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Preface

In the quiet intersection of materials science, biology, and engineering, hydrogels
have emerged as silent revolutionaries. These water-swollen polymer networks, once
overlooked as simple hydrated matrices, now stand at the forefront of technological
and medical innovation, bridging the gap between rigid machinery and living sys-
tems with their tissue-like softness, biocompatibility, and responsive intelligence.
This book is born from a desire to unravel the potential of hydrogels, tracing their
journey from fundamental chemistry to transformative applications that touch
nearly every aspect of human life.

Hydrogels’ magic lies in their duality: they are both structure and function, passive
scaffold and active responder. A hydrogel can mimic the elasticity of cartilage,
deliver life-saving drugs with pinpoint precision, conduct neural signals without
irritating delicate brain tissue, or clean pollutants from water with eco-friendly
efficiency. As we delve into the pages ahead, we explore this versatility through four
core pillars: foundational science, advanced fabrication, specialized applications, and
future frontiers. From the sustainable synthesis of lignin-based networks to pro-
grammable architectures of DNA-based hydrogel, from the stimuli-responsive
mechanisms that drive hydrogel actuators to hydrogel engineering interventions for
precision cartilage regeneration and the brain’s electrical symphony, each chapter
unpacks the science behind these materials while grounding it in real-world impact.

What makes hydrogels truly extraordinary is their ability to adapt—to swell or
shrink, heal or degrade, conduct or insulate—all in response to their environment.
This adaptability has opened doors to innovations once confined to science fiction:
soft robots that handle fragile biological samples, implantable devices that dissolve
after healing, wearable sensors that monitor health in real time, and regenerative
scaffolds that guide damaged tissues back to wholeness. However, despite their
promise, hydrogels face profound challenges—mechanical fragility, dehydration,
and scalability—that demand interdisciplinary ingenuity to overcome. This book
does not shy away from these hurdles; instead, it frames them as invitations for
progress, highlighting how researchers are merging nanotechnology, 3D printing,
synthetic biology, and artificial intelligence to push hydrogels beyond their limits.

Our book, spanning these pages, is guided by a simple yet powerful question: How
can a material so soft, so water-rich, and so biologically similar to living tissue
redefine what technology can be? Whether you are a student taking your first steps
in materials science, a researcher pushing the boundaries of innovation, or a clinician
seeking new therapeutic tools, this book offers a comprehensive map of hydrogels’
past, present, and future. We celebrate the curiosity of early pioneers who first
recognized hydrogels’ potential and honor the contemporary scientists whose work
continues to expand their capabilities.



As we stand on the cusp of a new era in soft materials, hydrogels remind us that
strength need not come from rigidity, and intelligence need not rely on complex
circuitry. They embody a more harmonious approach to technology, one that works
with nature rather than against it. We hope that this book inspires you to see
hydrogels not just as materials, but as partners in solving some of our most pressing
challenges, from healing the human body to protecting our planet.

Xiao-Feng Sun

School of Chemistry and Chemical Engineering,
Northwestern Polytechnical University,

Xi’an, China



Introductory Chapter: Hydrogels

Xiao-Feng Sun

1. Introduction: Overview of smart hydrogels

Hydrogels are semi-solid, soft, viscoelastic materials composed of
three-dimensional (3D) networks that are cross-linked with polymeric chains,
exhibiting both solid and liquid-like behaviour. These materials are swollen
with either aqueous or non-aqueous solvents, which makes them appropriate for
many applications [1-3]. Hydrogels are amphiphilic or hydrophilic networks that
are connected and stabilized via many crosslinks, such as chemical (covalent) and
physical (non-covalent) interactions [4-6]. Hydrogels have a solid polymer
network referred to as a ‘mesh structure’, which is capable of absorbing and holding
large quantities of water and biological fluids without disturbing structural and
mechanical integrity, giving them a gel-like consistency. Moreover, hydrogel
structures are tunable, biocompatible, biodegradable, and functionally adjustable
[7-9]. The polymeric network is surrounded by many hydrophilic groups, such
as sulfonic acid (-SO3H), carboxyl (-COOH), hydroxyl (-OH), amide (-CONH,),
and amino (-NH,) groups, that facilitate water uptake and enhance their
physicochemical properties [9-12]. Furthermore, the physicochemical
characteristics of hydrogels include adhesiveness, conductivity, toughness,
elasticity, polarity, adhesive or anti-adhesive properties depending on the
application, and self-healing ability [3, 13].

Hydrogels are broadly classified based on different parameters, such as physical
characteristics, origin, source, biodegradation rate, ionic charge, swelling behaviour,
cross-linking mechanism, preparation method, and stimuli-responsiveness [11, 15].
Figure 1 illustrates the classification of hydrogels [14].

2. Hydrogels for biomedical applications

Hydrogels are emerging and versatile materials widely used in the biomedical field
over the past few years. Among the variety of drug delivery systems, hydrogel-based
drug delivery systems are regarded as one of the most efficient approaches due to
their unique physicochemical properties [9]. The composition of drug-containing
hydrogels includes a nucleus (drug) and a shell (hydrogel), and these types of drug
delivery hydrogels are accessible in the form of capsules, injections, and patches.
Hydrogels encapsulate the drug and then release that particular drug toward the
targeted site for sustained release. After the hydrogel swells, the drug moves out of the
hydrogel by diffusion toward the target [16-18]. Lin et al. [19] explained that smart
hydrogels make their way to the lesion sites where the treatment is required, reach
there, and respond to physiological conditions such as temperature, pH, and enzymatic
changes, release the drug steadily, and improve the efficacy of treatment. This type of
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Figure 1.
Classification of hydrogels. Source: Adapted from the study by Pattnaik et al. [14].

drug delivery is suitable for chronic diseases such as tumours and inflammation, where
long-term and high-concentration treatment is needed. The movement of the drug
molecules from inside to the outside environment is described as external diffusion,
which is affected by concentration changes and physiological conditions. The porosity
of hydrogels plays a vital role in drug loading and releasing, and they are also used in
self-cleaning and wound healing through their moisture contribution to the wound
environment. They are broadly used to treat burns, chronic wounds, venous ulcers,
and pressure sores. Due to their barrier-forming mechanism and bioadhesive
properties, they are potentially used for stitching and surgical stapling. Wound healing
has four stages: clotting, cleaning, growth, and maturation stages. Chemically cross-
linked hydrogels composed of carboxylated agarose and tannic acid are ideal for
wound healing [15, 20]. Due to the high absorption capacity of alginate-based
hydrogels, they are employed in speeding up wound healing as they reduce wound
exudate and keep the environment wet. The combination of alginate with hyaluronan
(composite hydrogel) is effective in enhancing the healing process [21]. Delayed
wound healing beyond three months leads to chronic wounds due to prolonged
inflammation, and the use of hydrogel dressings to treat them remains effective as
they are specially designed with growth factors, biomolecules, and drugs. In addition
to this, the addition of phenolic groups from plant or honey sources reduces
inflammation and enhances wound recovery [22].

3. Hydrogels for soft robotics
The concept of programmable industrial robotics was first introduced in the

twentieth century with the development of the industrial robot Unimate, followed
by redundant and continuum robotics [23]. At the start of the twenty-first century,
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soft robots emerged and gained popularity because of the integration of multiple
cutting-edge manufacturing technologies. This growth is attributed to the flexibility
of silicone materials and their combination of multiple actuation methods, including
tendon-driven [24, 25], electrically-driven, fluid-driven [26], and magnetically-
driven techniques [27, 28]. As the applications of silicone-based robotics expanded,
their limitations became evident, particularly regarding environmental response
and biocompatibility. Researchers then started to study alternative materials in order
to overcome this issue. Simultaneously, smart hydrogel materials, known for their
excellent features such as responsiveness to external stimuli and biocompatibility,
gained tremendous attention in many fields, namely material science, medicine,
environmental chemistry, and biochemistry [29, 30]. These unique materials gained
appreciation from researchers specializing in soft robotics and smart hydrogels,
which ultimately resulted in the development of hydrogel-based continuum soft
robotics [31]. As their unique physical characteristics were recognized, researchers
began exploring their functions as smart hydrogels, including their attributes of
response to external stimuli such as temperature, pH, magnetic field, and electric
field [29, 32-34]. The current study of hydrogels aims to make them more intelligent
by integrating hydrogels with multiple smart functions, thereby advancing the
field of hydrogel-based soft robotics. These advancements include effective drug
delivery, shape-changing in narrow spaces, underwater robotics applications,
environmental sustainability, and the circular economy [35, 36]. Heiden et al. [37]
synthesized a hydrogel-based soft robot using raw material from industrial waste.
Along with this, soft robotics also demonstrates its potential by combining sensors
and actuators in one system [38, 39] which are effective in various fields such as
biomedical applications, including precise surgeries and targeted drug delivery [40],
and environmental applications such as recycling and agriculture [41, 42].
Humanoid and robotic dogs made of rigid structures can pose a risk in human-robot
interaction, whereas hydrogel-based robots are safer for human-robot

interaction [28].

4. Hydrogels for neuroelectronics

Although considerable advancements have been achieved in functional material
science, the recording of quality electroencephalogram (EEG) signals, which are
essential for the exploration of brain activity, remains a major challenge, particularly
through invasive methods. The EEG electrodes are mostly rigid and do not match the
properties of human tissue; therefore, they are limited in recording EEG signals.
Furthermore, these electrodes are not resistant to environmental noise, making the
recording of premium-quality signals difficult in a skin-mounted configuration.
Hence, there is a requirement to fabricate interfacial substances that not only
increase the performance of EEG electrodes via non-invasive methods but are also
compatible with the human body. Due to the soft, viscoelastic, and biocompatible
properties of hydrogels, they are considered ideal materials to fulfil this requirement
of neuroelectronics, as they can adhere to the skin to improve interfacial contact.
Moreover, hydrogels also exhibit a particular frequency effect, known as the
damping effect, which helps to decrease surrounding noise and interference during
signal recording. Hydrogel-based electrodes are efficient enough to record signals
with high quality even in a noise-prone environment. Therefore, these electrodes can
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Figure 2.
Application of hydrogels for brain signal monitoring. Source: Adapted from the study by Zhang et al. [43].

be used in combination with computed tomography (CT), magnetic resonance
imaging (MRI), and optogenetics for multimodal signal recording. This approach
plays a vital role in neurological disease diagnosis as well as in brain science. Figure 2
demonstrates the application of hydrogels for brain signal monitoring [43].
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Chapter 2

Lignin-Based Hydrogels: Synthesis,
Applications and Future
Perspectives

Muhammad Sheraz and Xiao-Feng Sun

Abstract

Lignin-based hydrogels represent a new generation of bio-composite materials
that utilize environmentally sustainable resources and exhibit significantly advanced
functional properties. As a highly abundant yet underutilized natural polymer, lignin
imparts hydrogels with exceptional mechanical strength, biocompatibility, and
responsiveness to environmental stimuli. This review discusses various synthetic
approaches that harness lignin’s unique properties for hydrogel synthesis, including
graft polymerization, crosslinking copolymerization, and interpenetrating polymer
networks. Each strategy offers distinct advantages and enables the customization of
physicochemical properties to meet specific application requirements. The
multifunctional nature of lignin-based hydrogels has proven valuable in a range of
fields. In biomedicine, they are explored for applications such as wound healing, drug
delivery, and tissue engineering. In environmental remediation, they show strong
potential for the adsorption of heavy metals and dyes. Despite their promise,
challenges remain in the synthesis of lignin-based hydrogels due to the structural
heterogeneity and variable chemical reactivity of lignin. Ongoing developments in
chemical modification and hybrid hydrogel systems aim to overcome these
limitations. Overall, lignin-based hydrogels offer a promising, eco-friendly
alternative that supports the green materials agenda across both healthcare and
environmental sectors.

Keywords: lignin-based hydrogels, bio-composite materials, graft polymerization,
crosslinking copolymerization, interpenetrating polymer networks, biomedicine,
environmental remediation

1. Introduction

Hydrogels are polymer-based substances that absorb water and swell [1, 2]. They
have received tremendous attention within the scientific community on the one hand
and in the industrial domain on the other, due to their unique ability to retain vast
amounts of water while still maintaining their form. Because of their exceedingly
porous structure, adjustable mechanical properties, and biocompatibility, hydrogels
are suitable for all kinds of applications, especially in biomedicine [3, 4], agriculture

9 IntechOpen
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[5], food packaging [6], and environmental remediation [7]. Conventional hydrogels
are generally synthesized from synthetic polymers that are very effective but raise
the question of sustainability and may lack any biological function [8, 9]. With the
whole world moving toward greener, eco-friendly technologies, the need for
sustainable, renewable, multifunctional hydrogel materials has hence escalated

[10, 11]. In this context, research has been directed toward incorporating lignin into
hydrogel matrices to improve both the hydrogel profile and functional capabilities.

Lignin, an aromatic, amorphous biopolymer derived from the secondary cell
walls of vascular plants, stands out as a highly promising candidate for incorporation
into hydrogel systems [12]. It is the second-largest natural polymer on Earth, after
cellulose, and constitutes a significant amount of waste generated by the pulp and
paper industries [13, 14]. Despite its widespread availability, lignin has historically
been underutilized. In most cases, it is either discarded or incinerated as waste.
However, developments in lignin valorization have revealed that lignin has an
extraordinary capacity to be exploited as a bio-based building block in material
science developments [15]. It is composed of aromatic alcohols — p-coumaryl,
coniferyl, and sinapyl (Figure 1) — which are categorized by their methoxy group
count, enabling strong crosslinking. With an abundance of phenolic and aliphatic
hydroxyl groups, lignin can be chemically modified through many pathways,
thereby making it amenable to hydrogel network formation via a variety of
polymerization and crosslinking techniques [16-18]. It also imparts antimicrobial,
antioxidant, and UV-blocking characteristics, which are desired by advanced fields
for biomedical and environmental uses [19-21]. Its structural complexity also allows
for functional tailoring, giving researchers the flexibility to engineer hydrogels with
specific performance [22, 23].

The integration of lignin into hydrogel networks is considered a significant
advancement in the development of multifunctional and sustainable soft materials
[24, 25]. This approach not only enhances the environmental profile of hydrogel
systems by reducing reliance on petrochemical-based monomers but also introduces
new physicochemical properties that broaden their range of applications [26, 27].

Figure 1.
Lignin structures highlighting the predominant interunit linkages and the associated monomeric units, including

4-hydroxyphenyl (H), guaiacyl (G), and syringyl (S) groups [112].
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Lignin-based hydrogels have emerged as a promising research area in recent years
due to the unique advantages of lignin. This chapter provides an overview of the
synthesis strategies, biomedical and environmental applications, as well as the
challenges and future perspectives of lignin-based hydrogels. We examine the
various synthetic approaches used to incorporate lignin into hydrogel structures,
including graft polymerization and the formation of interpenetrating networks
through both covalent and noncovalent crosslinking mechanisms. Furthermore, we
highlight the versatile applications of lignin-based hydrogels in the biomedical field —
such as wound healing, drug delivery, and tissue engineering — as well as their
effectiveness in environmental applications, including the adsorption of heavy
metals and organic dyes. Finally, we discuss the current challenges and limitations
facing this emerging class of biomaterials, along with future directions aimed at
overcoming these barriers to fully exploit the potential of lignin-integrated hydrogel
systems.

2. Synthesis approaches

The synthesis of lignin-based hydrogels involves a strategic combination of
polymer science and green chemistry to generate multifunctional, sustainable
materials. Lignin’s rich functional group profile, especially carboxylic, phenolic, and
aliphatic hydroxyl groups, makes it highly suitable for chemical modification and
integration into polymer networks. The synthesis approaches of lignin hydrogels
vary, resulting in differences in application, mechanical strength, swelling behavior,
and biocompatibility [12, 28]. Three main strategies are considered in the field: graft
polymerization [29], radical polymerization using lignin as a macroinitiator or
crosslinker [30, 31], and the synthesis of interpenetrating polymer networks (IPN)
[32]. These synthetic routes display their own merits and drawbacks and, therefore,
give rise to many types of hydrogel formulations based on particular functional
demands.

2.1 Graft polymerization

Graft polymerization is one of the most effective methods in the synthesis of
lignin-containing hydrogels [33]. In this method, using free radical initiation, vinyl
or acrylic monomers, such as acrylamide, acrylic acid, or N-isopropylacrylamide, are
grafted onto a lignin backbone [27, 34]. The hydroxyl groups on lignin serve as
anchoring points for the polymer chains, resulting in a network where lignin acts as
the backbone or a side-chain scaffold. It, therefore, improves the compatibility of
lignin with synthetic polymers and provides precise control over the architecture of
the hydrogel. Through thermal initiation, photosensitive initiation, or redox
systems, graft copolymerization may be induced, each providing various levels of
control over the polymerization kinetics and the final properties of the material
[35, 36]. The reason why this method is effective lies in its ability to produce
hydrogels that are structurally strong and functionally tunable, with enhanced water
retention and mechanical properties [28].

The research by Rajan et al. [37] developed sustainable hydrogels based on lignin,
a major waste product from the pulp and paper industry. This was accomplished
using a model compound derived from organosolv lignin (OSL) from hybrid poplar.
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In the first step, OSL was esterified, effectively grafting 2-hydroxyethyl
methacrylate (HEMA) onto the lignin backbone to form OSLH. The OSLH was
copolymerized via free radical copolymerization with excess HEMA to form
copolymer hydrogels with varying amounts of lignin. Figure 2 shows the first step,
where the OH groups of lignin react with HEMA-Im to form an ester, namely

a lignin-HEMA carbonate ester (OSLH). These new hydrogels showed improved
water retention, thermal stability, and better mechanical properties than commonly
used petrochemical-based materials, presenting a bio-based alternative. The process
involves grafting HEMA onto lignin, then copolymerizing the grafted lignin with
more HEMA.

2.2 Crosslinking copolymerization

Crosslinking copolymerization is an important approach to forming lignin-
based hydrogels with a three-dimensional (3D) network via chemical and/or
physical bonding [25, 34, 38]. Covalent crosslinking involves permanent strong
bonds (ester, amide, or epoxide linkages) between monomers and functional
groups in lignin, which produce hydrogels with composite-like strength and
robustness [24, 39, 40]. Alternatively, noncovalent interactions, including
hydrogen bonding and m—m stacking, permit flexible, reversible networks that
could be suitable for applications requiring self-healing or stimuli-responsiveness
[41, 42]. The crosslinking method influences the strength, swelling, and stability
of the hydrogel. By tailoring the parameters of polymerization as well as
crosslinking, lignin-based hydrogels can be designed for specific functions,
including pharmaceutical or biomedical applications, or environmental
applications.

The study by Larraiieta et al. [43] presented a straightforward approach to the
preparation of lignin-based hydrogels using lignin (LIG), poly(ethylene glycol)
(PEG), and poly(methyl vinyl ether-co-maleic acid) (GAN) through an
esterification reaction, wherein microwave (MW) radiation can be utilized to
accelerate the reaction significantly. Figure 3a shows the chemical structure of LIG,
GAN, and PEG and displays the proposed cross-linking reaction of the LIG/GAN/
PEG hydrogels, in which GAN cross-links with PEG through an esterification
reaction. Figure 3b shows the FTIR spectra of the carbonyl region of the hydrogels
before and after the cross-linking reaction. It is apparent that the carbonyl peak
shifts to higher wavenumbers after the cross-linking reaction. The preparation
occurs in the solid state, and the subsequent characterization of the hydrogels by

Figure 2.
Modification of lignin (OSL) using HEMA-im to produce OSLH [37].
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solid-state NMR shows that the LIG contents range from 24% to 41%, and the
hydrogels have a water uptake of up to 500%, as shown in Figure 3c. Figure 3d
shows representative images of all swollen lignin-based hydrogels and the dry,
unhydrated LIG.

