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Bio-based hydrogels, derived from natural materials such as chitosan, alginate,
gelatin, and collagen, have garnered significant attention for their outstanding
biocompatibility and ability to mimic natural tissues. This review examines commonly used
preparation methods, including physical, chemical and hybrid cross-linking, along with their
primary components, such as polysaccharides and proteins. Owing to their flexibility and
responsiveness, these hydrogels are widely used in areas such as soft robotics, cancer
therapy and biosensing. However, despite promising advancements, significant challenges
persist, particularly regarding their limited strength and stability. Future research should aim
to enhance the performance and reliability of these materials to support their integration into
complex medical and engineering systems.

Bio-based hydrogels, Biocompatibility, Cross-linking methods, Polysaccharides
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Biologically-based hydrogels are three-dimensional polymer networks characterised by their high
water retention, biocompatibility, biodegradability, and low toxicity. Derived from natural polymers
like alginate, chitosan, gelatin, and collagen, they closely mimic the extracellular matrix. Recent
advances in 3D bioprinting, microfabrication, and stimuli-responsive designs have significantly
broadened the scope of their potential applications.

Despite some progress, challenges remain in optimizing the mechanical properties, degradation
kinetics and long-term stability of hydrogels under physiological conditions. Future research is
expected to focus on multimaterial hydrogels, nanocomposite enhancement and bioactive
functionalization to further improve their performance in clinical and industrial settings.

Biological-based hydrogels are prepared using physical, chemical, hybrid, and emerging cross-
linking strategies, each offering distinct advantages and limitations that influence their mechanical,
chemical, and biological properties for specific applications.

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Physical cross-linking methods rely on non-covalent interactions, offering a biocompatible and
simple approach without toxic reagents, but typically result in hydrogels with limited mechanical
strength and stability [1]. To overcome these limitations, natural polymer chemically cross-linked
hydrogels (NPCCHs) introduce reversible cross-links between chains, improving structural
integrity [2]. However, as noted by Yang et al., the removal of unreacted monomers and cross-
linkers complicates post-processing.

Moreover, Jiang et al. demonstrated 3D printing of ultra-strong hydrogels by forming crosslinked
DPC networks from polyvinyl alcohol (PVA) and chitosan (CS), integrating advanced printing with
high-performance hydrogels [3]. In addition, Tang et al. proposed a completely physically
crosslinked dual-network (DN) hydrogel using gelatin and poly (N-hydroxyethyl acrylamide), where
hydrogen bonds in both networks yield self-healing, adhesive, and tough mechanical properties,
though precise gelatin concentration control is crucial [4].

Chemical cross-linking (including covalent cross-linking, click chemistry, photocross-linking,
and enzymatic cross-linking) introduces covalent bonds into the hydrogel network, resulting in
improved stability and mechanical tunability. However, residual cross-linker toxicity and the need
for precise reaction control remain challenges [5]. As detailed in recent studies [6], key chemical
strategies for cell encapsulation include free-radical photopolymerization, enzyme-mediated and
genipin-mediated cross-linking, click reactions, and sol-gel chemistry, each with distinct pros and
cons, as discussed by Echalier et al. Additionally, Rebers et al. compared chemical and physical
cross-linking in gelatin methacryloyl acetyl (GMA) hydrogels (GM10, GM2AS8, GM2), using
infrared spectroscopy-photorheology to monitor real-time kinetics. Their results showed that
hydrogel stiffness is primarily governed by total crosslink density, regardless of the nature of the
cross-links [7].

Hybrid cross-linking strategies, such as dual cross-linking and interpenetrating polymer networks
(IPNs), combine physical and chemical methods to enhance hydrogel stability, biocompatibility, and
dynamic responsiveness, though their fabrication remains complex [8]. Zhao et al. developed doubly
cross-linked cellulose hydrogels via sequential cross-linking, achieving superior mechanical strength
over single-network systems, though cytocompatibility was not addressed [9]. Xu et al. prepared a
hybrid hydrogel that demonstrated significant energy dissipation and improved strength through
synergistic effects of both cross-linking types, but only its tensile behaviour was tested [10].
Additionally, studies show that viscoelasticity can be tuned by varying the physical-to-chemical
cross-link ratio; however, broader experimentation is needed to establish it as a reliable design
parameter for biomaterials and tissue engineering [11].

