-carrageenan
Medium-oxidized hydrogel
Molecular weight

Nuclear magnetic resonance
Polyacrylic acids
Polyacrylamide-S-carbon nanotube
Polyethylene glycol

Polylactic acid/Poly-lactic-co-glycolic acid hydrogels
Panax notoginseng saponins
Lactic-co-glycolic acid

Polyvinyl alcohol

Polyvinyl pyrrolidone

Angle neutron scattering

Sodium carboxymethyl starch
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SF Silk fibroin

SL Sophorolipid

WPI-F Whey protein isolate amyloid fibril
XG Xanthan gum

e-PL g-polylysine
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