2.3 Interpenetrating polymer networks

This method involves the development of IPNs, in which lignin or polymers based
on lignin are physically entangled or chemically linked with the other polymer
network. IPNs can be made by swelling a preformed polymer in a monomer solution
and subsequently polymerizing it in situ, or by polymerizing two monomer systems
in parallel with lignin [32, 44, 45]. The resultant hydrogels will have a dual-network
structure that combines characteristics from each polymer network, such as rapid
healing or biocompatibility from lignin, and increased mechanical strength from
each synthetic polymer. This may be a benefit if there are synergistic properties to be
served, such as high stretchability, self-healing, or stimuli-responsiveness.
Furthermore, it may afford the construction of hydrogels with gradients in
composition or spatially separated domains, which may benefit certain complicated
energy-related applications [46].

The study by Oveissi et al. [47] examined the fabrication of tough hydrogels
derived from inexpensive natural polymers - lignin, which can be incorporated into
hydrophilic polyether-type polyurethane (HPU) to produce lignin-HPU hydrogels.
Interestingly, the introduction of only 2.5 wt% lignin was enough to enhance the
mechanical properties of the HPU hydrogels, quantitatively increasing both the
fracture energy and the measured Young’s modulus, with no apparent effect on
swelling capability. The mimicked lignin-HPU hydrogels exhibited enhanced lap
shear adhesiveness, rapid load recoverability, and processability for applications
such as 3D printing and fiber spinning. Furthermore, the study confirmed that
hydrogen bonding was the primary mechanism contributing to the enhanced
toughness of the hydrogels and demonstrated that the developed hydrogels were
biocompatible with human dermal fibroblasts. These findings highlight the potential
of lignin-HPU hydrogels in a variety of applications, such as wearable devices and
biomedical materials.

The study by Naficy et al. [48] produced thin, tough, and pH-sensitive
hydrogel films demonstrating rapid load recovery for actuator and sensor
applications. The hydrogels were fabricated using a polyether-based polyurethane
and poly(acrylic acid) through a simple method, resulting in hydrogel films
ranging in thickness between 20 and 570 pm. At the transition point of the
hydrogels (pH 4), the hydrogel films exhibited a volume change of less than
a factor of two. Each of the hydrogels sustained tensile extensibilities of up to
350% at each pH, respectively, and Young’s modulus and tensile strength were
compliant with 580-910 kPa and 715-1,320 kPa, respectively, depending on the
pH. Unlike double-network hydrogels, these hydrogel films can be stretched to
100% extension and returned to their original length without permanent damage.
The results also demonstrated the rapid load recovery aspect of these films,

a feature not previously demonstrated with hydrogel films, and a performance
characteristic not shared with hybrid ionic-covalent interpenetrating network
hydrogels. Table 1 provides a comparison of synthesis approaches with their
advantages and disadvantages.
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Approach Advantages Disadvantages

Graft Strong and tunable, good compatibility, Multistep relies on initiators,

polymerization versatile initiation methods heterogeneity issues

Crosslinking Strong (covalent), reversible (noncovalent),  Brittle (overcrosslinked), weak (noncova-

copolymerization  tunable swelling, possible green methods lent), harsh conditions may be needed

IPNS Synergistic dual properties: toughness and Complex synthesis, with the risk of phase

self-healing, suitable for smart devices separation, requires careful optimization

Table 1.

Comparison of synthesis approaches with advantages and disadvantages.

3. Applications
3.1 Biomedical application

The hydrogels derived from lignin exhibit multifunctional performance across
a myriad of biomedical applications, attributable to their biocompatibility and
antioxidant functionality [43, 72]; in addition, the hydrogels provide flexible, moist
environments that foster tissue healing [49, 51, 70, 73]. As wound dressings, the
hydrogels can maintain a moist environment that protects against infection and
promotes tissue regeneration. The benefits of the hydrogels in wound dressings also
take advantage of the inherent antimicrobial and antiinflammatory properties of
lignin [49, 52, 54, 55, 62, 63]. Specifically, for drug delivery systems, lignin-based
hydrogels can provide controlled release of therapeutics based on stimuli, for
example, pH or temperature, and can also provide localized and sustained release
[58, 61, 67, 74, 75]. In tissue engineering, lignin can be used to enhance structural
fidelity and cellular interaction while enabling the development of biodegradable
matrices that provide an environment mimicking the natural extracellular process
for cellular growth and tissue healing [51, 76, 77]. Lignin-based hydrogels are
therefore applicable across a wide array of biomedical applications, making them
valuable as multifunctional materials in healthcare. Table 2 describes the details of
lignin-based hydrogels for biomedical applications.

The research by Lin et al. [78] developed a new conductive hydrogel, PLAP, made
of PVA, polypyrrole (PPy), lignin sulfonate (Lgs), and silver nanoparticles (Ag NPs)
for chronic wound healing. Lgs enhanced the dispersion of PPy in water and enabled
conductivity, while Ag NPs provided antibacterial features. The hydrogel showed
high conductivity (2.82 + 0.04 mS/cm), antibacterial ability against E. coli and
S. aureus, biocompatibility, adhesion, and ability to promote hemostasis. In vivo
studies showed improved wound closure (93.71 + 2.46% within 14 days) with
electrical stimulation (ES), which potentially increased collagen deposition and
renewal in epithelial tissue, suggesting PLAP hydrogels are an effective platform for
ES-assisted chronic wound healing. Figure 4 represents the synthesis and use of the
PLAP hydrogel as a multifunctional dressing for chronic skin wound healing.

3.2 Environmental remediation

Lignin-based hydrogels can be quite promising as sustainable adsorbents. Lignin
hydrogels are very attractive, as they are effective in removing wastewater
contaminants such as heavy metals [79-81] and synthetic dyes [82-84] in an
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Materials Method/mechanism of hydrogel ~ Application Reference
preparation

Lignin/bacterial cellulose/dehydrogenative  Enzymatic polymerization with ~ Chronic wound [49]

polymer of coniferyl alcohol solvent-assisted impregnation healing

Lignin model polymer dehydrogenated Blending, ionic crosslinking Wound [50]

polymer in alginate hydrogel treatment

Alkali lignin/chitosan Blending Wound healing [51]

Lignin/chitosan/polyvinyl alcohol (PVA) Physical crosslinking via Wound healing [52]
freeze-thaw casting

Lignin/gold(III) chloride hydrate, silver Covalent crosslinking Photodynamic [53]

nitrate/potassium persulfate/poly (acrylic therapy

acid)

Lignin/poly (ionic liquids) Supramolecular interactions Wound healing [54]

Lignin/silver nanoparticles/hydroxypropyl — Covalent crosslinking Wound healing [55]

cellulose/phenylboric acid

Lignin/agarose/silk fibroin solution/zinc Covalent crosslinking Wound healing [56]

chromite (ZnCr,0,4) nanoparticles

Lignin/poly (lactic acid) (PLA) Covalent grafting Drug delivery [57]

Alkaline or organosolv lignin/PVA peroxidation reaction/ Drug delivery [58]
hydroxymethylation

Lignin-based nanoparticles/thiolated hya- ~ Mixing Wound healing [59]

luronic acid/silk fibroin

Lignin/PVA One-pot reaction Wound dressing [60]

Lignin/gelatin/ Covalent crosslinking Drug delivery [61]

N-(3-Dimethylaminopropyl)-N'-

ethylcarbodiimide hydrochloride

Alkali lignin/chondroitin sulphate sodium  Freeze and thaw method Wound healing [62]

salt/PVA/chitosan

Cashew apple bagasse lignin Covalent crosslinking Wound dressing [63]

Lignin/Au nanoparticles-decorated Physical crosslinking via Wound healing [64]

halloysite nanotubes/PVA/chitosan freeze-thaw cycles

Alkali lignin/poly (ethylene glycol) Covalent crosslinking Management of [65]

diglycidyl ether atopic dermatitis

Lignin/epigallocatechin-3-gallate/sodium Covalent crosslinking Drug delivery, [66]

alginate wound dressing

Lignin methacrylate-acrylamide-PVA Covalent and physical Drug delivery [67]

hydrogel crosslinking

Lignin-containing cellulose nanofiber- Covalent crosslinking via free Drug delivery [68]

based hydrogel radical polymerization

Sulfonated lignin/PVA/chitosan Physical crosslinking via Drug delivery [69]
freeze-thaw cycles

Demethoxylated lignin /polyacrylamide Covalent crosslinking via free Wound healing [70]
radical polymerization

Sodium lignosulfonate-silver nanoparti- Covalent crosslinking via free Wound dressing [71]

cles/acrylic acid/2-(methacryloyloxy)ethyl
dimethyl-(3-sulfopropyl)ammonium
hydroxide

radical polymerization

Table 2.

Lionin-based hydrogels for biomedical applications.
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environmentally friendly way. Lignin contains a variety of functional groups that
chemically bind and adsorb metals through a combination of chelation and ion
exchange [85]. The hydrogel enhances these functionalities through a large surface
area, high porosity, and extensive swelling, which allow efficient diffusion and
capture of contaminants. Along with these characteristics, lignin’s aromatic
structure allows for m—r interaction and hydrogen bonding with dyes, both cationic
[86, 87] and anionic [88, 89]. Thus, lignin-based hydrogels represent a very
attractive and biodegradable alternative to the wider range of well-established
adsorbents that effectively absorb contaminants in a selective manner, are relatively
reusable, and have good mechanical durability. Therefore, they present a sustainable
alternative for wastewater treatment. Table 3 provides details of these lignin
hydrogels for the adsorption of metal ions and dyes.

The research by Li et al. [111] investigated the synthesis and adsorption
properties of lignin/cellulose hydrogel materials using sodium lignosulfonate and
cellulose as raw materials. The hydrogels exhibited a 3D network structure with
improved water absorption and retention, showing promise as an adsorbent for dye
wastewater treatment. The optimal adsorption conditions for congo red (CR) were
determined to be an adsorption time of 4 hours, a pH of 6, and a temperature of 45°C,
with a maximum adsorption capacity of 294.0 mg/g, characterized by the Langmuir
isothermal model and quasi-secondary kinetic model, indicating systematic
monolayer adsorption. The optimal adsorption conditions for malachite green (MG)
were an adsorption time of 4 hours, a pH of 4, and a temperature of 60°C, with
a maximum adsorption capacity of 129.8 mg/g, consistent with the Freundlich
isothermal model and quasi-secondary kinetic model, indicating multilayer
adsorption dominated by chemisorption. Figure 5 shows the preparation of lignin/
cellulose hydrogel and the adsorption of methylene blue and malachite green.

4. Challenges and perspectives

Lignin-based hydrogels present several challenges that limit their wider
application. One of the most significant issues is the inherent heterogeneity and
structural complexity of lignin, which varies depending on its botanical source and
extraction method. Such variability strongly influences the reproducibility and
consistency of hydrogel properties, including mechanical strength, chemical
structure, microstructure, and so on. In addition, lignin’s relatively low reactivity
and partial miscibility with hydrophilic polymers restrict the efficiency of grafting
and copolymerization processes, often requiring premodification steps to improve
compatibility. Technical lignin, such as that derived from black liquor in kraft
pulping, further demands extensive purification and fractionation to achieve
suitable reactivity, thereby increasing the cost and complexity of hydrogel
preparation. Even when produced successfully, lignin-based hydrogels can remain
mechanically fragile, with limited elasticity and reduced potential for reuse in
adsorption—desorption applications such as dye removal or heavy metal ion binding.
Therefore, researchers are encouraged to focus on improving the performance of
lignin-based hydrogels.

Beyond the intrinsic material challenges, the transition from laboratory-scale
synthesis to industrial-scale production introduces additional complexities.
Preparation of most lignin-based hydrogels relies on batch polymerization with
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Materials Method/mechanism of =~ Metal ions/dyes Reference
hydrogel preparation
Lignin/acrylamide/N-isopropyl acryla- ~ Graft copolymerization Methylene blue [90]
mide/montmorillonite
Sodium lignosulfonate/acrylic acid Free radical polymeriza- ~ Cu®* [91]
tion (ultrasound-
assisted)
Lignin/polyacrylic acid hydrogel Free radical Pb** [92]
polymerization
Lignin/hydroxyethyl celluloses /PVA/ Covalent crosslinking Rhodamine 6G, crystal [93]
epichlorohydrin violet, and methylene
blue
Lignin/montmorillonite Redox-initiated free Cu** [94]
radical polymerization
Lignin/reduced graphene oxide/ Hydrothermal method Methylene blue, Pb** [95]
N-methylaniline
Alkali lignin/polyacrylic acid Free radical Pb**, Cu?*, Cd** [96]
copolymerization
Sodium lignosulfonate/acrylamide/ Free radical graft Acid Red (AR 73) [97]
acryloxyethyltrimethylammonium copolymerization
chloride
Alkali lignin/cellulose nanofibers/car- Free radical Cr® [98]
bon dots/polyacrylic acid polymerization
Lignin/2-hydroxyethyl methacrylate / Free radical suspension Ni** [99]
divinylbenzene/PVA polymerization
Sulfomethylated lignin-grafted- Free radical polymeriza- ~ Ni**, Co**, Cd**, Cu*", [100]
polyacrylic acid tion (ultrasound- Pb**
assisted)
Lignin nanoparticles-reduced graphene  Physical crosslinking Methylene blue, Pb** [101]
oxide
Sulfomethylated lignin/polyacrylic acid ~ Free radical Methylene blue [102]
polymerization
Kraft lignin/polyethyleneimine /epi- Covalent and ionic Methylene blue [103]
chlorohydrin/sodium alginate/CaCl, crosslinking
Kraft lignin/PVA/epichlorohydrin Covalent and physical Methylene blue, crystal [104]
crosslinking violet
Sodium lignosulfonate/organic mon- Free radical graft Pb>*, Ni**, Mn** [105]
tmorillonite/polyacrylic acid copolymerization
Lignin/carboxymethyl cellulose/ZnO Ionic crosslinking Methylene blue [106]
nanoparticles
Alkali lignin/chitosan/disodium Covalent crosslinking Cu?*, Pb? [107]
ethylenediaminetetraacetate
Alkali lignin/sodium alginate /black Ionic crosslinking Malachite green [108]
liquor
Alkali lignin/chitosan hydrogel bead Covalent crosslinking Direct Blue-218 [109]
Lignosulfonic acid/poly(sodium 4-styr-  Free radical Cu* [110]

ene sulfonate)

polymerization

Table 3.
Lignin-based hydrogels for the adsorption of metal ions and dyes.
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Figure 5.
Preparation of lignin/cellulose hydrogel and adsorption of methylene blue and malachite green [111].

tightly controlled parameters such as temperature, pH, and radical initiation.
Replicating these controlled conditions at a large scale is technically difficult, and
alternative approaches such as continuous-flow or reactor-based systems require
significant optimization to balance cost, efficiency, and safety. Furthermore, lignin
feedstocks obtained from industrial processes are highly variable across different
pulp and paper mills or bioethanol plants, making it challenging to ensure
consistency in large-scale hydrogel production. Industrial adoption, therefore,
depends on the establishment of standardized processing methods capable of
managing feedstock variability. Another crucial factor is cost competitiveness.
Compared to petroleum-derived hydrogels, lignin hydrogels must demonstrate
techno-economic feasibility by lowering production costs, especially by capitalizing
on the low-cost availability of lignin as a waste product.

Regulatory considerations also represent a critical barrier to the broader
application of lignin hydrogels, particularly in biomedical fields. Hydrogels intended
for wound healing, drug delivery, or tissue engineering must meet stringent safety
standards set by regulatory bodies such as the US Food and Drug Administration
(FDA) and the European Medicines Agency (EMA). These requirements include
extensive testing of biocompatibility, cytotoxicity, degradation behavior, and long-
term stability. Demonstrating reproducibility across batches and ensuring that
degradation products are safe will be essential for clinical approval. Even in
environmental applications such as wastewater treatment or soil conditioning, lignin
hydrogels must undergo regulatory scrutiny to confirm their biodegradability, lack
of ecotoxicity, and safety for large-scale use. This regulatory dimension adds another
layer of complexity to the industrial translation of lignin hydrogels.

Despite these challenges, lignin hydrogels hold strong promise for future
applications as global demand for sustainable and multifunctional materials
continues to grow. Advances in chemical modification methods, such as
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esterification, sulfonation, or etherification, have already improved the reactivity of
lignin and its compatibility with synthetic and natural polymers. Hybrid and
nanocomposite strategies, such as incorporating lignin with chitosan, cellulose
nanofibers, graphene oxide, or metallic nanoparticles, have proven effective in
enhancing mechanical strength, conductivity, and antibacterial properties. These
modifications open opportunities for advanced applications in biosensing, soft
electronics, and biomedical scaffolds. Moreover, the development of stimuli-
responsive lignin hydrogels capable of responding to environmental triggers such as
pH, temperature, or redox conditions creates exciting prospects for drug delivery
systems, wound healing, and smart biomedical devices.

Moving forward, the advancement of lignin-based hydrogels will rely not only on
overcoming current technical limitations but also on addressing broader industrial,
regulatory, and economic factors. Industrial scalability must focus on the
development of efficient, continuous production processes capable of handling
variable lignin feedstock without compromising reproducibility. Regulatory
compliance requires thorough characterization of biocompatibility and
environmental safety, while techno-economic feasibility depends on lowering
production costs through the valorization of lignin waste streams. By aligning
advances in chemistry, process engineering, and regulatory science, lignin-based
hydrogels can evolve from laboratory-scale demonstrations into commercially
viable, sustainable materials with wide-ranging environmental and biomedical
applications.

5. Conclusions

Lignin’s unique chemical structure — characterized by abundant functional
groups — confers two key advantages for hydrogel development: first, it supports
a broad spectrum of chemical modifications; second, it facilitates integration into
diverse hydrogel matrices. Both attributes directly contribute to enhancing critical
properties of lignin-based hydrogels, including mechanical strength, antioxidant
activity, and environmental responsiveness. Notably, the demonstrated potential of
these hydrogels spans both biomedical and environmental applications, which is
particularly encouraging. In the biomedical field, representative applications include
wound healing, drug delivery, and tissue engineering; in the environmental realm,
they encompass wastewater treatment and heavy metal adsorption.

Despite these promising attributes, the practical application of lignin-based
hydrogels remains constrained by certain technical barriers — most notably the
natural structural variability of lignin and its limited reactivity. However, recent
advances in chemical modification strategies, polymer blending techniques, and
fabrication methodologies have continuously expanded their practical utility.
Currently, research efforts should prioritize investigating two foundational
relationships: first, the correlation between lignin’s intrinsic structure and the
resultant properties of lignin-based hydrogels; second, the structure-performance
relationship of the hydrogels themselves. With the growing global emphasis on
sustainability and the valorization of industrial by-products, the significance of
lignin-based hydrogels is poised to increase further. These materials offer the
potential to scale up solutions for pressing biomedical and environmental challenges,
aligning with broader goals of circular economy and green technology development.
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Chapter 3

DNA-Based Hydrogel:
Programmable Architectures and
Application Frontiers

Daisuke Ishikawa

Abstract

DNA hydrogels represent a new generation of materials that combine DNA
nanotechnology with materials science to create three-dimensional polymeric
networks that are programmable and biocompatible. The architecture of their
structure can be precisely managed through chemical or physical crosslinking and
physical entanglement methods, which enable the creation of hydrogels with
particular mechanical, chemical, and biological characteristics. Hydrogels show
high sensitivity to multiple stimuli, including pH, temperature, enzymes, and
biomolecules, making them suitable for drug delivery, biosensing,
immunomodulation, tissue engineering, and catalysis applications. The
application of aptamers, DNAzymes, and other nucleic acid motifs through
functionalization methods leads to targeted therapeutic applications, sensitive
detection methods, and dynamic cell growth scaffolding. The commercial
manufacturing process faces two major obstacles: expensive production costs and
biological environmental degradation of the material. Researchers are currently
examining hybrid material methods to boost their durability and extend their
possible applications in the medical and environmental fields. DNA hydrogels
show how molecular programming enables the creation of advanced smart
biomaterials that will revolutionize medical treatments and diagnostic tools in the
future.