Recent advances in hydrogel technology aim to enhance stimuli-responsiveness, bioprintability,
and functionality, with key emerging technologies including 3D bioprinting, stimuli-responsive
hydrogels, and self-assembled systems. These approaches are promising for organ-on-a-chip
integration but face challenges such as high cost and technical complexity [12]. Li et al. described
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hydrogel formation from supramolecular assembly to dynamic covalent bonding, highlighting multi-
trigger responsiveness for biomedical use, though issues related to degradation toxicity remain
underexplored [13]. Zhang et al. introduced photoresponsive and extrusion-printed hydrogels,
emphasising print resolution, mechanical strength, and Al-based design tools like finite element
analysis to optimise performance [14]. Appel et al. developed shear-thinning, self-healing hydrogels
via polymer-nanoparticle self-assembly, suitable for drug delivery, although their study focused
solely on shear-induced flow [15].
The preparation methods discussed above are summarised in figure 1 below.
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Figure 1. Biological-Based Hydrogel Preparation Strategies
3. Candidate materials

The selection of materials is critical for designing biologically-based hydrogels, as the material
properties directly impact their biocompatibility, degradability, mechanical strength, and functional
performance. These materials are primarily derived from polysaccharides, proteins, and other natural
biomolecules [16]. This section elaborates on the most commonly used materials.

3.1. Polysaccharides

Polysaccharides are naturally occurring carbohydrate polymers with high biocompatibility and
versatility in hydrogel applications [17]. There are four main categories of polysaccharides.

3.1.1. Alginate

Usually derived from brown algae, alginate is a naturally occurring anionic polymer that forms
hydrogels by ionic cross-linking with divalent cations (e.g. Ca2+). It is biodegradable and non-toxic,
but mechanically weak under physiological conditions. Alginate’s properties are widely applied in
cell encapsulation and drug delivery, and have great potential for development in the biomedical
field [18]. The swelling, degradation, mechanical stiffness, cell attachment and binding or release of
bioactive molecules in sodium alginate hydrogels were studied by Augest et al. Their work
demonstrated that alginate hydrogel is a versatile and adaptable biomaterial that can be used as a
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support matrix and cell delivery vehicle for tissue engineering. However, specific targeted delivery
mechanisms remain underdeveloped [19].

According to research [20], alginate hydrogels offer several advantages as injectable materials,
including ease of incorporation of therapeutic agents under mild conditions, minimally invasive
local delivery and high profile. However, alginate hydrogels still play a rather passive role in acid
reflux and weight control. Thus, alginate hydrogels still need considerable development to become
an ideal material for tissue regeneration. Furthermore, Thakur et al. investigated the function of
sodium alginate hydrogel in the removal of various water pollutants containing toxic dyes and heavy
metal ions, due to its remarkable physicochemical properties such as hydrophilicity, swelling and
modifiability [21].

Derived from chitin extracted from the shells of crustaceans, chitosan is obtained by chemically
or biologically deacetylating chitin or by combining the two. Chitosan is widely used in wound
healing and antimicrobial coatings due to its antimicrobial properties. However, its preparation
requires an acidic environment [22].

Fu et al. introduced the stimulus response properties, biomimetic functions and high mechanical
strength properties of chitosan hydrogels, focusing on the relationship between the structural
features of chitosan hydrogels and their corresponding functions [23]. According to research [24],
chitosan (CS), the second most abundant natural polysaccharide after cellulose, can be broken down
into harmless products (aminosaccharides) in the human body. Additionally, chitosan offers
advantages such as biocompatibility, non-toxicity and biodegradability, making chitosan hydrogel an
ideal material for antifungal activity.

Additionally, the application of different types of chitosan hydrogels in biosensors and in smart
food packaging systems was investigated by Yang et al. On the one hand, chitosan hydrogels can be
used as biosensors due to their ability to respond to external stimuli, either through their swelling
behaviour or by embedding bioactive substances capable of interacting with input elements. On the
other hand, their strong antimicrobial and antioxidant properties, along with their favourable
biodegradation characteristics, make chitosan hydrogels highly promising for smart food packaging
systems [25].