Keywords: DNA nanotechnology, DNA hydrogel, programmable biomaterial,
stimuli-responsive hydrogel, chemical and physical crosslinking, DNA motif, drug
delivery, biosensing, catalysis

1. Introduction

DNA nanotechnology has undergone remarkable development over the past
40 years, evolving from a theoretical concept into a multidisciplinary scientific
field that integrates molecular biology, chemistry, physics, computer science, and
materials engineering. The foundational work by Seeman [1] in the 1980s
established DNA as not only a carrier of genetic information but also as
a structural material capable of forming specific patterns via Watson-Crick base
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pairing. This breakthrough has enabled the design of DNA molecules with
programmable structural functions. In 1998, Winfree et al. [2] provided
experimental evidence for DNA tile self-assembly into well-ordered two-
dimensional lattices, demonstrating the feasibility of using base-pairing rules to
construct complex structures. The advent of DNA origami by Rothemund [3] in
2006 further expanded this field, allowing the creation of arbitrary nanoscale
shapes from long single-stranded DNA scaffolds and hundreds of short staple
strands. This milestone not only expanded the designability of structural DNA
nanotechnology but also presented modular and shape-controllable building
blocks that function as essential structural units for bridging nanoscale DNA
architectures to macroscopic material assemblies. These advances have led to the
construction of three-dimensional (3D) architectures [4] and modular DNA
blocks with diverse geometries [5, 6]. This approach provided adjustable building
units that connected DNA nanoscale components to create macroscopic
structures, solving the historical challenge of moving from nanoscale to
macroscale in structural DNA design [7, 8]. The modular frameworks developed
into DNA hydrogels, which enabled researchers to convert nanoscale precision
into complete 3D bulk structures. Dynamic DNA nanodevices have been
developed to perform molecular computation, motion, and signal transduction
[9-11], highlighting DNA’s versatility as an active molecule.

Researchers have progressed from nanoscale breakthroughs to the
development of macroscopic functional materials through programmable
molecular interactions. DNA hydrogels are a leading example of the conversion of
nanoscale programming into 3D bulk structures. DNA materials have shown
rapid development in their structural and functional design; however,
researchers have encountered multiple unresolved problems. The scalability of
DNA synthesis, the mechanical fragility of soft networks, and nuclease
degradation, which causes biological instability, remain major unresolved issues
for DNA-based constructs, including hydrogels [12, 13]. This chapter focuses on
essential knowledge gaps in DNA materials while presenting new solutions and
applications to address these problems. The historical development and
classification of DNA hydrogels are summarized in Figure 1.

The translation of these nanoscale programming capabilities into macroscopic
materials has been a major area of research, resulting in the development of DNA
hydrogels. These hydrogels are 3D polymer networks in which DNA acts as the
primary or sole crosslinking agent [14, 15]. Integrating DNA into hydrogel
matrices offers several advantages over conventional polymers, such as
biocompatibility, high water content that mimics extracellular environments, and
the ability to respond to stimuli via DNA strand hybridization and denaturation
[16]. The first DNA hydrogel was created in 1996 by Nagahara and Matsuda [17],
who formed a gel network via DNA hybridization with a synthetic polymer.
Subsequently, hydrogels composed entirely of DNA were developed using
enzymatic synthesis, demonstrating that DNA molecules can self-assemble into
macroscopic gels without synthetic polymers [15]. Researchers have since
expanded hydrogel design through physically crosslinked systems using dynamic
junctions between complementary strands and chemically crosslinked systems
using covalent bonds for network stabilization [18]. These diverse preparation
methods provide a foundation for tailoring hydrogels for specific biomedical
applications.
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Figure 1.

Development roadmayp of DNA hydrogels over the past few decades. They can be classified into three types
based on their gel formation mechanisms: chemically crosslinked [15, 20, 21], physically crosslinked [22-25],
and physically entangled [26, 27] hydrogels.

DNA hydrogels have emerged as powerful platforms for controlled drug
delivery, biosensing, immunomodulation, and tissue engineering applications.
Their multifunctionality is rooted in their programmable nature, biocompatibility,
and structural similarity to natural extracellular matrices that support cell
adhesion, proliferation, and differentiation [19]. The historical development of
DNA hydrogels mirrors the evolution of DNA nanotechnology, from Seeman’s
structural work to the creation of complex, functional macroscopic materials. This
interdisciplinary progress underscores the importance of collaboration among
chemists, molecular biologists, polymer researchers, and engineers, and sets the
stage for further exploration of DNA hydrogel classification, construction, and
application.

2. Classification of DNA hydrogels

DNA hydrogels are generally classified into three categories based on
themechanism of stabilization of their 3D network:

(1) Chemically crosslinked hydrogels. These compounds achieve stability
through covalent bonds and coordination interactions, which create stable
structural frameworks (Figure 2a).

(2) Physically crosslinked hydrogels. The Watson-Crick base-pairing or non-
Watson-Crick base-pairing mechanisms function as a reversible and sti-
muli-sensitive network through non-covalent interactions (Figure 2b).

(3) Physically entangled hydrogels: Networks are generated through random

topological interactions among extended DNA chains, unlike specific
crosslinking reactions (Figure 2c).
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Figure 2.

Sc}g;matic representation of DNA hydrogel categories classified according to their stabilizing mechanisms.
(a) Chemically crosslinked hydrogels formed by enzymatic ligation of X- or Y-shaped DNA motifs, generating
stable networks through covalent bonds. (b) Physically crosslinked hydrogels assembled by non-covalent
interactions, such as sticky-end hybridization of Y-shaped motifs or C-rich sequence-driven i-motif formation,
enabling reversible and stimuli-responsive structures. (c) Physically entangled hydrogels produced from long
single-stranded DNA generated by RCA of circular templates, in which the extended chains interweave to
create topologically stabilized networks.

This classification system provides researchers with a conceptual framework for
studying DNA hydrogel design principles, structural features, applications, benefits,
and limitations [17, 28]. Table 1 summarizes this classification. The following
sections explain each category by showcasing the current developments of hybrid
hydrogels that unite the properties of different classes.

2.1 Chemically crosslinked hydrogels

DNA hydrogels are stabilized through chemically crosslinked bonds, which are
formed via covalent connections and coordination interactions between DNA
strands modified with reactive chemical groups. These groups subsequently
polymerize or couple with each other or with comonomers, producing strong,
permanent, 3D networks that maintain their structure for extended periods and
exhibit excellent mechanical properties for drug delivery, biosensing, and tissue
engineering applications [28].

Enzyme-mediated strategies have also enabled the fabrication of DNA hydrogels
entirely from branched DNA monomers that self-ligate through T4 DNA ligase under
physiological conditions, yielding biocompatible and biodegradable networks capable
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Classification Formation mechanism Characteristics Refs.
Chemical Covalent bonds or coordination Permanent, robust 3D networks; [15, 20, 21,
crosslinking interactions between DNA strands excellent mechanical strength and 29]
(e.g., covalent coupling via amine or  stability; tunable porosity and archi-
aldehyde functional groups; click tecture; limited reversibility; less sui-
chemistry). table for
real-time sensing.
Physical Noncovalent interactions via Reversible, stimuli-responsive (tem- [22, 23, 24,
crosslinking Watson-Crick base pairing or non- perature, pH, enzymes, biomole- 25, 30, 31,
Watson—Crick base pairing, cules); programmable assembly/ 32, 33, 34]
sequence-specific hybridization of disassembly; self-healing, biosensing,
sticky ends, cytosine-rich i-motifs, catalytic functions; lower mechanical
guanine-rich G-quadruplexes. strength than chemically crosslinked
hydrogels.
Physical Random topological entanglement of ~ High water content, elasticity, and [26, 27, 35,
entanglement  long DNA chains produced by poly- self-healing; simple preparation; 36, 37]
merase chain reaction (PCR), rolling  mechanical properties inferior to che-
circle amplification (RCA), and mically or physically crosslinked
enzymatic polymerization. hydrogels; less controllable
microstructure.
Table 1.

Classification of DNA hydrogels by stabilizing mechanism.

of encapsulating proteins or living cells with tunable porosity and shape fidelity
(Figure 3a) [15]. In parallel, chemically crosslinked systems employing bifunctional
epoxide reagents, such as ethylene glycol diglycidyl ether (EGDE), create covalent
junctions between amino groups on nucleotide bases, forming stable gels with an
elastic modulus exceeding 10° Pa and a nearly frequency-independent viscoelastic
behavior (Figure 3b) [20]. Chemically crosslinked DNA hydrogels have evolved into
functional materials that respond to external stimuli, such as ion coordination and
molecular recognition. Polymeric networks with aptamer or DNAzyme motifs enable
programmable sensing [28], whereas Ag*-crosslinked systems exhibit reversible gel-
sol transitions via cytosine-Ag*—cytosine bridges [38].

2.2 Physically crosslinked hydrogels

DNA hydrogels that undergo physical crosslinking achieve Watson-Crick base
pairing or non-Watson-Crick base pairing depending on the nucleotide sequence,
which creates non-covalent interactions. The reversibility of DNA hybridization
enables stimuli-responsive sol-gel transitions triggered by temperature [39], ionic
strength [40], enzymatic activity [12], and target biomolecules [41]. These systems
often employ branched DNA motifs, such as Y- and X-shaped structures with sticky
ends, allowing precise control over gelation [42], network topology [43], and
hierarchical structure [12], from nanoscale motifs to macroscopic, often porous [12],
hydrogel networks [44]. The design of sticky-end sequences and motif geometry can
further fine-tune the mechanical and responsive properties of the gel.

Physically crosslinked DNA hydrogels are formed by assembling DNA building
blocks into 3D networks via non-covalent interactions. The most common crosslinking
method is the hybridization of complementary sticky ends on branched DNA motifs,
such as Y- or X-shaped structures, which create stable junctions and a robust hydrogel
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Figure 3.

Fogr"rl:mtion process of DNA hydrogels: (a) Enzyme-catalyzed ligation of blunt ends of DNA [15]. (b) Linking of nucleic
acid bases via nucleophilic reaction of amino groups with diglycidyl ether [20]. (c¢) Crosslinking via hybridization of
palindromic and non-palindromic sequences at sticky ends [23, 24, 33]. (d) Crosslinking via i-motif formation at
C-rich ends [30] and G-quadruplex formation at G-rich ends [25]. (e) Physical entanglement formation through
repeated single-stranded DNA generation by RCA [26]. (f) Physical entanglement formed by motif ends extended by
PCR [27].

matrix (Figure 3c) [22-24, 30, 31]. In some cases, plasmids or linear DNA strands are
crosslinked by short oligonucleotides that bridge multiple DNA chains, further
stabilizing the network [31, 32]. Additionally, cytosine-rich sequences can fold into
i-motif structures under mildly acidic conditions, forming intercalated C- C* base pairs
that provide reversible, pH-responsive crosslinks, enabling dynamic sol-gel transitions
and structural tunability [30]. Guanine-rich sequences can self-assemble into four-
stranded G-quadruplex structures that serve as additional crosslinking points in the
hydrogel network (Figure 3d) [25]. These strategies enable hydrogel formation without
covalent bonds, relying on the specificity and reversibility of DNA base pairing for
precise and biocompatible network designs. The rational sequence design method
enables programs to perform reversible assembly and disassembly operations through
the detection of specific stimuli. Researchers have used enzyme-mediated assembly with
temperature cycling [12] and dynamic DNA motifs [16] to develop hydrogels that
exhibit adjustable porosity [12], self-healing properties [44], and multilevel
responsiveness [28]. These DNA structures enable researchers to combine aptamers and
DNAzymes as functional domains, which create biosensing [43] and catalytic
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capabilities [45]. Although these hydrogels exhibit excellent performance in dynamic
and responsive applications, their mechanical properties remain inferior to those of
chemically crosslinked systems.

2.3 Physically entangled hydrogels

The structural stability of physically entangled hydrogels stems from the
generation of random DNA strands formed by RCA (Figure 3e) [26, 35] or PCR
(Figure 3f) [27]. Physical crosslinking depends on specific base pairing through
Watson-Crick and non-Watson—Crick interactions, but physical entanglement
occurs through non-specific interchain contact between long DNA polymers.
Topological stabilization emerges from DNA chains that randomly coil into each
other without sequence-directed or covalent binding, creating an elastic network
structure. Enzymatic methods of RCA and multi-primed chain amplification (MCA)
[37, 46] enable the creation of hydrogels with high water content and self-healing
properties through entangled systems. The DNA strands extend to form bulk gel
networks that resemble synthetic polymer entanglements. The hierarchical structure
develops through the combination of DNA molecular weight with chain
entanglement density and macroscopic gel network formation, producing materials
with high water content, elasticity, and self-healing properties [47].

The preparation of ultralong DNA strands through PCR, RCA, and enzymatic
polymerization allows researchers to adjust the DNA concentration and chain length
for network property control. The combination of polymers and nanoparticles with
hydrogels leads to improved mechanical properties and additional functional
capabilities [48]. The preparation process of these hydrogels is straightforward, but
their mechanical properties are inferior to those of crosslinked systems, and their
microstructure is less controllable.

2.4 Hybrid and composite hydrogels

Recent efforts have focused on developing hybrid and composite DNA hydrogels
that combine the advantages of multiple classes. These materials integrate
chemically and physically crosslinked networks [49, 50] or incorporate other
polymers [8, 17, 51], nanoparticles [52-54], or bioactive molecules [55-57] to achieve
enhanced mechanical strength, responsiveness, and multifunctionality. Hybrid
hydrogels can be engineered to respond to multiple stimuli, support cell growth, and
deliver therapeutic agents with high precision. The rational combination of different
crosslinking strategies and material components expands the application potential of
DNA hydrogels in advanced biomedical engineering and smart-material design.
Hybrid DNA hydrogels show superior properties because their dual crosslinking
approach surpasses the capabilities of single-component systems. The combination
of chemical crosslinking for long-term stability and mechanical strength with
physical crosslinking through cytosine-rich i-motif structures enables these systems
to exhibit pH-responsive and reversible sol-gel transitions. The dual-network system
demonstrates both shape-memory properties and controlled release functionality
because the i-motif domains undergo structural changes between the folded and
unfolded states when exposed to slightly acidic conditions [58]. The PEG chains that
connect to oligonucleotides through covalent bonds establish a stable backbone
framework that enables dynamic DNA hybridization and G-quadruplex formation to
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create reversible junctions for multi-stimuli responsiveness [59]. Creusen et al. [60]
demonstrated how four-arm PEG-oligonucleotide conjugates assembled model
network hydrogels that integrated covalent bonds for structural support with
sequence-based hybridization for controlling viscoelastic properties and achieving
reversible structural transformations. Hybrid structures unite permanent covalent
frameworks with programmable DNA motifs to create hydrogel materials that
dynamically execute biological functions while maintaining their structural
integrity.

3. Application frontiers of DNA hydrogels

DNA hydrogels are 3D polymeric networks formed by the crosslinking of DNA
strands, which leverage the unique programmability, molecular recognition, and
biocompatibility of nucleic acids [16, 61]. Since Seeman’s foundational work on DNA
nanostructures [1], the field has rapidly evolved, integrating advances such as DNA
origami [3], branched DNA motifs [12], and enzyme-catalyzed assembly [12].
Hydrogel properties are tailored through sequence design, crosslinking methods, and
material hybridization, enabling them to detect multiple stimulus types, including
pH changes [30, 62], temperature fluctuations [24], enzyme activity [63], light
exposure [64, 65], and ionic concentration [66]. Table 2 summarizes representative
examples of these stimuli, their corresponding functions, and potential applications.

Stimuli Triggers Functions Applications Refs.
pH Acidic/basic Gel-sol transition; volume  pH-gated drug release; [30, 62]
conditions change; shape-memory responsive matrices; infor-
mation storage; soft
actuators
Metal ions Pb?*, ng+ and Gel-sol transition; visual Heavy metal sensing; toxic [14, 74]
others detection ion sensing
Enzymes DNA ligase, restric-  Gel-sol transition; Drug/gene delivery; on- [15, 75]
tion enzyme, controlled release demand release; signal
DNAzyme amplification
Temperature DNA duplex melting ~ Gel-sol transition Responsive carriers; pro- [24]
grammable scaffolds
Light NIR/visible light, Shape change; drug release; ~ Photolithography; photo- [64, 65]
photo-activated self-  plasmonic response; light-  thermal therapy; dynamic
assembly induced bacterial optical materials; antimicro-
inactivation. bial coatings
Biomolecules ATP, nucleic acids, Target recognition; gel-sol  Biosensing; logic gates; smart ~ [41, 76]
proteins transition; fluorescence diagnostics
readout
Composite NIR photothermal, Dual-triggered gel-sol Synergistic cancer therapy; [39, 771
stimuli Light, redox transition; shape-memory;  smart actuators
reactions self-healing

This table shows the functions observed for the triggers and their potential applications.

Table 2.

Classification of DNA hydrogels based on major stimulus categories.
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The incorporation of functional motifs, such as aptamers [59], DNAzymes [63], and
i-motifs [67], enables DNA hydrogels to function as platforms for targeted drug
delivery [68, 69], biosensing [59], immunomodulation [43, 67], regenerative
medicine [61, 70, 71], smart materials [16, 23], and environmental remediation [71].
Recent research has also focused on improving the mechanical strength [70, 71],
scalability, and integration of DNA hydrogels with nanomaterials [33, 72] or
synthetic polymers [17, 73] to expand their utility in both biomedical and
technological domains. This section provides a comprehensive analysis of the major
application frontiers of DNA hydrogels, highlighting their distinct mechanisms,
representative studies, and future directions.

3.1 Drug delivery

DNA hydrogels have transformed drug delivery systems through their ability to
provide multiple release mechanisms that respond to environmental changes. The
3D DNA network structures of these hydrogels can protect various drugs, including
small molecules, proteins, and nucleic acids, from enzymatic degradation and
immune system attacks. For example, in these systems, protein encapsulation and
stabilization against enzymatic degradation are achieved through reversible
hybridization cross-linking [24]. On the other hand, nucleic acid protection is
enabled by the formation of molecularly selective barriers that restrict nuclease
access [71]. The drug-loading capacity of dendritic DNA hydrogels and RCA-based
hydrogels is high, and their release mechanisms can be precisely controlled [68, 78].
Mo et al. [18] showed how DNA hydrogels can deliver gene editing and anticancer
drugs through tumor microenvironment signal activation, which leads to targeted
therapy with reduced side effects. DNA hydrogels containing cytosine-rich i-motifs
or triple-stranded DNA regions break down in the acidic tumor environment to
release chemotherapeutic agents in a controlled manner [30, 62, 69]. The application
of DNA ligase, restriction enzymes, and DNA enzymes in enzymatically degradable
hydrogels enables targeted drug release through specific enzymatic breakdown
[15, 75]. The combination of nanoparticles with synthetic polymers in hybrid
hydrogels leads to better drug delivery results and enables dual treatment approaches
and simultaneous drug administration [28, 33, 72]. PEG-DNA hybrid networks unite
the biocompatible nature of nucleic acids with the mechanical properties and
manufacturing capabilities of synthetic polymers to create injectable self-healing
drug delivery systems for sustained localized therapy [47, 59, 79]. The drug retention
period and drug exposure time in tissues are prolonged because of these hybrid
materials, leading to better therapeutic outcomes. Researchers have created new
injectable self-healing hydrogels that form in situ for targeted treatments and gene-
drug co-delivery systems that incorporate CRISPR/Cas9 gene-editing tools [21, 80].
The combination of pH and temperature sensitivity in dual-stimuli-responsive
hydrogels produces unique release patterns, representing new approaches for
medical precision [39, 77].

Challenges: The functional lifetime of DNA hydrogels and the drug release
duration are limited by in vivo nuclease degradation, which reduces
programmability [81].

Solutions: The development of phosphorothioate linkages and 1-DNA strands
with mirror chirality protects DNA from enzymatic degradation. The combination of
PEG-DNA hybrid polymer frameworks and large-scale liquid-phase oligonucleotide
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synthesis provides both mechanical strength and production consistency to DNA-
based materials [47, 60, 79].

DNA hydrogels have the potential to be next-generation drug delivery systems
through the integration of sequence design with hybrid polymer frameworks and
stimulus-controlled release mechanisms, which provide programmable and
responsive systems with biological stability [68, 69, 81].

3.2 Biosensing

DNA hydrogels are essential biosensing materials because they transform
molecular recognition events into measurable physical signals at the macroscopic
scale. The 3D networks of DNA hydrogels function as biocompatible materials that
can change their swelling state or collapse, as well as their optical properties, when
they detect specific analytes [43]. The visual detection of metal ions, Pb®* and Hg**
[14, 74] is possible through DNAzyme-crosslinked hydrogels, while aptamer-
functionalized hydrogels show high selectivity for proteins [82], small molecules
[83], and pathogens [84].

The combination of microfluidic chips with point-of-care devices enables fast
and quantitative multiplexed analyses of clinical and environmental samples
[28, 85]. The system uses Boolean-logic-based hydrogel responses together with
colorimetric or fluorescent readouts to achieve better sensitivity and user-
friendly operation [86, 87]. DNA hydrogels have proven to be excellent
biosensing matrices because they can be structurally programmed and exhibit
reversible phase transitions. The immobilization of aptamers, DNAzymes, and
other recognition motifs within crosslinked DNA networks enables selective
responses to stimuli and target analytes, which produce measurable gel-sol
transitions and optical changes [43, 45]. The base-pairing properties of DNA
enable signal amplification through processes such as strand displacement,
catalytic turnover, and hybridization cascades. The recognition of adenosine,
ATP, thrombin, and heavy metal ions by aptamer-functionalized hydrogels leads
to gel collapse and fluorescence recovery upon binding to their target molecules
[43, 81]. The presence of Mg”* or Pb** ions in DNAzyme-crosslinked hydrogels
triggers strand cleavage, producing visible or electrochemical detection signals
[45]. The pH-sensitive hydrogel properties enable it to function as a visual
indicator for acidic environments, and enzyme-triggered sol-gel transitions
create logic-gate biosensors that detect particular biochemical combinations
[26, 55]. The combination of nucleic acid recognition with network
responsiveness leads to the development of highly sensitive detection systems
that operate without labels and can be reused. The combination of nanomaterials
with microfabrication techniques enables the development of advanced sensing
capabilities. The combination of DNA with polymers and nanoparticles creates
hybrid materials that boost signal transmission through better electron transfer,
enhanced optical detection, and mechanical reinforcement [47, 59]. The
plasmonic color changes of Au-nanoparticle-embedded DNA hydrogels enable
the visible detection of nucleic acids and pathogens [59, 82]. The integration of
microfluidics into systems allows real-time continuous monitoring of small
sample amounts, which creates potential applications for medical diagnostics and
environmental monitoring.

42



DNA-Based Hydrogel: Programmable Architectures and Application Frontiers
DOI: http://dx.doi.org/10.5772/intechopen.1014046

Challenges: DNA hydrogels demonstrate excellent selectivity, but standard bulk
gels exhibit poor mechanical strength and slow response times, which negatively
affect the performance of miniaturized devices.

Solutions: The use of photolithography and 3D printing techniques to create
microstructured thin-film DNA hydrogels reduces diffusion distances, enabling
faster analyte detection [59]. The addition of conductive nanomaterials, including
Au nanoparticles, graphene oxide, and carbon nanotubes, enhances both electronic
signal transmission and mechanical durability of the system. The combination of
responsive aptamers and DNAzymes in multiplexed arrays enables the fast,
simultaneous detection of multiple analytes [45, 81].

DNA hydrogels function as advanced biosensing materials that merge specific
molecular detection with structural changes and interface capabilities for optical and
electronic systems, creating a link between nanoscale programming and large-scale
analytical systems [43, 45, 59, 81].

3.3 Immunomodulation

DNA hydrogels show strong promise as immunomodulatory materials because
they can control complex immune reactions through their programmable design and
biocompatibility. Hydrogels become immunostimulatory through the integration of
CpG motifs [55], peptide antigens [88], and cytokines [89], which activate dendritic
cells, boost antigen presentation, and modify tumor environments. The use of
injectable self-gelling DNA hydrogels as antigen depots enables an extended immune
activation duration and enhanced vaccine effectiveness through the controlled
release of immunostimulatory oligonucleotides [90]. Fan et al. [91] created tumor-
sensitive DNA hydrogels, which release immune-checkpoint inhibitors and
chemotherapeutic agents to enhance antitumor responses through controlled spatial
and temporal delivery. DNA hydrogels offer distinct advantages over standard
delivery systems because they can incorporate multiple immunomodulators within
one matrix structure while creating a 3D space that promotes immune cell
penetration and activation. These materials show great promise for cancer
immunotherapy [92], vaccine development [90], allergy treatment, inflammation
control, and wound healing applications [93, 94]. The excellent biocompatibility of
DNA hydrogels, combined with their programmable degradation characteristics,
allows for controlled immune system activation and clearance while minimizing side
effects throughout the body. DNA hydrogel structures containing i-motif or
G-quadruplex motifs are sensitive to acidic or oxidative tumor environments,
enabling the targeted delivery of immunoadjuvants and checkpoint inhibitors to
specific disease locations. The combination of DNA motifs with synthetic polymers
or nanoparticles in hybrid systems leads to improved delivery stability and enhanced
immunogenicity [47, 59, 79].

Challenges: DNA hydrogels effectively deliver antigens and immunostimulatory
nucleic acids, but their therapeutic effects are limited by nuclease degradation and
variable immune response patterns [81].

Solutions: The combination of phosphorothioate backbone modifications with
PEG-DNA hybrid structures [81] creates stable structures that provide prolonged
activation of the immune system. The combination of tumor-microenvironment-
activatable designs [95] with cytokine [89] and antigen [88] co-delivery methods
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enables precise timing of immune response activation, which reduces unwanted
inflammation and enhances treatment success.

DNA hydrogels with programmable properties serve as versatile systems for
future immunotherapy development because they integrate specific molecular
interactions with controlled drug delivery and biocompatible features to produce
sustained immune system regulation [24, 47, 59].

3.4 Regenerative medicine

DNA hydrogels serve as adaptive frameworks in regenerative medicine,
enabling cell attachment and growth, and directing tissue development through
embedded biological signals. These materials show excellent potential for 3D cell
culture [61], tissue engineering [96], and wound-healing [80] applications because
they have adjustable mechanical properties and natural biocompatibility. Zhu et al.
[19] showed that DNA hydrogels can duplicate the properties of the extracellular
matrix properties to create tissue-like structures, which support stem-cell
differentiation processes. Materials have evolved into smart scaffolds through the
addition of growth factors, gene-editing tools, and peptide motifs, which enable
them to detect local biochemical signals to direct cell fate during tissue repair
processes [18, 97]. The combination of DNA-protein hybrid hydrogels with
enzyme-catalyzed assemblies creates new functional capabilities that allow tissue
integration and controlled structural modifications [45, 98]. The development of
hydrogels that can dynamically connect with cells and their surrounding
environment represents a fundamental requirement for creating advanced
regenerative therapies in the future. DNA hydrogels have extensive biomedical
applications through their use in bone and cartilage regeneration [96], neural tissue
engineering [99], and extracellular vesicle-based tissue repair [95].

Challenges: DNA hydrogels show promise; however, they fail to achieve
adequate mechanical strength and long-term stability in biological environments,
which hinders their large-scale medical applications because DNA synthesis is
complex and expensive [79, 100].

Solutions: The combination of DNA frameworks with synthetic polymers, such
as PEG, and the use of nuclease-resistant -DNA structures improve both the
mechanical properties and the extended durability of these materials [100]. The
combination of 3D printing methods with biomineralization-assisted assembly [101]
and click chemistry-based DNA-peptide conjugation [97] enables the mass
production of customized regenerative scaffolds.

DNA hydrogels serve as programmable, biocompatible platforms for regenerative
medicine because they utilize molecular recognition, structural adaptability, and
bioactivity to direct tissue reconstruction and healing processes [18, 19, 59, 96].

3.5 Smart materials and environmental applications

DNA hydrogels are at the forefront of smart materials and environmental science
because they combine molecular programming with mechanical flexibility. The
incorporation of G-quadruplexes [75], i-motifs, and triplex structures [62] within
these hydrogels enables them to change between sol and gel states [62] while
showing shape-memory properties [102] and self-healing abilities [103] through pH
[62], temperature [64], and light [77] stimuli. The multiple functional responses of
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these materials make them suitable for soft robotic applications [8], information
storage systems [104], and bioinspired actuators that replicate natural tissue
mechanics [105]. DNA hydrogels serve as environmentally friendly adsorbents [71]
and specific sensors for water cleaning and pollution cleanup operations in
environmental applications [71, 106]. The DNAzyme-crosslinked networks in these
materials enable the capture of toxic heavy-metal ions, such as Hg** and Pb**, while
preserving their structural reversibility and recyclability [14, 74]. Das et al. [29]
created dual-crosslinked DNA-nanoparticle hydrogels, which use visible light to kill
bacteria, thus showing promise for antimicrobial coatings and wastewater treatment
applications. The combination of nanozymes [107] with metal-organic frameworks
(MOFs) [108] and quantum dots [109] expands the capabilities of DNA hydrogel
systems for catalysis and sensing. The hybrid materials function as colorimetric or
redox-based detectors and operate as photocatalytic or enzymatic reactors in mild
aqueous solutions to support green chemistry and sustainable environmental
monitoring. The development of flow-induced microfluidic assembly [110] and
large-scale StarPEG-DNA network design [79] techniques has enhanced the
mechanical properties and deployment readiness of DNA hydrogels for use in field
applications.

Challenges: DNA hydrogels used in environmental applications and smart
devices face three major barriers that prevent their widespread adoption: mechanical
instability, slow response times, and expensive DNA synthesis costs [79].

Solutions: The combination of DNA frameworks with synthetic polymers
[47, 59], nanoparticles [111], or MOF [108] inclusions strengthens their mechanical
properties and enables faster responses and multiple applications. The combination
of photo-patterning techniques [65] and microfluidic processing methods [110]
enables the creation of smart actuators through precise structural design. The use of
biomass-derived nucleic acids [29] provides both affordable and environmentally
friendly solutions for environmental cleanup.

DNA hydrogels serve as intelligent, eco-responsive materials that combine
biological adaptability with materials engineering capabilities to create new
opportunities for soft robotics, environmental purification, and sustainable catalytic
technologies [29, 59, 62].

3.6 Future perspectives and challenges

DNA hydrogels have evolved from theoretical nucleic-acid networks into functional,
programmable materials that serve multiple biomedical, environmental, and catalytic
purposes. The transition of DNA hydrogels from laboratory demonstrations to practical
clinical and industrial applications faces several challenges. The development of DNA
hydrogels requires researchers to combine mechanical strength with large-scale
production methods and affordable DNA manufacturing techniques, while preserving
their biological accuracy and molecular design capabilities [79, 110, 111]. Researchers
have developed DNA origami modules, branched motifs, and polymeric backbones to
create dynamic hierarchical structures [47, 59, 79]. The development of multiscale
architectures will lead to the creation of self-healing constructs that can adapt to
physiological stresses through mechanoadaptive responses. The combination of DNA
hydrogels with synthetic biology and artificial-intelligence-driven design will boost the
predictive modeling of structure-function relationships and create adaptive biomedical
devices [112, 113]. The addition of photo-, thermal-, and enzyme-sensitive components
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to DNA hydrogels extends the range of stimulus-controlled systems [62, 64, 77]. DNA
hydrogels can create complex tissue and catalytic interface patterns through the
combination of microfluidic systems [110] and 3D printing technology [114]. The
integration of nanoparticles [111] and MOFs [108] into biohybrid systems creates new
possibilities for energy conversion, environmental cleanup, and soft robotic applications.

Challenge (1): Biostability and immunogenicity. The use of DNA hydrogels
in vivo is restricted because enzymes break them down and the body produces
unpredictable immune reactions [81].

Solution (1): The combination of phosphorothioate backbone modifications with
PEG-DNA hybrid frameworks creates stable and biocompatible structures for
extended periods of time [79, 81].

Challenge (2): Scalability and manufacturing costs. The production of pure
oligonucleotides on an industrial scale requires high costs and significant energy
consumption [101].

Solution (2): Enzymatic DNA synthesis methods, combined with biomass-based
nucleic acid production, create sustainable and affordable manufacturing processes
[29, 101].

Challenge (3): Integration and translation of data. Current DNA hydrogel
systems need to be evaluated under real-life conditions, which differ from controlled
laboratory environments.

Solution (3): The successful translation of DNA hydrogels to clinical and
industrial applications depends on the creation of standardized biocompatibility
tests, predictive mechanical models, and regulatory systems [112, 113].

DNA hydrogels will achieve their future potential through the combination of
biological precision, materials engineering, and computational design to create soft
matter systems that connect molecular and macroscopic scales [59, 112].

4. Catalytic applications of physically crosslinked DNA hydrogels

Physically crosslinked DNA hydrogels are promising materials for catalytic
applications because they combine programmable properties with biocompatibility [37]
and reversible network structures [67]. Hydrogels are developed through Watson-Crick
base pairing, Y- or X-shaped DNA motif hybridization, and the use of dynamic nucleic
acid structures, including i-motifs and triplexes [65, 112, 113]. The following sections
investigate how these hydrogels function as catalyst supports through the catalytic
activity of gold nanoparticles (Au NPs) and discuss additional catalyst support
materials, including oxides, carbon-based scaffolds, and synthetic polymers.

A landmark study by Ishikawa et al. [33] provides a detailed demonstration of
how the internal microenvironment of DNA hydrogels can be engineered to
synthesize catalytic nanomaterials (Figure 4a). In their study, three Y-shaped DNA
motifs (Y-18, Y-28, and Y-39), identical in sequence but differing in arm length,
were rationally designed to systematically modulate the crosslinking density and
internal porosity of hydrogels. These motifs spontaneously assemble via
complementary sticky-end hybridization into physically crosslinked hydrogel
particles without the need for chemical crosslinkers, forming well-defined 3D DNA
networks. Immersion of the DNA hydrogel particles in an aqueous HAuCl. solution
induced the electrostatic attraction of Au>* ions to the negatively charged phosphate
backbone of the DNA strands, followed by NaBHa reduction, which generated
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( aguDNA hydrogel microparticles composed of Y-shaped motifs that function as tunable supports for Au NP
catalysis [33]. (b) DNA hydrogel microparticles stabilized by a heme/G-quadruplex structure exhibiting stable
horseradish peroxidase (HRP)-like catalytic activity [75]. (c) Stimuli-responsive glucose oxidase (GOx)-loaded
hydrogels with potential-induced switchable stiffness [117].

uniformly embedded Au NPs within and on the surface of the hydrogel matrix.
Shorter motifs (Y-18) resulted in a denser hydrogel network that created small,
uniform Au NPs with a diameter of 5.3 nm. The Y-39 motifs produced a less dense
network, resulting in larger Au NPs measuring 12.2 nm in diameter. The size of the
Au NPs formed within the DNA hydrogel particles was strongly dependent on the
chain length of the Y-shaped DNA motifs constituting the hydrogel network. Shorter
Y-shaped DNA motifs, such as Y-18, generated hydrogels with higher crosslinking
densities and reduced internal pore sizes, as evidenced by the lower diffusion
coefficients obtained from fluorescence recovery after photobleaching (FRAP)
analysis. The FRAP results confirmed that the diffusivity within the network
increased with motif length, demonstrating a direct relationship between DNA arm
length, pore size, and local diffusion environment. In these dense networks, the
diffusion and subsequent aggregation of Au atoms reduced from Au®* ions were
sterically hindered, thereby suppressing excessive crystal growth and resulting in the
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formation of small and uniform Au NPs. In contrast, hydrogels composed of longer
Y-shaped DNA motifs (Y-28 and Y-39) exhibited lower crosslinking densities and
larger internal voids, allowing the reduced Au atoms to migrate and coalesce freely.
This facilitated the growth and fusion of Au nuclei within the more open hydrogel
matrix, leading to the generation of larger and more polydisperse Au NPs, as
observed in TEM images. These findings indicate that the size of the Au NPs is
inversely correlated with the crosslinking density of the DNA hydrogel, which is
governed by the length of the Y-shaped DNA motif arm. This structural tunability
directly influenced catalytic behavior. In the 4-nitrophenol reduction reaction, the
Y-18 hydrogel-supported Au NP catalyst exhibited approximately two-fold higher
turnover frequency (TOF ~4.3h™") and four-fold higher apparent rate constant
(k =8.9 x 1072 s71) than those of the Y-39 system (TOF =2.0 h'l k=22x10"2%s1).

Thus, the structural designability of DNA motifs provides an effective means of
regulating the spatial confinement of nanoparticle growth within hydrogel matrices.
These quantitative findings clearly demonstrate that the nanoscale internal space
and crosslinking density of DNA hydrogels significantly influence metal nucleation
and active site accessibility. Programmable DNA hydrogels allow scientists to
precisely manage nanoparticle development and catalytic behavior, providing an
advantage over conventional materials [33, 115, 116].

From these and related studies, several general design principles for catalytic
DNA hydrogels can be derived:

(1) Structural confinement governs nanoparticle formation and reactivity
through control of crosslinking density and pore structure.

(2) Functional motif integration introduces biomimetic catalytic sites, such as
G-quadruplexes and hemin-binding domains.

(3) Dynamic responsiveness enables reversible activation of catalysis via
environmental triggers, such as pH or redox changes.

These strategies offer a unified approach to engineering catalytic DNA hydrogels
at various length scales, from the molecular to the macroscopic level.