Hyaluronic acid is a naturally existing unbranched anionic polymer, with good water retention,
biocompatibility and bioactivity. Easily chemically modified for controlled degradation, it is widely
used for wound healing, antimicrobial coatings and tissue scaffolds. For example, chitosan
hydrogels combined with nanosilver are used in antimicrobial wound dressings. However, its rapid
degradation remains a key drawback [26]. Luo et al. [27], leveraged hyaluronic acid’s ability to
retain water, its biocompatibility and other abilities, and developed various crosslinked hyaluronic
acid hydrogels. This customised strategy for the preparation of hyaluronic acid hydrogels has great
potential for biomedical applications. However, further optimisation is required to meet complex
and specific biomedical needs. In addition, studies have investigated multiple methods of preparing
hyaluronic acid hydrogels and assessed the most prominent biomedical applications of each [28].
Nevertheless, most hyaluronic acid hydrogel formulations produced thus far have been developed
under incompatible physiological conditions.
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Proteins are highly valued for their capability to mimic the extracellular matrix and promote cell
adhesion and growth. Due to their biocompatibility, biodegradability, abundant functional groups,
and tunable mechanical properties, proteins are considered ideal materials for hydrogels [29].

As an essential component of animal connective tissue, collagen is a crucial structural protein in
the formation of the extracellular matrix. It is highly biocompatible and promotes cell adhesion and
differentiation. Collagen is widely used for skin substitutes, bone regeneration and drug delivery.
For example, collagen hydrogels serve as scaffolds for heart tissue engineering. However, collagen’s
relatively poor mechanical strength remains a limitation [30].

Yang et al. investigated the effects of gelation conditions, cross-linking agents and additional
polymers on the preparation of collagen-based hydrogels. Their study explored the sol-gel phase
transition mechanism of collagen-based hydrogels and provided insights into designing and
customising hydrogels for specific applications. However, the precise gelation and modification
mechanisms require further study [31]. Furthermore, the critical isolation and purification steps of
collagen have been studied [32], providing insights into designing and customising collagen-based
hydrogels in ophthalmic. Nonetheless, the long-term safety of intraocular hydrogels remains an
ongoing challenge.

Gelatin is denatured collagen obtained by hydrolysis. It has a thermoreversible gel, good
biocompatibility and is easy to chemically modify. It is used in 3D bioprinting, wound healing and
drug delivery. Examples include gelatin methacrylate (GelMA) hydrogels for vascularised tissue
engineering. However, thermal instability remains a drawback [33]. According to research [34],
gelatin, as a highly renewable, sustainable and versatile hydrogel synthetic polymer, shows
promising performance in wastewater remediation by removing pollutants. Additionally, as gelatin-
based hydrogels are readily biodegradable, they can be used sustainably in the environment,
fulfilling the principles of sustainable development.

Mushtaq et al. provide an overview of various cross-linking techniques, properties, types of
composites and their uses for gelatin-based hydrogels. The multifunctional nature of gelatin allows
for simple and effective cross-linking while facilitating easy integration with other materials to form
composites with desirable properties [35].

Silk fibroin are natural proteins extracted from silk, which have high mechanical strength,
adjustable degradation rate and good biocompatibility. It is widely used in bone tissue engineering to
control drug release and as a scaffold for ligament regeneration. However, its relatively complex
processing is an unavoidable drawback [36] [37]. Zhang et al. studied the mechanical properties,
biocompatibility and biodegradability of filipin proteins. They compared silk protein hydrogels
prepared using two preparation strategies: physical and chemical cross-linking. Additionally, they
conducted a systematic review of silk protein hydrogels for biomedical applications, including
wearable sensors and drug delivery. However, research on filipin protein hydrogels is currently
limited to small animal models, posing certain constraints [38].
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Overall, the above candidates are compared and summarised in the table below.