In parallel with the structural design principle demonstrated by Ishikawa et al.
[33], researchers have explored functionalization approaches that incorporate
catalytic domains or cofactors into the DNA framework. DNAzymes, aptamers,
protein enzymes, and artificial cofactors, such as hemin, can be embedded into the
DNA framework to achieve biomimetic or hybrid enzymatic catalysis [63]. Huang
et al. [75] used RCA of G-rich templates to create a pure DNA hydrogel, which
formed intermolecular G-quadruplexes that coordinated with hemin to produce
peroxidase-mimicking catalytic centers (Figure 4b). The all-DNA hydrogel
demonstrated superior thermal stability and maintained its catalytic activity for
extended periods while catalyzing the oxidation of ABTS* to ABTS"  through
H202 oxidation. The G-quadruplex/hemin motif demonstrates that nucleic
acid structures can function as catalytic frameworks, enabling the construc-
tion of sustainable, metal-free oxidation systems.

The addition of stimuli-responsive catalytic systems further increases
DNA hydrogel versatility. Fadeev et al. [117] reported a pH-responsive
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DNA-polyacrylamide hybrid hydrogel crosslinked by duplex and i-motif
strands, which exhibited reversible changes in stiffness and catalytic activity
through biocatalytic acidification processes (Figure 4c). Glucose oxidase (GOx)
loaded in the hydrogel triggered localized pH changes that switched the matrix
between high- and low-stiffness states, thereby controlling both the rate of
glucose oxidation and the release of coumarin-labeled insulin. Electrochemically
induced localized acidification modulated the stiffness of i-motif crosslinked
DNA hydrogels, thereby controlling the release of encapsulated insulin. This
electrically controllable platform demonstrates a prototype of an autonomous
bioelectronic “artificial pancreas,” proving that DNA hydrogels can integrate
biochemical sensing, energy conversion, and adaptive actuation within a single
catalytic material.

Compared with conventional supports, DNA hydrogels offer unique
advantages, including sequence programmability [7], molecular recognition [43],
aqueous compatibility [67], and the creation of hydrated, biocompatible reaction
spaces [118]. These properties enable mild and green catalytic processes and open
pathways for biomedical, environmental, and energy-related applications.
Zinchenko et al. [116] demonstrated that DNA hydrogels can template ultrasmall
Au NPs under gentle aqueous conditions, suppressing aggregation and improving
4-nitrophenol reduction. This pioneering study exemplifies how DNA hydrogels
provide environmentally benign catalytic microenvironments suitable for
sustainable and biomedical applications. However, challenges remain regarding
large-scale production [119] and long-term stability [120], particularly in
biological environments where nuclease degradation can occur. Addressing these
issues through molecular design and hybridization strategies will further expand
the practical utility of DNA hydrogels as robust and sustainable catalytic
platforms.

Research by Ishikawa et al. [33], Huang et al. [75], and Fadeev et al. [117]
collectively demonstrates that programmable DNA hydrogel systems can
simultaneously regulate nanoparticle assembly and molecular catalysis within
a single soft-matter framework, providing a quantitative foundation for rational
catalyst design through parameters such as turnover frequency, rate constant,
and recyclability. Building on these insights, catalytic systems employing
physically crosslinked DNA hydrogels as supports represent highly tunable and
multifunctional platforms for the synthesis and application of catalytic
nanomaterials. Their unique combination of programmable structures,
biomimetic motifs, and dynamic responsiveness distinguishes them from
conventional supports and positions them as promising candidates for next-
generation catalytic systems in green chemistry, biosensing, and biomedical
engineering.

5. Conclusions and future perspectives
DNA hydrogels are a new class of programmable biomaterials that can be
designed as biocompatible and stimuli-responsive networks. Their distinctive

features enable diverse applications, including drug delivery [68], biosensing
[43], immunomodulation [91], tissue engineering [19], environmental
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remediation [71], and catalysis [33]. Through precise control of the DNA
sequence and architecture, researchers can tune their mechanical [48], chemical
[16], and biological [67] properties for both laboratory research and industrial
applications.

In recent decades, DNA-polymer hybrids have evolved into highly
programmable soft materials that combine nanoscale design with macroscopic
functionality. The combination of their unique properties, including molecular
recognition and water compatibility, makes DNA hydrogels suitable for multiple
applications in biomedical and environmental fields. However, challenges remain
in terms of cost-effective synthesis, long-term stability, and large-scale
manufacturing of DNA hydrogels.

To accelerate their practical realization, future research goals should be
prioritized based on feasibility and timelines:

(1) Short term (1-3 years): Development of high-throughput and low-cost
DNA synthesis and amplification technologies [60] to reduce production
costs and facilitate broader applications.

(2) Mid-term (3-5years): Engineering hybrid DNA-polymer hydrogels
that combine synthetic polymers to enhance mechanical robustness
and resistance to enzymatic degradation [51]. These systems
should balance structural stability and dynamic responsiveness for
in vivo use.

(3) Long term (5-10 years): Implement microbial and cell-free production
routes to enable the sustainable and scalable manufacturing of DNA
hydrogels [119] for industrial-level translation and environmental
deployment.

Achieving these goals requires interdisciplinary collaboration across
different fields. Synergistic efforts between material scientists and process
engineers can refine RCA and enzymatic polymerization techniques, allowing
for the efficient and large-scale production of DNA hydrogels. Close
cooperation between bioengineers and immunologists has led to the
development of hydrogels designed for cancer immunotherapy and precise
immune modulation.

The translational roadmap functions as a bridge that enables laboratory
discoveries to transition into medical treatment applications. The first
requirement is the use of multiple large animal models for the complete validation
of biocompatibility and biodegradability to establish safety and biological
stability. The second phase of development focuses on creating Phase I clinical
trials for localized drug and gene delivery systems, which focus on precise dosage
control and enhanced targeting accuracy. The third phase requires the
development of complete regulatory systems and testing methods for DNA-based
biomaterials to achieve reproducible results and meet ethical standards. The
combination of programmable chemistry with bioengineering and clinical
translation will enable the development of DNA hydrogels from experimental
tools into practical therapeutic systems for precise medical treatments and
enduring biotechnological applications.
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Glossary of key terms

Aptamer

A short single-stranded DNA or RNA molecule, selected through Systematic
Evolution of Ligands by Exponential Enrichment (SELEX), binds with high affinity
and specificity to a target molecule, such as a protein, ion, or small molecule.
Aptamers impart molecular recognition and biosensing functions to DNA hydrogels
and are widely used as recognition modules in stimuli-responsive and therapeutic
hydrogel systems.

Chemically crosslinked hydrogel

A hydrogel stabilized by covalent or coordination bonds between DNA strands or
between DNA and comonomers. These networks are generally mechanically strong
and stable, but some chemical crosslinks can be reversible, depending on the
chemistry used (e.g., imine/Schiff base or disulfide bonds). Such frameworks are
suitable for long-term or robust biomedical applications.

CRISPR/Cas9

A gene-editing tool that can be encapsulated or delivered via DNA hydrogels to
enhance protection and localized release for genome engineering therapies. The use
of DNA hydrogels for CRISPR/Cas9 delivery is a promising, but still emerging,
application.

DNA hydrogel

A three-dimensional polymeric network in which DNA strands act as
crosslinkers. They exhibit biocompatibility, programmability, and responsiveness to
stimuli such as pH, light, temperature, enzymes, and ions. Depending on the
crosslinking mechanism, DNA hydrogels are categorized as chemically, physically,
or hybrid crosslinked systems.

DNAzyme

A catalytic DNA molecule (deoxyribozyme) that can catalyze specific chemical
reactions (e.g., metal-ion-dependent cleavage). The incorporation of DNAzymes
confers enzyme-like or signal-amplifying properties to hydrogels. Hemin-
G-quadruplex DNAzymes are commonly used for peroxidase-mimicking
bioelectrocatalysis.

G-quadruplex (G4)

A guanine-rich, four-stranded DNA structure stabilized by Hoogsteen
hydrogen bonding and monovalent cations (K*, Na*), frequently used as a dynamic
crosslinking motif or catalytic site (e.g., hemin-G4 DNAzyme). Its reversible
folding provides tunable structural and redox properties in DNA-based
nanomaterials.

G-quadruplex/hemin catalytic center

A hybrid catalytic site formed by a hemin (Fe-protoporphyrin IX) molecule
bound to a G-quadruplex DNA mimics peroxidase activity in catalytic DNA
hydrogels. This motif enables electron-transfer reactions and bioelectrocatalytic
sensing interfaces.

Hybrid (composite) DNA hydrogel

A multi-component material combining DNA networks with synthetic polymers,
nanoparticles, proteins, peptides, or inorganic materials provides enhanced
mechanical strength and multifunctionality. For example, PEG-DNA or AuNP-DNA
composites offer improved toughness, conductivity, or catalytic capacity.
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i-motif

A cytosine-rich DNA secondary structure that folds into an intercalated
tetraplex under acidic pH forms reversible C-C* base pairs and enables pH-
responsive switching in DNA hydrogels and nanodevices. It is often paired with
G-quadruplex motifs to design dual pH-responsive systems that mimic cellular
microenvironments.

Non-Watson-Crick base pairing

Non-canonical interactions, such as Hoogsteen, wobble, and mismatched base
pairs, provide structural flexibility and alternative recognition motifs in DNA
assemblies, expanding the design possibilities beyond standard duplex
hybridization.

PEG-DNA hybrid hydrogel

A composite hydrogel of polyethylene glycol (PEG) and DNA combines the
mechanical robustness of polymers with the biocompatibility and programmability
of DNA. PEG crosslinking suppresses enzymatic degradation while maintaining
hydration and diffusivity.

Physically crosslinked hydrogel

A hydrogel is assembled by non-covalent interactions such as base pairing, sticky-
end hybridization, or i-motif/G-quadruplex formation. These hydrogels are
reversible and stimuli-responsive but have lower mechanical strength. Their
reversibility enables self-healing and shape-memory functions under environmental
control.

Physically entangled hydrogel

A network formed by the random entanglement (not crosslinking) of long DNA
chains, typically produced by RCA or PCR. These hydrogels are elastic, have high
water content, and exhibit self-healing behavior due to physical entanglement rather
than chemical or base-pair crosslinking.

Polymerase Chain Reaction

A thermal cycling process for amplifying DNA is also used to produce long DNA
chains for physically entangled hydrogels. PCR-based hydrogels enable sequence-
controlled architecture at the macroscopic level.

Rolling Circle Amplification

An enzymatic DNA amplification method that produces long single-stranded
DNA from a circular template, generating entangled or crosslinkable networks for
hydrogel formation. Frequently used for in situ hydrogel growth on surfaces or
within living systems.

Self-healing

The ability of a hydrogel to repair its internal structure spontaneously after
mechanical damage through reversible DNA interactions is enabled by
hybridization-mediated strand exchange or dynamic hydrogen bonding.

Shape-memory

A property that allows a hydrogel to recover its original shape after deformation
upon specific triggers such as pH or temperature enabled by reversible crosslinking
motifs or supramolecular interactions within the network.

Stimuli-responsive hydrogel

A DNA hydrogel that changes its state or properties in response to external
stimuli, such as pH, temperature, light, or biomolecules, enables controlled release or
sensing. Representative systems include photo-switchable azobenzene-DNA, redox-
responsive disulfide-linked gels, and enzyme-degradable matrices.
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Watson—Crick base pairing

The canonical hydrogen-bonding pattern between adenine-thymine (A-T) and
guanine-cytosine (G-C) bases forms the foundation of DNA duplex and
hybridization processes.

Y-shaped DNA motif

A branched DNA structure with three arms is used as a programmable building
block to control the crosslinking density and internal porosity of DNA hydrogels.
The arm length dictates pore size, diffusivity, and nanoparticle templating capability
within DNA hydrogels.
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Abstract

Smart hydrogel-based actuators have emerged as a prominent class of soft robotic
components due to their intrinsic compliance, biocompatibility, and multi-stimuli
responsiveness. These materials can undergo reversible deformations—including
bending, twisting, swelling, contraction, and locomotion—when exposed to thermal,
electrical, chemical, magnetic, or optical stimuli, enabling close emulation of natural
muscle behavior. Owing to their high water content and tunable polymer networks,
hydrogel actuators offer safe and adaptive interfaces for biological and human-
centric applications. Recent advances in polymer chemistry, nanocomposite
reinforcement, additive manufacturing, and biohybrid design have significantly
expanded the performance envelope of hydrogel actuators. Innovations in
fabrication strategies such as 3D/4D printing, micro-patterning, and layered
architectures have enabled precise control over actuation modes, response speed, and
force generation. As a result, hydrogel actuators are increasingly explored in artificial
muscles, biomedical microrobots, implantable devices, wearable systems, and
intelligent soft robotic platforms. This chapter presents a comprehensive review of
hydrogel fundamentals, actuation mechanisms, material systems, and fabrication
approaches, followed by an overview of key application domains. Comparative
benchmarking with alternative artificial muscle technologies is provided,
highlighting performance trade-offs in strain, stress output, efficiency, and
controllability. Emerging integration of sensing and self-feedback functionalities is
also discussed. Finally, critical challenges—including dehydration, limited
mechanical strength, energy efficiency, and scalability—are examined, with future
perspectives emphasizing biohybrid systems, nanocomposite hydrogels, and 4D-
printed architectures for next-generation intelligent soft robots. If you want, I can
adapt this for a PhD thesis chapter, Springer/Elsevier book chapter, or IEEE-style
review with references added.

Keywords: hydrogels, soft robotics, artificial muscles, stimuli-responsive polymers,

additive manufacturing, biohybrid actuators, 4D printing, nanocomposite hydrogels,
wearable robotics, biomedical microrobots
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1. Introduction

Soft robotics has emerged as a transformative field, bridging biology, materials
science, and robotics, with the aim of developing machines that are safer, more
adaptable, and capable of mimicking natural organisms. Among the various
materials investigated, hydrogels have gained particular importance due to their
high-water content, tissue-like compliance, tunable mechanical properties, and
ability to respond to multiple external stimuli. These characteristics make hydrogels
one of the most promising classes of smart materials for actuators and artificial
muscles, particularly in biomedical and bioinspired applications where softness,
flexibility, and biocompatibility are critical.

The academic value of this chapter lies in providing a comprehensive and
structured overview of hydrogel-based actuators as emerging frontiers in soft
robotics. While numerous reviews exist on stimuli-responsive hydrogels, relatively
few provide an integrated perspective that connects fundamental material design,
actuation mechanisms, fabrication strategies, sensing integration, and real-world
applications in artificial muscles. This chapter addresses this gap by benchmarking
hydrogels against other artificial muscle technologies and highlighting the progress
toward multifunctional, intelligent, and feedback-controlled hydrogel systems.

The content is structured as follows:

(i) Fundamentals of hydrogel actuation and the chemistry underlying their
responsiveness;

(ii) Classification of actuation mechanisms and associated deformation
modes;

(iii) Applications of hydrogels as artificial muscles and their comparison with
other actuator technologies;

(iv) Integration of sensing with actuation for intelligent systems;

(v) Advances in fabrication strategies, including additive manufacturing and
bio fabrication;

(vi) Applications in biomedical robotics, microrobots, and wearable systems;

(vii) Emerging frontiers in biohybrid systems, nanocomposites, and 4D print-
ing; and

(viii) Challenges and future outlook for transitioning hydrogel actuators into
scalable, real-world technologies.

This framework not only situates hydrogels within the broader field of soft robotics
but also provides insights into their transformative potential in next-generation
robotic and biomedical systems. Recent studies have emphasized the growing role
of smart hydrogels in artificial muscles, with developments in double-network
structures, nanocomposite hydrogels, and 4D-printed architectures enabling
improved stress output, faster response times, and enhanced durability [1-3].
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2. Fundamentals of hydrogel actuation in soft robotics

Hydrogels are networks of hydrophilic polymers capable of retaining large amounts
of water, giving them a tissue-like softness and elasticity. These materials closely
mimic the mechanical characteristics of natural muscle and other soft tissues, making
them highly bioinspired candidates for soft robotics applications [1]. Unlike traditional
silicone elastomers (e.g., PDMS) commonly used in soft robots, hydrogels offer
inherent biocompatibility, tunable responsiveness to stimuli, and the ability to
serve as both structural and functional elements (actuators or sensors)
simultaneously [1, 4]. For instance, a hydrogel can swell or shrink in response to
environmental changes, directly converting chemical or physical stimuli into
mechanical motion, an example of embodied intelligence not easily achieved with
conventional rigid actuators.

Hydrogel actuators operate primarily via volumetric changes (swelling/de-
swelling) induced by stimuli. The high water content (often > 90%) enables fast shape
changes by water absorption or expulsion within the polymer network [4]. This
mechanism is analogous to how natural muscles change shape by modulating internal
fluid content. Early research on hydrogels focused on biomedical uses (drug delivery,
tissue engineering), but as their unique properties became evident, they gained
attention in soft robotics as “smart” materials that can respond autonomously to
stimuli like temperature, pH, electric fields, light, and magnetic fields [3]. The appeal
of hydrogels lies in features such as soft compliance, high deformability, and
intrinsic sensing (electrical or optical property changes upon deformation), which are
crucial for safe interaction with humans and adaptive robot behaviors.

Notably, the past few decades have seen accelerating interest in hydrogel-based
soft actuators, referencing exponential growth in publications related to stimuli-
responsive hydrogels since the 1990s, reflecting their emerging importance in soft
robotics research [4]. This trend parallels the rise of soft robotics as a field,
indicating that researchers are increasingly exploring hydrogels as alternatives to
or integrative components with elastomers. However, despite these advantages,
hydrogels historically represent only a small fraction of soft robotics materials due
to several challenges (discussed later), such as mechanical fragility and the need to
remain hydrated [1]. Overcoming these hurdles is a key focus of current research to
fully unlock hydrogels’ potential in creating soft actuators and artificial muscles.

Figure 1 illustrates the exponential growth in publications related to stimuli-
responsive hydrogels since the 1990s, highlighting their increasing importance in
soft robotics research.

3. Actuation mechanisms of hydrogel-based soft actuators

Hydrogel actuators can be categorized by both stimulus modality and the
resulting motion type they produce. Virtually any type of actuation stimulus can, in
principle, yield any basic mode of motion (expansion, contraction, bending,
twisting, folding), though certain stimulus-motion combinations are more practical
than others [1]. The actuation mechanism in each case relies on a physicochemical
response of the hydrogel network to an external cue, converting stimuli into
mechanical work through swelling, shrinking, or phase change. Key actuation
strategies include:

67



Hydprogels - Smart Materials Shaping Biomedical, Robotic, and Neuroelectronic Frontiers

59170404 1Jos Jo vauy Sur31xa siy1 ur sa5uI[IPYS PU sA13u0Lf Sursiousd

Y] pUv “UOLIVIAGY PUV SUISUIS UL SIIUDAPD SI[ISNUL [DIILf114D SU UOLIDASIIUL 412Y] ‘SA0TVNIID [2304p Y Kq pakojduid suistupyraus u0LIVNIIY SNOLAVA JY] SSNISTP IM. “SU01135 Suimo]jof ay1
U] "SS[OSNUI [RIDIJTLIE 1JOS UOLIDAIUIT-IXIU 40J S2JpPIpUp) dustd widyg saypus “sanssiy Suiar] 22(1] yonus ‘ynuaris plrus 4opun £1qisiaaas puv £jaaissvus wiaofop oy £111qu 112y J, “2ouasdijjagus
a1y Suissouivy (J10241p £q uSisap 10qo. 1fos 03 yovoaddy pamdsurorq v 4affo sio1wniop pasvq-1a304pAy “Cavuwmns ur [T T0Z [9 °G] “Ausiumayry ur saa13uosg] wosf paydvpy
“BULA22ULTUS INSSL] PUD [AIIUDI-UOU PUP 420UpI] K12a1]op Tnap sardpaoy) Judutirpdust [pa130j04nau Suipay punom apnjoul s|a304pLy pasvq-uvsonys uL SpuaLl [pILpautorq Suisiouts ()
“SUOLIDULGUL0D

aarsuodsas-11ynus puv darsuodsas-211ousvus saisuodsas-outiayy darsuodsas-(1121412312 dainsuasooyd aarsuodsas-xopas darsuodsas-prd darsuodsas-uor :sj9304p0y 1avus Jo sad€], (z)
*$24n3oNALS X3]d143 YN puv asvq fJ1yaS sv yons sar3a1v41s Suisui]-ssod via (a5p]iavo pinbs upsopyry ©3'2) s204nos [pAnipu wioLf paaiiap :aaniovfnuvus 12304pAE (T)

*§12804pAY 14vUS fO SPUILT DIPIULOLY PUD “SSIUIAISUOASIA-1]NULLIS “QANIIVJRUDIAT

suorwonddy (worpaworq Surdiowa pup ‘ssousaisuodsas ynuis duniovnuvus 12304pdy Jo maraizao uy

1 2anSig
saszesy S s “SANFENES
BEMEY-U0U = ..-.r-__ﬂhrma. meadLn NG 23 S-S
Jo mounean 4 %l aseq puas sapss buliopdasa
S Srug » ‘asn papuaal su o Bupuadap
| SUDLEB 0 STOURL | SUSUTdS -y saUEL sampoe e plaply
- . . B
N B H\ — m“ 5 3
R .l asiuiding - mesilite R Y,
L it I E = : £
v ~aqaubepy oyl -lamgseg T
N - 1 Dpl |- S0
spso LTl =% - HO —
P " u-u. ]
robopeman & == = =
ELN TS anrsendsay awsuodsau anrsusdsan R | u{"ON'H2)
c— — ~mopay o0 B — .
Guepean punom - ___ ) .:.. ) . -
s
sjaboapily prews .
Eﬁﬂﬁﬂ%iﬁk@ Entﬂﬁvgﬂﬁtﬂnhﬂ gg@
, )

68



Smart Hydrogel-Based Actuators and Artificial Muscles: Emerging Frontiers in Soft Robotics
DOI: http://dx.doi.org/10.5772/intechopen.1013161

e Thermal actuation: Hydrogels formulated with a Lower Critical Solution
Temperature (LCST) (e.g., PNIPAM) undergo pronounced volume changes
when crossing a threshold temperature. Heating such a hydrogel above its LCST
causes it to expel water and collapse (shrinking), whereas cooling allows it to
reswell. This volume phase transition can produce expansive or contractive
motion. Thermally-responsive hydrogel actuators tend to operate with a smooth
but slow response and are often used in devices like temperature-controlled
valves, artificial muscles, and drug delivery systems [4]. A classic example is
a bilayer of PNIPAM that bends upon heating, mimicking plant leaf movements.
Thermal actuation is attractive for its simplicity but can be sluggish and may
require significant temperature changes (which, in biomedical contexts, must
remain within safe limits).

Electric field (electroactive) actuation: Hydrogels containing ionic groups
respond to electric fields by redistributing ions and creating osmotic swelling
gradients. In an ionic electroactive hydrogel (a type of ionic Polymer—Metal
composite when electrodes are attached), an applied voltage drives cations and
anions within the gel, causing one side to swell more than the other - resulting in
bending toward one electrode [1]. Early work by Shiga (1990) showed that
polyacrylate hydrogels bend in salt solution under a DC voltage, pioneering the
concept of artificial hydrogel muscles powered by electricity. These electri-
cally-driven hydrogel actuators offer relatively fast response and can be pre-
cisely controlled by voltage, but historically, they needed to remain hydrated in
an electrolyte solution. Recent advances include hydrogels that retain water
internally or are coated to prevent drying, enabling operation in air [1].
Electroactive hydrogels can achieve fine movements (crawling, inching
motions, etc.) and are being explored for electrically controlled soft robotic
manipulators. They respond faster than many other stimuli (with response
times on the order of seconds), and the development of conductive nanocom-
posites (e.g., graphene-infused hydrogels) has further improved their speed and
deformation range [1].

e Magnetic field actuation: By embedding magnetic nanoparticles or ferromag-
netic microparticles into a hydrogel, the composite can be actuated remotely by
an external magnetic field. The field exerts forces/torques on the particles,
yielding bulk deformation of the soft matrix. Magnetic-responsive hydrogels
have the advantage of wireless control and rapid response. For example, para-
magnetic particle-loaded hydrogels can shrink or bend within seconds of field
application, and can even exert significant forces (useful for lifting or moving
objects in a robotic context) [4]. One study demonstrated a hydrogel with Fe
nanoparticle fillers that achieved fast, reversible shape changes under an oscil-
lating magnetic field, behaving like an artificial muscle with contractions and
relaxations. A challenge for magnetic hydrogel actuators is that adding suffi-
cient magnetic filler can make the hydrogel mechanically stiffer or more brittle,
and such composites can be difficult to fabricate via printing methods (due to
particle sedimentation or nozzle clogging) [4]. Nonetheless, magnetic actuation
is highly promising for untethered soft robots (for instance, millimeter-scale
hydrogel swimmers or crawlers driven by magnetic coils).
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e Light actuation (photo-responsive): Hydrogels can be formulated or doped
with photochromic molecules, photothermal nanoparticles, or other light-
sensitive components so that illumination triggers a volume change. For
instance, hydrogels containing azobenzene or spiropyran undergo conforma-
tional changes upon UV or visible light exposure, leading to either hydrophili-
city changes (and thus swelling) or direct mechanical deformation. An example
is a PNIPAM hydrogel with gold nanorods: under near-infrared light, the
nanorods heat the hydrogel locally (photothermal effect), causing it to shrink
and bend; when the light is off, the hydrogel cools and re-swells, allowing cyclic
motion. Light offers high spatial and temporal control (even allowing remote,
non-contact actuation), but a limitation is the penetration depth - hydrogels
thicker than a few millimeters may not receive uniform light stimulation
throughout their volume, and some photosensitive chemistries require UV light,
which is less practical for in vivo or safe robotics applications [4]. Despite these
challenges, light-driven hydrogel actuators have been demonstrated in appli-
cations like micro-valves, soft micro-robots, and tunable lenses, and they enable
truly untethered operation (no wires or tubes).

Chemical or solvent-driven actuation: Hydrogels also respond to chemical
stimuli such as pH, specific ions, or solvent composition. For example,

a polyacid hydrogel will dramatically swell when the pH rises above its pKa (due
to ionization of pendant groups causing electrostatic repulsion) — this principle
can drive pH-sensitive gripping or releasing actions. Similarly, hydrogels that
are responsive to glucose or other biomolecules have been explored for biomi-
metic actuators (though more commonly for sensing). Another important class
is humidity-driven actuators, where a desiccated hydrogel film will expand by
absorbing moisture. Researchers have created humidity-responsive hydrogel
films that curl or oscillate with changes in ambient humidity, useful for soft
hygrometers or self-wrapping devices. These chemically-triggered actuation
modes tend to be slower, as they rely on the diffusion of molecules into/out of
the gel, but they can be highly useful for environmental robotic sensors or auton-
omous environmental controls (e.g., a hydrogel that opens a vent when
humidity rises) [3].

Pneumatic and hydraulic actuation: In some cases, hydrogels are used in more
traditional fluidic actuators — for instance, as the elastomeric bladder in a soft
pneumatic muscle. One novel concept involves using a hydrogel as a soft
hydraulic fluid: Recent work by Kim et al. created a “hydraulic artificial
muscle” where an electrically heated dielectric elastomer pump drives fluid
pressure inside a tubular hydrogel, causing it to expand and contract like

a McKibben muscle [3]. In other designs, dehydration of a hydrogel under
negative pressure can mimic the volume change of a pneumatic actuator. The
advantage lies in combining the large strain of fluidic actuation with the
damping and compliance of hydrogels. However, these hybrids still require
external pumps or pressure sources, so the trend is toward stimuli-responsive
hydrogels that eliminate the need for rigid pneumatic hardware.

Table 1 summarizes some of the major stimuli used in hydrogel actuators,
highlighting their key characteristics and typical application areas [4]. Each
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Stimulus Mechanism Response  Pros Cons Uses
speed
Thermal (e.g., Volume phase Slow— Large strain, Heating Self-folding, valves,
PNIPAm LCST) transition moderate  simple trigger  overhead, drug release [4]
slow
Electrical (ionic/  Ion migration — Fast Precise Needs Artificial muscles,
electroactive) osmotic gradient control hydration bending actuators [1]
Magnetic (NP- Torque/force on Fast Wireless Particle Untethered crawlers,
filled) fillers control stiffening targeted devices [4]
Light (photo/ Isomerization/ Fast Non-contact, Limited Microvalves, microro-
photothermal) local heating (local) selective penetration bots [4]
Chemical/pH/ Ionization/ Slow Environment-  Diffusion- Environmental robots
solvent swelling coupled limited [3]
Pneumatic/ Pressure-driven Fast High force/ Needs PAM-like actuators
Hydraulic deformation strong strain pumps [7]
Table 1.

Common stimuli for hydrogel-based actuation, with their characteristics and representative application areas.
Hydrogels translate various energy inputs into mechanical motion, enabling soft robots that are triggered by
temperature, electric fields, magnetic fields, or light [4].

actuation mode has distinct advantages and constraints, and researchers are
actively developing multimodal hydrogels that respond to multiple stimuli (e.g.,
a hydrogel that is both photo- and thermo-responsive) to create more versatile
soft actuators.

The key material, actuation, and application-level challenges associated with
smart hydrogel-based actuators are summarized in Figure 2. As shown in
Figure 2, the challenges of smart hydrogel-based actuators can be grouped into
material and manufacturing limitations, actuation and integration constraints,
and application-level issues. Beyond single-mode actuators, researchers are now
exploring multimodal actuation in hydrogels - for example, gels that respond to
both pH and temperature, or systems combining an internal chemical reaction
with external magnetic guidance. Such actuators could switch modes or even
have one stimulus trigger a gross motion, and another fine-tune the position. An
emerging concept is to integrate multiple hydrogel actuators, each tuned to
different stimuli, in one device (so one robot can be controlled by, say,
temperature and light in different scenarios) [6]. This multimodal approach can
increase the versatility and adaptiveness of soft robots, at the cost of added
material complexity.

In summary, hydrogel-based actuators encompass a rich variety of
mechanisms. Their motions are fundamentally driven by swelling mechanics,
but through clever chemistry and material design, this simple principle translates
into diverse actuation behaviors. The proper choice of stimulus and hydrogel
chemistry allows engineers to tailor actuator performance: fast electrical twitches,
strong magnetic pulls, gentle thermally-induced shape changes, or precise light-guided
motions are all achievable with hydrogels. In the next section, we discuss how
these actuation capabilities position hydrogels as promising artificial muscles in
soft robotics, and how they compare or integrate with other artificial muscle
technologies.
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Figure 2.

Challenges in smart hydrogel-based actuators.

The challenges are grouped into three domains: (i) hydrogel materials and manufacturing (dehydration, multi-
network design, additive manufacturing), (ii) actuation and integration (stvess output, response speed, energy
efficiency, electronics integration), and (iii) application-level issues (biocompatibility vs. Durability, scalability,
control and feedback, and long-term veliability).

4. Hydrogel actuators as artificial muscles

“Artificial muscles” refer to materials or devices that reproduce the
contractile behavior of natural muscle — namely, the ability to reversibly
contract, produce force, and do mechanical work in response to a stimulus.
Traditional artificial muscles include pneumatic McKibben actuators, shape
memory alloys, dielectric elastomers, and polymer fibers (e.g., nylon fishing
line actuators). Hydrogel-based actuators are a relatively newer addition to this
roster, bringing unique benefits such as softness and biocompatibility, albeit at
the expense of speed or strength in some cases. Recent bibliometric analyses
show that research into artificial muscles is rapidly expanding, with novel
materials like carbon nanotubes, graphene, and hydrogels being actively studied
to improve performance [2]. In particular, hydrogels have attracted interest for
bio-integrated artificial muscles (e.g., implantable assistive devices or
prosthetics) due to their tissue-like characteristics [1].
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One approach to create muscle-like actuation from hydrogels is to design fiber
or filament-shaped hydrogel actuators. For example, Hu et al. (2021) 8], developed
a twisted and coiled hydrogel fiber that functions analogously to a skeletal muscle fiber
[3]. This hydrogel fiber was prepared with an internal electrolyte and wrapped with
a helical constraint; when a voltage is applied, electro-osmotic flow causes the fiber to
shrink in length (much like a muscle contraction) and then relax when the voltage is
removed. Such fibers can be bundled in parallel to amplify force, mimicking muscle
fascicles. The advantage is extremely high compliance (the fibers are as soft as the
surrounding tissue) and inherent damping, although their contracting speed and
generated stress currently lag behind human muscle. Nonetheless, these hydrogel fibers
demonstrate that linear contraction artificial muscles can be built from hydrogels, not
just bending actuators. An example of light-driven hydrogel actuation exhibiting
jumping and rolling locomotion is shown in Figure 3.

Hydrogel actuators can also be arranged in antagonistic pairs or networks to
achieve more complex motions, like muscle groups. For instance, researchers have
combined an anionic (negative) hydrogel and a cationic (positive) hydrogel in a bilayer
or parallel configuration; under an electric field, one gel swells while the other shrinks,
creating a robust bending or linear motion. Lépez-Diaz et al. [1] describe a walker robot
composed of such ionic hydrogel pairs that can “walk” underwater when an oscillating
electric field is applied — a simplistic but biomimetic locomotion strategy. Although the
motion was slow (on the order of millimeters per minute), it highlights how
asymmetric swelling of multiple hydrogel elements can be orchestrated for gait
generation, analogous to how muscles coordinate for locomotion [1].

Table 2 Comparative properties of artificial muscle technologies. Hydrogels
demonstrate outstanding compliance and biocompatibility but lag in stress output
and fatigue resistance compared with dielectric elastomers, shape memory alloys,
and pneumatic artificial muscles. Adapted from [1, 4, 10-15].

In comparison to established artificial muscle technologies, hydrogels currently
face some performance limitations. Natural skeletal muscle can contract ~20% of its
length in a fraction of a second and exert considerable force (~0.3 MPa stress).
Hydrogel actuators typically have large strain potential (often swelling to several
times their dry length, far exceeding muscle strain), but their stress output is
modest, and response times are slower (seconds to minutes for full swelling,
depending on size) [1]. However, research is actively addressing these gaps: Adding
nanofillers (graphene, carbon nanotubes) has been shown to improve hydrogel
mechanical strength and response speed (e.g., graphene-enhanced hydrogels
respond faster to electric stimuli by improving electrical conductivity) [1].
Double-network hydrogels and other tough hydrogels have achieved greatly
improved tensile strength and toughness, approaching that of load-bearing tissues
[4]. By integrating such tough hydrogels into actuators, the force output increases.
For example, magnetic hydrogel actuators containing iron microparticles have
generated stresses on the order of tens of kPa and lifted objects several times their
own weight under a magnetic field — performance that begins to approach pneumatic
artificial muscles, but with much more compliance.

Another strategy is the hierarchical structuring of hydrogel actuators to mimic
muscle architecture. Instead of a single bulk hydrogel, researchers create micro-
structured hydrogel composites: fibers, sheets, or lamina that buckle, fold, or pull in
unison. A bioinspired design by Kim et al. involved a fibrous hydrogel composite with
anisotropic swelling — upon stimulation, the fibers contract along one axis but not
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Figure 3.

Thgeuhydrogel actuator and its light-induced jumping and rolling motion in aiv. The device, composed of poly
(sodium acrylate) hydrogel embedded with iron oxide nanoparticles, demonstrates ultrafast actuation —
attaining speeds up to 1.6 m/s, response times as low as 800 ms, and jumping heights around 15 cm — powered by
a photothermal bubble mechanism under NIR light irradiation [9].

the other, yielding a unidirectional contraction similar to muscle fiber bundles [4]. Such

designs significantly increase the efficiency and directionality of hydrogel actuation.
Despite not yet matching the raw speed of some other artificial muscles,

hydrogels excel in their gentle touch and biocompatibility. This makes them
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Actuator Max Stress Response Biocompatibility ~ Fatigue Notes
type strain (%) output speed resistance
(MPa)
Hydrogel 30-200 0.01-0.1  Slow— Excellent Low- Highly biocompati-
actuators Moderate Moderate ble; issues with

dehydration; tun-
able via multiple
stimuli [1,4].

Dielectric 10-300 1-8 Fast (ms-s) Moderate High Large strain and
elastomer fast actuation
actuators require high vol-
(DEA) tages (kV range)
[9, 11].
Shape 3-8 200-500  Slow (s) Low—Moderate Moderate Very high stress
memory output; limited
alloys strain; heating/
(SMA) cooling required
[11, 13].
Pneumatic 20-30 0.3-0.8  Fast (ms-s) Low-Moderate High High power-to-
artificial weight ratio;
muscles requires bulky
(PAM) compressors
[14, 15].
Table 2.

Comparative performance of artificial muscle technologies.

extremely appealing for applications like medical robotics and assistive devices. One
can envision hydrogel artificial muscle patches directly interfacing with organs (e.g.,
a cardiac assist device), where their softness and wetness are critical, or as actuators
in wearable exosuits, where hard actuators would cause discomfort. Indeed, some
recent studies have demonstrated hydrogel-based actuating wound dressings and
compresses that dynamically change shape to apply therapeutic pressure or motion
to an injury site — functions that would be difficult to achieve with traditional
actuators.

In summary, hydrogel actuators are emerging as a compelling form of artificial
muscle for scenarios where safety, compliance, and biocompatibility are paramount,
and where moderate speeds and forces are acceptable. As materials science advances
to create faster, stronger hydrogels (e.g., via nanocomposites or fiber reinforcement)
[2], we can expect hydrogel artificial muscles to improve to the point of competing
with or complementing existing artificial muscle technologies. The true power of
hydrogels may ultimately lie in hybrid systems - for example, a hydrogel artificial
muscle embedded with rigid fiber reinforcements or combined with an elastomer
skin, achieving a balance of strength and softness. The next section delves into how
hydrogels can also serve a dual role as sensors, paving the way for integrated
actuation-sensing muscle systems.

5. Integration of sensing with hydrogel actuators

Soft robots will require not only muscle-like actuation but also nervous system-
like sensing to achieve intelligent behavior. Hydrogels offer opportunities for
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integrated sensing because many hydrogels are inherently responsive to stimuli in
ways that can be transduced into electrical or optical signals. For instance,

a hydrogel’s electrical resistance, capacitance, or fluorescence can change with
deformation, temperature, or chemical environment. This means a hydrogel actuator
can often serve as its own sensor — a concept sometimes called “self-sensing” or
proprioceptive actuation.

Researchers are actively exploring hydrogels as stretchable sensors for strain,
pressure, humidity, and more. Hydrogel-based strain sensors can be made by forming
a conductive hydrogel (e.g., a polyacrylamide network infused with salt or
conductive nanoparticles); as the hydrogel stretches, its resistance increases,
providing a readout of deformation. Wang et al. [3] review numerous examples of
such sensors, noting that hydrogels have been used to detect human motion (as
wearable sensors in gloves, e-skin patches, etc.) due to their skin-like softness and
high stretchability. For example, an ionic hydrogel strain sensor attached to a finger
can detect bending motions by the change in ionic current, with the hydrogel
remaining transparent and comfortable on the skin [3]. Because hydrogels can
conform intimately to surfaces, they achieve high sensitivity and a broad sensing
range (strains up to several hundred percent in some cases).