Table 1: Comparison of candidate materials

Candidate . . o o Citatio
Materials Source Functionality Water Solubility Application N

Brown algae Controllable gelation and cell Wound dressing,

Alginate extraction loading Hydrosoluble medicine delivery [18]

Chitosan Crustacean Antibacterial and film forming Requires acidic Wound repair, [22]

extraction properties are strong medium to dissolve antibacterial material [23]

. o . . . . . [26]
Hyaluronic Connective tissue, Promote cell proliferation and . o Cartilage repair, anti-

Acid (HA) vitreous body tissue repair High hydrophilicity inflammatory Eg

Collagen Mammalian skin,  Promote cell adhesion and Acidic medium Tissue engineering,  [30]

& bones ECM simulation required skin repair [31]

Partially .
Gelatin hydrolyzed Adjustable thermal response Hydrosoluble scaffolq for .tlssue [33]
collagen engineering [34]

High mechanical properties, Low water solubility,  Artificial ligament  [36]

Silk Fibroin Fibroin controlled degradation need to be treated and bone repair [37]

4. Advanced applications

Biologically-based hydrogels have evolved from basic biomedical uses to cutting-edge
applications that address complex challenges in healthcare, biotechnology, and environmental
science [39].

4.1. Advanced soft robotics

Hydrogels have attracted considerable attention in soft robotics due to their unique combination
of flexibility, biocompatibility, and responsiveness to external stimuli such as temperature, pH, light,
and electric fields. These properties enable hydrogels to mimic biological tissues and perform
complex tasks, such as gripping, locomotion, and actuation [40].

4.1.1. Material selection

As for material selection aspects of hydrogel-based soft robots, they are typically divided into
three categories: natural polymers, synthetic polymers, and hybrid and composite hydrogels. In
terms of natural polymers, alginate hydrogels are used as soft robotic actuators for biomedical
applications due to their gentle interaction with tissues. Chitosan-based hydrogels are ideal for soft
robots designed for biomedical environments, such as surgical tools or drug delivery systems, due to
their pH sensitivity and antimicrobial properties. Hyaluronic acid hydrogels, known for their
viscoelastic properties, are used in robotic devices that require dynamic movement, such as artificial
muscles [41].

In terms of synthetic polymers, N-isopropylacrylamide (PNIPAM) is a thermo-responsive
hydrogel that undergoes reversible expansion and contraction near its lower critical solution
temperature (~32°C). It is therefore widely used in actuators and temperature-sensitive robotic
systems. Polyethylene Glycol (PEG) hydrogels are highly customisable and have been used in
hybrid soft robotic systems where precise mechanical properties are required. Polyacrylamide
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(PAAm) hydrogels have excellent mechanical strength and elasticity for soft robotic grippers and
artificial skin applications [42]. Regarding hybrid and composite hydrogels, Hydrogel-Elastomer
Hybrids combine hydrogels with elastomers such as silicones or PDMS (polydimethylsiloxane),
resulting in materials with high stretch and elasticity, ideal for bionic robotics applications [43].

4.1.2. Recent progress

Zhao et al. investigated multi-scale designs of tough hydrogels, incorporating energy dissipation
mechanisms within stretchy hydrogel networks to enhance their mechanical properties, making them
suitable for robotic applications [44]. However, the preparation process is relatively complex.
Furthermore, Li et al. proposed a soft micro-robot composed of a hydrogel bilayer structure, capable
of targeted movement via an electromagnetic actuation system that releases particles through a
change in pH. This soft body robot is expected to be a tumour therapy tool in the future [45].

Huang et al. explored light-responsive hydrogel-based soft robots, improving actuation speed,
precision, and durability. The study demonstrated the use of embedded photochromic nanoparticles
for efficient light absorption, enabling soft robots to perform complex motions under light stimuli.
This work highlighted the potential for optical control in biomedical devices and underwater
robotics [46]. Future studies should focus on improving the mechanical robustness of hydrogels
while maintaining their responsiveness.

Figure 2 below summarises the above information.
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Figure 2: Advanced Soft Robotics
4.2. Cancer therapy

Hydrogels have emerged as a promising platform for cancer therapy due to their biocompatibility,
adjustable mechanical properties, and ability to encapsulate and deliver therapeutic agents in a
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controlled manner. Their versatility enables them to serve as carriers for drug delivery, platforms for
immunotherapy, and scaffolds for cancer research [47].