Integrating sensing into hydrogel actuators can be done in a few ways:

e Material-intrinsic sensing: The hydrogel actuator itself is made conductive or
otherwise sensing-capable. For example, a conductive hydrogel muscle can act
as an actuator (contracting under stimuli), and simultaneously, its resistance
provides feedback on the degree of contraction or strain. Lyu et al. have
demonstrated a hydrogel that changes electrical resistance with expansion; by
measuring this change, they closed the loop to control the actuator’s position in
real time [Zhou et al., 2024].

e Embedded sensor networks: Tiny sensors (like micro-LEDs, fiber optics, or
microcapsules) can be embedded throughout a hydrogel. One example is
a hydrogel with embedded Bragg grating optical fibers that reflect light
according to strain — effectively creating a muscular optical sensor. Another
example is encapsulating microfluidic channels of liquid metal inside a hydrogel
actuator; stretching the hydrogel changes the geometry of the liquid metal
circuit, altering its inductance or resistance, and thus sensing deformation.
These approaches maintain the actuator’s softness while adding sensing
functionality.

e Surface sensor integration: Attaching thin-film sensors onto the hydro-
gel’s surface. Although hydrogels are wet and soft, researchers have found
ways to laminate stretchable electronic skins onto hydrogels. Zhou et al.
[2024] describe “sensor surface integration,” where flexible strain gauge
circuits are bonded to a hydrogel actuator’s exterior. Because the hydrogel
deforms, the attached sensor deforms in sync, capturing data like curvature
or force. This approach can use mature flexible electronics technology,
though maintaining adhesion between the hydrogel and sensor can be
challenging (often, a thin intermediary layer or polymer coating is used to
bond them).
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The ultimate goal is a closed-loop soft actuator that senses its state and
environment and adjusts accordingly — essentially imitating a muscle with built-in
proprioception and touch sensing. Hydrogels are well-suited to this because their
properties (conductivity, dielectric constant, etc.) respond linearly over a wide range
of deformation, and because they can host ionic conduction (like biological
tissues do).

A vivid demonstration of integrated sensing in hydrogel systems is a self-sensing
hydrogel gripper. Zhang et al. (2023) [16] fabricated a bilayer hydrogel actuator with
an intrinsically conductive polymer network. When the gripper bends to grasp an
object, the internal resistance changes, which they measured to detect the gripping
state — effectively, the gripper “feels” when it has an object and with how much
force, without any external sensor [3]. This kind of built-in feedback is critical for
delicate tasks like handling fragile objects or interacting with unpredictable
environments.

Beyond proprioception, hydrogels can serve as external sensors integrated with
actuators for environmental feedback. For example, a hydrogel-based ionic
pressure sensor can be placed on a robotic fingertip (made of hydrogel or
elastomer) to detect contact forces via changes in capacitance. Or a hydrogel that
fluoresces in the presence of certain chemicals could be used as an artificial olfactory
sensor on a soft robot that also moves. Wang et al. [3] highlight that hydrogel
sensors have been demonstrated for a wide array of signals: pressure (ionic gels
used in insoles for gait analysis), touch/strain (as mentioned), humidity (hydrogels
that swell or change conductivity with water uptake), temperature
(thermochromic hydrogels that change color or transparency), and even specific
biochemical targets (glucose-sensing hydrogels for medical robots). This versatility
means a soft robot built largely from hydrogels could have a kind of universal
sensor matrix — its very body changes in measurable ways when conditions around
it change.

Integrating all this requires addressing some challenges: Hydrogels are mostly
water, so keeping long-term stable electrical connections is nontrivial (corrosion or
hydrolysis can occur). Encapsulation, or the use of conductive polymer electrodes
(like PEDOT:PSS coatings that remain stable in water), can mitigate this. Another
issue is calibration — hydrogel sensor signals can drift if the gel slowly loses water or if
temperature changes. Advanced hydrogels that are dehydrated (or form organogels
with solvents that don’t evaporate easily) are being developed to improve long-term
stability [1].

In conclusion, hydrogels offer a unique pathway to embedding sensory
feedback directly into soft actuators, fulfilling the vision of muscle-like
actuators with muscle-like sensation. The ability of hydrogels to deform and
transduce signals similarly to living tissue stands to greatly simplify the design
of soft robotic systems: rather than separately engineered sensors and actuators,
a single hydrogel component can play both roles. This integration is a major
research trend, moving us closer to fully autonomous and adaptive soft robots
that can sense and react to their environment in a tightly coupled manner
(much like natural organisms). As Zhou et al. (2024) [17] emphasize,
combining actuation and sensing in soft robots is key to achieving intelligent
behavior - and hydrogels are among the most promising materials to realize this
integration.
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6. Advances in fabrication of hydrogel actuators

Creating complex hydrogel-based robots demands equally innovative fabrication
techniques. Hydrogels present some fabrication challenges: they can be brittle or
viscoelastic when handled, many are not easily machinable once formed, and
traditional manufacturing methods (molding, casting) can be limiting in terms of
geometric complexity. In response, researchers have developed a variety of additive
manufacturing (3D printing) methods and novel crosslinking techniques
tailored to hydrogels. These advances allow for the construction of intricate hydrogel
architectures, multimaterial devices, and even the embedding of living cells for
biohybrid actuators.

3D printing technologies: A major enabler in recent years is the adaptation of 3D
printing to hydrogels (often termed 4D printing when considering the shape change
over time).

Figure 4 showcases several 3D printing techniques used to fabricate hydrogel
actuators, each with its own strengths [7]:

e Inkjet printing (Figure 5A): Deposits tiny droplets of a liquid pre-polymer
solution in a patterned way, which are then cured (typically by UV light or
heat). Inkjet can create multi-material hydrogel patterns with high resolution in
the plane. For example, researchers printed swelling and non-swelling regions in
a hydrogel sheet via inkjet to create a self-folding origami structure that changes
shape when hydrated [7]. Inkjet is relatively fast and good for thin, planar
actuators, though building thick structures is more challenging due to layer-by-
layer droplet deposition.

e Two-photon polymerization (Figure 4B1-B2): A laser-based method
where a focused femtosecond laser induces polymerization in a tiny focal

Figure 4.

chematic illustration of a smart hydrogel-based soft actuator performing multiple functions: shape morphing
actuation, locomotion, and self-sensing. Hydrogel devices can be designed to not only deform (actuate) in response
to stimuli but also to produce an electrical signal or optical change corresponding to that deformation (pro-
prioceptive sensing). This integration of actuation and sensing in the same soft material is a step toward
intelligent, feedback-controlled soft robots [4, 18], locomotion [19], sensing with electrical signal output [20],
and sensing with optical veadout (ashley, 2003). copyright 2020, elsevier.
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volume within a photosensitive hydrogel resin. By scanning this laser in 3D,
arbitrary micro-structures can be “written” with sub-micron precision.
Two-photon polymerization (2PP) can create extremely fine and complex
hydrogel micro-actuators, such as microgrippers or microrobots that are
smaller than a hair’s width. The trade-off is that 2PP is slow for building
anything beyond the millimeter scale and requires expensive laser setups.
It excels at prototyping intricate micro-scale hydrogel devices (for instance,
microneedle arrays or micro-swimmers with detailed features) [15].

Stereolithography (Figure 5C): SLA uses a UV laser or projector to cure entire
layers of a photopolymerizable hydrogel resin at once. Each layer is a cross-
section of the 3D object, and layers are built up vertically. This method achieves
good resolution and relatively rapid fabrication of centimeter-scale parts. SLA
has been used to fabricate, for example, a bioinspired hydrogel fish tail with
embedded stiff and soft regions to replicate fin motion. The limitation is that it
usually requires the hydrogel resin to be somewhat modified for photo-curing,
and that any unsupported overhangs need support structures (which must be
removed later, carefully from a soft gel part).

Extrusion-based 3D printing (Figure 5D): Also known as direct ink writing, this
involves extruding a continuous filament of hydrogel precursor (or a gel ink)
through a nozzle, depositing filaments that form the object. It’s analogous to the
way an FDM plastic printer works, but with gel. This technique is versatile and
can print large structures. Researchers have printed hydrogel pneumatic net-
works, spring-like structures, and even entire soft grippers using extrusion
printing [7]. A key advancement here is maintaining the shape fidelity of the
printed filament — often shear-thinning hydrogel inks or gelatin-supported
printing (printing into a supportive slurry that holds the filament until it solidi-
fies) are used. One popular method is the FRESH (Freeform Reversible
Embedding of Suspended Hydrogels) technique, where a hydrogel is printed
into a bath of supportive gel that holds the print in place (Figure 4E1-E3). This
allows printing very soft hydrogels in complex shapes (like anatomically accurate
organs or muscle-like structures) that would collapse if printed in air.

* Mixed-mode and hybrid fabrication (Figure 5F, 5G): Some actuators benefit
from combining methods - for example, printing a hydrogel structure and then
electrospinning fibers onto it, or printing a rigid frame and then casting
a hydrogel around it (3D printing of molds). Sun et al. [7] illustrate a case
(Figure 5F) where a magnetic filament was 3D printed within a hydrogel
matrix — a mixed-mode approach yielding a magnetically responsive actuator.
Figure 5G shows an example of a biobot where a 3D printed hydrogel scaffold is
combined with living cells (engineered muscle cells), which contract to actuate
the structure [16]. These hybrid strategies are powerful: they merge the best
qualities of multiple materials (e.g., the strength of a polymer frame with the
actuating ability of a hydrogel, or the contractile force of biological muscle with
the patternable hydrogel skeleton).

Beyond 3D printing, chemical crosslinking techniques are crucial for

controlling hydrogel properties during fabrication. Recent work has produced
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tough hydrogels through multi-step crosslinking; for example, first forming

a soft polymer network, then infusing a second monomer and polymerizing it
in situ to form an interpenetrating double network. This approach, combined
with micromolding or printing, yields actuators that don’t tear easily, even
under large strains [4]. Table 4 in [3] catalogs various crosslinking methods
(thermal, UV, enzyme-mediated, click chemistry, etc.) and the literature that
uses them to fabricate hydrogels for soft robots. The choice of crosslinking
impacts not just mechanical strength but also biocompatibility (important if cells
are involved) and stimulus responsiveness (e.g., a loosely crosslinked gel might
swell more and deform more, but be weaker).

Integration of functional additives: Another fabrication consideration is
how to incorporate nanoparticles, magnetic particles, or conductive elements
uniformly into the hydrogel. For magnetic or optical actuation, particles must be
well-dispersed. Techniques like in situ precipitation (forming magnetic
nanoparticles directly inside the gel) or solvent exchange to load pre-formed
particles are used. Ensuring homogeneous distribution is key to consistent
actuation behavior [21].

Fabrication of composite structures: In many cases, a hydrogel actuator may be
part of a composite — for instance, a hydrogel-elastomer hybrid. A common
approach is to 3D print or cast a silicone rubber skeleton and then fill or coat it with
hydrogel. One example is a soft gripper with a rubber exterior but a swelling
hydrogel interior: when the hydrogel swells (via chemical stimulus), it pushes the
rubber skin to curl the gripper fingers. Fabrication here requires bonding hydrogel to
elastomer — achieved by a thin chemical primer that adheres to both or by curing
them together in sequence so that interpenetration occurs at the interface [22].

In summary, advanced fabrication methods now allow the creation of highly
customized hydrogel actuators: From tiny micro-robots made by laser-writing, to
large-scale devices printed in support gels, to multi-material composites combining
hydrogels with stiffer components or living cells. These tools are accelerating the
development of soft machines with increasingly complex shapes and functionalities.
We can now fabricate a soft robotic hand with hydraulically actuated hydrogel
fingers, or a biohybrid robot with muscle cells on a printed hydrogel scaffold - things
that were not feasible a decade ago. The continued improvement of fabrication
techniques (higher resolution, faster printing, better bonding of dissimilar materials)
will further expand design possibilities for soft robotic actuators and sensors.

7. Applications of hydrogel-based soft actuators

Hydrogel actuators and artificial muscles are finding applications across a broad
range of fields, thanks to their unique combination of softness, wetness, and
responsiveness. Here, we highlight several major application domains and examples:

¢ Biomedical devices and healthcare: This is arguably the most naturally aligned
area for hydrogel actuators. Their biocompatibility and gentle mechanics make
them ideal for use in vivo or in contact with biological tissue. One exciting
application is targeted drug delivery. For instance, magnetically controlled
hydrogel micro-robots have been developed that can navigate bodily fluids and
deliver drugs to specific locations (e.g., a hydrogel loaded with drugs that swells
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or releases its payload when triggered by a magnetic field or by reaching a target
site) [3]. Another example is soft hydrogel grippers for minimally invasive
surgery, which can deploy through a small incision and then swell to grasp
organs or tissues delicately without causing damage. In the realm of wearables,
hydrogel-based artificial muscles have been proposed for assistive physiother-
apy devices - e.g., a sleeve with hydrogel actuators that contract to massage
muscles or help blood circulation. The transparent and soft nature of hydrogels
is also leveraged in implantable devices: Researchers have made hydrogel-based
cardiac patches that mechanically actuate (either via electrical or optical sti-
mulation) to assist heart contraction, essentially a soft actuator to help

a weakened heart pump blood. Because the hydrogel matches the mechanical
properties of heart tissue and is mostly water, it integrates without causing
inflammation [3]. Another medical use is dynamic wound dressings — a hydrogel
that can apply mechanical stimulation to a wound (promoting healing) or can
close/open in response to wound conditions. Overall, in biomedical applica-
tions, the emphasis is on safety, precision, and biocompatibility, where
hydrogels excel even if high force output is not required.

Soft robotics and manipulation: Hydrogel actuators are used to make soft
robotic grippers and manipulators, especially for delicate tasks. A noteworthy
example is a hydrogel gripper that caught a live goldfish without harm [7].
This gripper’s fingers were made of a very low-stiffness hydrogel, rendering it
almost invisible and imparting a very gentle touch (the fish was not injured,
demonstrating how soft the grasp was). The gripper could lift and release the
fish using minimal force — something rigid grippers or even silicone grippers
might struggle with due to slippage or pressure points. In food handling or
biomedical sample handling, hydrogel fingers could safely manipulate fragile,
slippery objects (like soft fruits, tissues, or eggs) with reduced risk of contam-
ination (being water-based, they don’t shed particles). Soft hydrogel robots
have also been demonstrated that crawl or walk: for instance, an inchworm-like
robot made of a PNIPAM hydrogel strip that oscillates under cyclic heating and
cooling, achieving locomotion. Although slow, these robots show that comple-
tely soft, even transparent robots are possible, which could be useful for tasks
like moving in confined wet environments (maybe inside lab-on-chip devices or
even within the human gastrointestinal tract for diagnostics) [14].

Wearable and assistive devices: Hydrogels’ flexibility and skin-like feel make
them attractive for wearable robotics and haptic devices. We mentioned hydrogel
strain sensors for wearables; when combined with hydrogel actuators, one can
create devices like a soft exosuit sleeve that both senses muscle signals and assists
movement [10]. Hydrogels have been explored for artificial skin with haptic
feedback - e.g., a patch that actuates to provide a sensation to the user. Because
hydrogels can be made to change stiffness (by controlling water content or by
polymerizing additional crosslinks on demand), a wearable hydrogel could even
simulate varying muscle tone or massage patterns on the body. Another inter-
esting concept is assistive gloves: A glove with hydrogel pneumatic actuators or
electrically driven hydrogel muscles can help stroke patients open and close their
hands gently. Unlike typical assistive gloves made of silicones (which, while soft,
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are still dry and can cause sweat and discomfort), a hydrogel glove could, in
theory, keep the skin hydrated and comfortable during use.

Environmental and agricultural robotics: In agriculture, hydrogels are already
used for water retention in soil. Coupling this with robotics, one could create
soft hydrogel-based systems that respond to moisture levels — essentially robotic
soil conditioners or slow-release irrigation actuators. For example, a hydrogel that
expands when soil is dry (pushing water out) and contracts when soil is moist
could act as an autonomous irrigation valve. Liu et al. [23] demonstrated highly
absorbent hydrogel constructs in farmlands that regulate fertilizer release and
water delivery to plants, functioning like a smart substrate [3]. Additionally,
hydrogel sensors can monitor environmental conditions (humidity, pollutants)
and actuate vents or signal changes. The biocompatibility is a bonus here, as
hydrogels used in a field will eventually biodegrade. In environmental cleanup,
hydrogel soft robots (for instance, a soft hydrogel blob that can deform and
navigate through cracks) could potentially be used to explore or remediate
environments — a concept in its early stages but intriguing [24].

Food and consumer products: Hydrogels are actually common in food (think
gelatin desserts or hydrocolloids in cooking). Edible hydrogel robots have been
proposed — for instance, an edible hydrogel pill that can move in the stomach to
aid in mixing or sensing conditions, then dissolves. In consumer products, one
might see hydrogel-based haptic feedback devices (since they can be very com-
fortable on skin). Also, toys or educational robots made of hydrogels could be safe
for children (soft, no sharp edges, even ingestible if truly edible).

Emerging high-tech applications: As an emerging frontier, researchers are
exploring optically transparent robots using hydrogels. For instance, a nearly
invisible soft actuator that can camouflage in water or in certain environments
has military or research applications (such as observing marine life without
disturbing them). Hydrogels can be made transparent, so a robot arm in an
aquarium could be practically invisible while manipulating objects.
Additionally, in microfluidics and lab-on-chip systems, hydrogel actuators (like
microvalves, pumps, and microgrippers) are being integrated to handle biolo-
gical samples gently and precisely [3].

It is worth noting that many of these applications are still in prototype or proof-of-

concept phases. Hydrogel robots have shone in demonstrations like the fish-grabbing
gripper or tiny drug-delivery crawlers, but scaling them up to practical, everyday use
involves addressing durability, control, and manufacturing yield issues. Nonetheless,
the range of applications already explored shows the versatility of hydrogel-based

actuators — from healthcare to food handling to environmental monitoring, their
unique properties open avenues that conventional robots cannot easily enter.

7.1 Recent advances in smart hydrogel-based actuators and artificial muscles

In the past few years, the field of smart hydrogel actuators has progressed rapidly,

with researchers focusing on strategies to overcome limitations in strength,
responsiveness, and durability, while broadening application domains.
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7.1.1 Material innovations and nanocomposites

Recent studies highlight the importance of reinforcing hydrogel matrices with
nanomaterials to enhance stress output and longevity. 4, reviewed advances in
nanocomposite hydrogels, emphasized how fillers such as graphene and MXene can
provide conductivity and mechanical strength without compromising softness. 1,
reported that double-network hydrogels and fiber-reinforced designs significantly
improved load-bearing capacity and resistance to fracture, making them suitable for
repetitive actuation cycles in artificial muscle applications.

7.1.2 Additive and 4D printing strategies

Additive manufacturing remains central to tailoring hydrogel architectures.
Sun et al. [7] demonstrated how stereolithography and extrusion printing can
create patterned, multi-material hydrogel actuators. Building on this, [22] and
[25] showed the integration of multi-material deposition for complex robotic
functions, while [26] highlighted how hybrid strategies combining extrusion
with embedded printing yield actuators with spatiotemporal programmability.
More recently, [3] extended these ideas into the domain of 4D printing, reporting
hydrogel continuum robots capable of adaptive bending and multimodal
locomotion under combined stimuli.