4.2.1. Material selection

Regarding material selection for cancer therapy, injectable hydrogels have been particularly
highlighted. Injectable hydrogels, loaded with chemotherapeutic drugs or nanoparticles, can be
delivered directly to tumour sites. For example, alginate or chitosan-based hydrogels have been
employed to deliver doxorubicin or paclitaxel, ensuring sustained drug release over weeks [48].
Additionally, hydrogels sensitive to tumour-specific conditions, such as acidic pH or hypoxic
environments, can release therapeutic agents in response to these stimuli. PNIPAM hydrogels with
embedded nanoparticles have been used to target hypoxic tumours [49].

4.2.2. Recent progress

Hydrogels are increasingly being used to deliver combinations of therapies, such as
chemotherapy and immunotherapy or photothermal therapy with checkpoint inhibitors, to enhance
treatment outcomes [50]. Moreover, advances in smart hydrogels have enabled precision drug
release. For instance, hydrogels that respond to tumour enzymes (e.g., matrix metalloproteinases)
can degrade and release drugs specifically in the tumour microenvironment [51]. However,
overcoming drug loading limitations and enhancing hydrogel penetration in solid tumours remain
key challenges at this stage.

4.3. Biosensors and diagnostic platforms

Hydrogels have attracted significant attention in biosensors and diagnostic platforms due to their
high water content, biocompatibility, and ability to mimic biological tissues. These materials are
especially useful for integrating biological recognition elements and enabling real-time, sensitive
detection of biomolecules, pathogens, and physiological signals [52]

4.3.1. Material selection

In the context of biosensors and diagnostic platforms, material selection is typically categorised
into natural polymers and synthetic polymers. Regarding natural polymers, hyaluronic acid (HA) is
used in biosensors for cancer biomarkers due to its biocompatibility and affinity for CD44, a surface
marker overexpressed in tumours [53]. Chitosan is frequently employed in biosensors for DNA or
protein detection, as its amino groups facilitate biomolecule binding [54]. Among synthetic
polymers, poly(ethylene glycol) (PEG) is ideal for immobilising antibodies, enzymes and aptamers
due to its low protein adsorption and non-fouling properties. It is widely used in optical biosensors
for the detection of cardiac biomarkers [55]. Polyacrylamide (PAM) is known for its high
mechanical stability and is commonly used in strain sensors and bioelectronic diagnostics [56].

4.3.2. Recent progress

Hydrogel-based sensors embedded in wearable devices can continuously monitor physiological
parameters such as glucose, lactate and electrolytes. For example, sweat-based lactate sensors utilise
alginate hydrogel patches loaded with enzymes, presenting new possibilities for personal healthcare
[57]. Additionally, hydrogels serve as matrices for immobilising enzymes or other recognition
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elements in electrochemical sensors. For instance, the multifunctional sensing and actuation
platform developed by Park et al., based on hydrogel, enables direct insertion into deep brain
regions while minimising foreign body response limitations [58]. However, challenges remain,
including limited mechanical stability and the need to balance sensitivity with scalability for
commercial production [59]. Future developments should focus on exploring self-repairing
hydrogels to improve the durability and longevity of wearable platforms.

5. Conclusion

Bio-based hydrogels, derived from natural materials such as alginate, chitosan, gelatin, and
collagen, show tremendous potential for applications in fields such as soft robotics, cancer therapy,
and biosensing due to their biocompatibility, biodegradability, and modifiability. Advances in
preparation methods, including hybridisation and emerging cross-linking techniques, have expanded
their versatility and utility.

However, challenges such as limited mechanical strength, instability, and complex fabrication
processes still need to be addressed to realise a wider range of applications, especially in more
complex systems such as soft robotics and cancer therapy. Future research should prioritise
enhancing the strength, stability and efficiency of hydrogels to improve drug delivery and
biosensing capabilities. With continued innovation, bio-based hydrogels hold great promise for
advancing healthcare, biotechnology and environmental applications.
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