7.1.3 Artificial muscle development

The transition of hydrogels from simple actuators to functional artificial muscles
is becoming more feasible. Jing et al. [2] emphasized the evolution of hydrogel-based
artificial muscles, with notable progress in achieving faster contraction-relaxation
cycles, greater strain, and improved fatigue resistance. Lépez-Diaz et al. [1] similarly
noted that integrating multiple stimuli-responsiveness (e.g., thermal and electrical)
allows hydrogels to act more like biological muscles, capable of precise control and
adaptive movement.

7.1.4 Biohybrid systems and biomedical applications

Biohybrid hydrogels have also emerged as a frontier for integrating living cells
with synthetic materials. Recent demonstrations, reported by [1] and [2], show
that embedding cardiomyocytes in hydrogel scaffolds enables spontaneous
rhythmic contractions, providing a platform for next-generation bio-actuators.
In parallel, [3] described hydrogel microrobots powered by magnetic
nanoparticles, achieving multimodal locomotion, such as rolling and jumping,
with clear implications for targeted drug delivery and minimally invasive
biomedical devices.

Together, these recent advances highlight how hydrogel actuators are
evolving from conceptual models into robust artificial muscles and microrobotic
systems. By combining nanocomposite reinforcement, programmable
fabrication, and biohybrid integration, researchers are moving closer to realizing
intelligent, multifunctional soft robotic systems capable of performing in real-
world environments.
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8. Emerging frontiers and research directions

Figure 6 provides a schematic overview of the hierarchical development pathway
of smart hydrogel-based actuators, from material innovations to system-level
applications.

The field of hydrogel-based soft robotics is rapidly evolving, and several exciting
frontiers are emerging:

e Multi-responsive and programmable hydrogels: Next-generation hydro-
gels are being designed with multiple responsiveness. For instance, a single
hydrogel that reacts to temperature, pH, and electric fields in different ways,
or different regions of a composite hydrogel, each tuned to a specific sti-
mulus. Sun et al. [7] reported a multi-responsive hydrogel actuator that
combined thermal sensitivity (via PNIPAM), magnetic sensitivity (via

3D Pyramid of Smart Hydrogel-Based Actuators

Hydrogel actuators:
= From material desigmn
to intelligent robots

Figure 6.

3D pyramid schematic illustrating the development pathway of smart hydrogel-based actuators.

The pyramid highlights how advances in construction matevials (e.g., polymeric networks, nanocomposites,
bio-based hydrogels) enable micro/macro structural innovations (double-network, gradient, bilayer, pat-
terned scaffolds). These structures give rise to enhanced performances such as high deformation, tunable stress/
strain, self-healing, optical response, and proprioceptive sensing. At the top, these advances culminate in
applications including artificial muscles, soft robotic grippers, wearable exosuits, and biomedical microrobots.
The golden sphere on the apex symbolizes the ultimate vision: next-generation intelligent soft robots that
integrate actuation, sensing, and adaptability [1, 3, 4].
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embedded nanoparticles), and even solvent sensitivity, enabling it to be
controlled by either stimulus or to perform complex tasks when stimuli are
applied in sequence [3]. Along with this, programmable shape change is

a major goal: using techniques like 4D printing to pattern the anisotropy or
swelling behavior in the hydrogel, researchers can “program” how

a hydrogel will morph when activated. This means a single piece of hydrogel
can be encoded to transform into a predetermined 3D shape (like an origami
structure or a functional device) when a stimulus is applied - effectively
embedding an algorithm into the material’s structure. Such programmed
hydrogel actuators could be shipped flat/dry and then activated on-site (by
hydration or heating) to form the desired soft robot [27].

Integration of living cells (biohybrid robots): An especially intriguing
frontier is merging hydrogels with biology. Hydrogels can serve as scaffolds
to culture living muscle cells (myocytes) or other contractile cells. These
living cells then act as actuators by contracting, with the hydrogel providing
structure and perhaps additional actuation of its own. Researchers have
created small “bio-bots” where neonatal cardiac muscle cells were grown on
a hydrogel frame; the spontaneous contraction of the heart cells made the
frame twitch and even walk in a legged design (when the cells contract in
sequence like legs) [7]. Similarly, skeletal muscle cells have been cultured on
hydrogel ribbons to make controllable biohybrid actuators that respond to
electrical stimulation (the cells will contract when electrically pulsed). The
hydrogel provides a tissue-like environment for the cells and can be designed
to transmit the force of cell contraction to perform work. In the future,
biohybrid artificial muscles might combine the strength and efficiency of
natural muscle tissue with the resilience and programmability of synthetic
hydrogels. This field also connects to tissue engineering and regenerative
medicine — the artificial muscles being developed could potentially be
implanted to assist or replace damaged muscles in patients.

Tough and self-healing hydrogels: Mechanical robustness is a critical area of
improvement. New hydrogel chemistries, such as slide-ring hydrogels, double/
triple-network hydrogels, and nanocomposite hydrogels, are dramatically
improving tear resistance and fatigue life [4]. We are seeing hydrogels that can
be stretched 1000% and not break, or sustain millions of cycles of deforma-
tion. Incorporating these into actuators means the devices will last longer and
handle higher loads. Additionally, self-healing hydrogels that can autono-
mously repair small cuts or punctures are emerging. A hydrogel actuator made
of self-healing material could recover from damage (like a biological muscle
that heals after micro-tears), which is highly desirable for long-term deploy-
ment or for robots operating in harsh, unpredictable environments. Some self-
healing hydrogels use dynamic crosslinks (like ionic bonds or host-guest
interactions) that can break and reform. If a crack forms, the polymer chains
can reattach across it, given some time or a stimulus (like pH or heating) to
trigger healing. Imagine a soft gripper that, if cut by a sharp object, could be
“healed” by simply dipping in a saline solution for a few hours to re-form its
network bonds [28].
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e Out-of-water operation and longevity: Historically, many hydrogel actua-
tors needed to remain in aqueous environments to function (to avoid drying
out and to leverage fluid interaction, e.g., ionic actuators in electrolyte).

A current frontier is making hydrogels that can operate in air for extended
periods without desiccation. Strategies include developing organo-hydrogels
(hydrogels infused with organic solvent or oil that doesn’t evaporate easily), or
hydrogels with protective coatings that retain moisture. Lépez-Diaz et al. [1]
added graphene to a hydrogel to act as a thermal filler that dissipates heat and
reduces water evaporation, enabling an ionic hydrogel actuator to bend
repeatedly in air for a longer time before drying out. Another approach is to
encapsulate the hydrogel in a thin elastomer membrane — the membrane keeps
water in but is flexible enough not to impede motion significantly. These
advances will allow hydrogel robots to venture outside the lab and operate in
everyday air environments, greatly expanding their usability (e.g., a hydrogel-
based artificial muscle that could work in open air for days, powering a soft
exoskeleton).

Scaling up and scaling down: Two divergent but important directions are
scaling hydrogels to larger and smaller sizes. On the large end, can we make
meter-scale hydrogel actuators? One challenge is that diffusion is slow in
large hydrogels, so response times become very long. Researchers are
looking at embedding vascular networks or porous structures in big
hydrogels to facilitate rapid stimulus delivery throughout the material. This
could enable large hydrogel muscles that actuate more quickly. On the small
end, micro- and nano-scale hydrogel robots (sub-millimeter size) are very
attractive for biomedical use (imagine a swarm of microscopic soft robots
cleaning arteries or delivering drugs). Two-photon polymerization and
DNA self-assembly techniques are being developed to create nanoscale
hydrogel structures. Also, DNA hydrogels, which are networks made of
DNA strands, can function at the nanoscale and be programmed at

a molecular level for specific responses — a very futuristic concept where
a robot could be the size of a cell, made of a biocompatible hydrogel that
responds to biochemical signals [29, 30].

Intelligent control and modeling: As hydrogel actuators become more
complex, the field is also pushing forward in terms of how to model and
control them. Hydrogels involve coupled chemical-mechanical dynamics
(e.g., diffusion of ions and elastic deformation), which are quite different
from traditional motor control. New computational models and simulation
tools are being developed to predict hydrogel robot behavior under various
stimuli [Zhou et al., 2024]. Machine learning is even being applied to learn
the inverse model of a hydrogel actuator (i.e., how to drive it to achieve

a desired motion). We might see Al-controlled hydrogel robots that can
adaptively tune their stimulus inputs (like voltage or light intensity) to
account for non-linear responses or environmental changes (like a slight
temperature shift affecting swelling). This kind of high-level intelligence,
paired with the inherent smart material, could result in highly adaptive soft
robotic systems.
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Overall, the emerging frontiers in hydrogel-based soft robotics are moving
toward more life-like systems — in material composition, functionality, and
autonomy. We foresee robots that are literally built like living creatures, with
soft hydrogel muscles and skins, sensorimotor feedback loops within their
material, the ability to heal and adapt, and perhaps even integration with living
cells. Hydrogel actuators are at the core of this vision, as they blur the line
between machine and organism with their tissue-mimicking properties. As
research continues, we anticipate hydrogel artificial muscles performing tasks in
environments and ways that were previously unimagined for robots, from
inside the human body to the depths of the ocean, all while being safe and
environmentally benign.

9. Challenges and future outlook

Despite the tremendous progress and exciting potential of hydrogel-based
actuators, several significant challenges remain before they achieve widespread
practical adoption:

e Mechanical limitations: Low strength and slow response are the Achilles’
heel of many hydrogels. While innovations like double-network hydrogels have
improved toughness, most hydrogels cannot yet match the stress outputs of
pneumatic or shape-memory actuators. The intrinsic viscoelasticity means they
can be sluggish — large hydrogel pieces might take minutes to fully actuate.
Future work must continue to improve mechanical properties (through material
chemistry and composite design) and find clever ways to speed up responses
(like incorporating porosity or mini-channels for faster stimuli diffusion). One
promising direction is the use of porous or nanostructured hydrogels that
allow rapid water transport, thus speeding swelling/deswelling cycles. Another
is combining hydrogels with fibers or textiles to bear load (the hydrogel pro-
vides motion, the fiber provides strength). By addressing these, we could see
hydrogel muscles that contract in milliseconds and lift kilograms, truly com-
peting with electromagnetic motors or pneumatic cylinders in some
applications.

e Dehydration and environmental stability: Operating in ambient condi-
tions introduces the issue of water loss. A dried-out hydrogel is essentially
useless as an actuator. Even with coatings or organogels, maintaining long-
term hydration is challenging. This limits shelf-life and operational duration.
Devices might need periodic “recharging” with water or storage in humid
environments. Solving this could involve developing hydrogels that self-
regulate their hydration (for example, hydrogels that can absorb moisture
from the air when they start drying) or integrating microfluidic systems that
can replenish water on the go. Also, environmental factors like temperature
or pH can unintentionally alter hydrogel performance - robustness against
such fluctuations is needed for reliable robots. This might be tackled by new
hydrogel formulations that are less sensitive to ambient changes except for
the intended stimulus [31].
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e Fabrication and scalability: While we highlighted advanced fabrication
methods, scaling those up for mass production is non-trivial. 3D printing is still
relatively slow for large volumes; for commercial products, faster manufactur-
ing methods (roll-to-roll printing, injection molding of hydrogel precursors,
etc.) may be required. However, molding hydrogels can be tricky, as they can
stick or tear. Achieving reproducibility in hydrogel actuator properties is
another challenge — slight variations in crosslink density or ingredient mixing
can lead to different swelling behavior. Quality control will be important. New
techniques, like embedded 3D printing and continuous manufacturing of
hydrogel fibers, might help produce standardized artificial muscles in bulk.

Control and hysteresis: Hydrogels often exhibit hysteresis (not returning
exactly to the original state due to slow relaxation or incomplete swelling).
Precise control of position or force can be more challenging than with traditional
actuators. Developing robust control algorithms that can handle the non-linear,
history-dependent behavior of hydrogels remains an ongoing challenge.
Additionally, most hydrogel actuators are still open-loop (except for those with
integrated sensing); implementing closed-loop control requires reliable sensor
feedback and possibly predictive models. Progress in computational modeling
(as mentioned in Frontiers) is critical to enable model-based control of soft
hydrogel systems.

Integration with electronics: If a hydrogel robot requires electronics (for
power or communication), integrating those rigid components is tough. How do
you attach a circuit or battery to a jelly-like actuator without compromising its
softness or drying it out? Efforts are underway to create soft batteries and
circuits (using, for example, conductive hydrogels as wires or encapsulating
electronics in stretchable, waterproof membranes). For now, many prototypes
keep electronics external (wires leading to the hydrogel). Fully untethered
hydrogel robots will need innovative solutions like flexible printed circuit
boards that can gel with the hydrogel or wireless energy transfer (so no on-
board battery is needed). This is an interdisciplinary challenge bridging mate-
rials, electrical engineering, and robotics [9].

* Longevity and fatigue: Repeated swelling can eventually wear out a hydrogel
(mechanically or chemically). The polymer chains might break down over
time, especially under UV light or if there are biological agents (for in vivo
applications). Biocompatible hydrogels might be biodegradable, which is great
for not leaving waste, but it means the actuator may degrade after accom-
plishing its task (like a drug-delivery bot that dissolves). If longevity is needed,
non-degrading hydrogels or protective measures must be in place. Fatigue
testing of hydrogel actuators is needed to understand how many cycles they
can undergo — currently, many prototypes operate for maybe hundreds of
cycles; getting to millions (like a car engine or an industrial robot requires) is
a big challenge.

Safety and regulatory hurdles: For medical applications, hydrogels are typi-
cally biocompatible, but any additional components (nanoparticles, crosslink-
ing agents) must be non-toxic and must not elicit adverse immune responses.
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Rigorous testing and regulatory approval will be needed before hydrogel robotic
devices can enter clinical use. Similarly, the environmental deployment of
hydrogels means considering ecological impact — while many hydrogels are
benign, additives like nanomaterials could pose risks if they leach out.
Developing eco-friendly hydrogel systems that either biodegrade into harm-
less components or can be recollected is important for sustainable design [30,
32].

Despite these challenges, the overall outlook for smart hydrogel actuators is
highly optimistic. The pace of research is rapid, and interdisciplinary efforts are
converging to address the shortcomings. Materials scientists are inventing stronger,
smarter hydrogels; engineers are creating new fabrication tools and device designs;
roboticists are learning how to model and control these squishy mechanisms, and
biologists/chemists are integrating living systems and novel chemistries. The
challenges listed are actively being tackled:

e Projects like using zwitterionic or hydrophobic modifications to reduce hydro-
gel evaporation show promise for addressing the dehydration issue.

e There are first demonstrations of self-healing actuators that regain function
after being cut, addressing longevity.

e For control, researchers like Zhou et al. have proposed embedding multiple
sensors and using machine learning to estimate the state of a hydrogel actuator
in real-time, which could compensate for hysteresis and uncertainty [Zhou
et al., 2024].

In the long term, success in this field could revolutionize how we design
robots. Instead of rigid skeletons with discrete motors, we might literally “grow”
robots out of polymer gels that move with life-like grace. Such robots could
seamlessly interact with natural organisms (for medical interventions or
environmental blending) without causing harm. We may see soft exoskeletons that
behave as an extension of the human body, or artificial organs that can actively
pump, contract, and sense just like real organs. The concept of “living
machines” — robots that share traits with living systems — is brought closer by
hydrogel technology, since hydrogels themselves straddle the boundary between
inorganic material and living tissue.

In conclusion, smart hydrogel-based actuators and artificial muscles represent
a cutting-edge frontier in soft robotics, one that holds immense promise for
creating robots that are safer, more adaptive, and more integrated with the living
world. While significant technical challenges remain, ongoing research is rapidly
chipping away at these barriers. The convergence of advances in materials (e.g.,
multi-responsive and tougher hydrogels), fabrication (4D printing and
biofabrication), and control (sensor integration and Al) suggests that the coming
years will witness hydrogel soft robots transitioning from laboratory curiosities
to real-world solutions. By harnessing the qualities of hydrogels, we edge closer
to robots that truly emulate the elegance of biological systems — a transformative
vision for the future of robotics.
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10. Conclusion

Hydrogels bring a unique arsenal of properties to soft robotics — softness,
wetness, stimuli-responsiveness, and biocompatibility — enabling new kinds of
actuators and artificial muscles that traditional materials cannot achieve. The chapter
has detailed the fundamentals of hydrogel actuation, surveyed actuation
mechanisms and their use as artificial muscles, explored how sensing can be
inherently combined, and reviewed advanced fabrication techniques and
applications. The emerging research frontiers show that, while challenges exist, they
are surmountable with creative interdisciplinary efforts. In a broader perspective,
smart hydrogel actuators are more than just components for soft robots; they
exemplify a shift toward material-level intelligence, where the boundary between
structure and function blurs. As this field matures, we anticipate that hydrogel-based
soft robots will play pivotal roles in medicine, caregiving, environmental
stewardship, and beyond - functioning in harmony with living systems and pushing
the boundaries of what robots can do and where they can go. The ongoing journey of
overcoming challenges and refining these devices is not only technologically
significant but also deepens the inspiration drawn from biology, ultimately bringing
robotic systems closer to living organisms in capability and form. With continued
innovation, the vision of robust, agile, and perceptive “gel robots” — once a mere
science fiction concept - is steadily becoming a reality, heralding a new era of truly
soft robotics.
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Chapter 5
Hydrogel Engineering
Interventions for Precision
Cartilage Regeneration: Bridging
Pathological Mechanisms and
Therapeutic Innovation

Zhi Zheng, Roujun Chen and Yaqin Lin

Abstract

Although microfracture, osteochondral transplantation, and autologous
chondrocyte implantation are commonly employed, accurately replicating the
natural calcified layer at the cartilage-bone interface remains challenging, leading to
structural and functional impairments in regenerated cartilage. For successful
cartilage regeneration, engineered therapeutic materials must be tailored to the
structural and pathophysiological characteristics of cartilage injury. This necessitates
the development of strategic interventions based on a comprehensive understanding
of the injured structure and microenvironment, including extracellular matrix
degradation, inflammatory cascades, disrupted intercellular communication, and
integrated pathophysiological networks. This review systematically elucidates
microenvironment evolution and molecular mechanisms post-cartilage injury while
highlighting the application of injectable hydrogels and 3D printing technology as
delivery vehicles for various therapeutic agents (including drugs, cells, and genes) in
tissue engineering. By emphasizing their unique capacity for designing customized
systems to modulate the regeneration process, this work aims to establish a cohesive
theoretical framework and a clear technical roadmap for guiding the future
development of precise cartilage repair solutions.

Keywords: cartilage injury, pathological mechanism, injectable hydrogel, 3D
printing, cartilage regeneration

1. Introduction

The osteochondral unit is a core functional structure located at the articular
junction. It comprises a cartilage layer, a subchondral bone layer, and an intermediate
calcified cartilage layer between them [1]. This unit possesses a unique hierarchical
architecture and specific biomechanical properties. These characteristics are
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crucial for shock absorption, mechanical load-bearing, and smooth joint

movement. However, cartilage tissue has a very limited capacity for self-repair
because it lacks blood vessels, nerves, and lymphatic vessels. Once injured by trauma
or degenerative disease, the damaged area cannot heal spontaneously and often
progresses into an osteochondral defect [2]. This condition causes persistent joint
pain, restricted mobility, and, in severe cases, a complete loss of joint function.
Consequently, it significantly impacts patients’ daily activities and quality of life.

The incidence of joint injuries, such as osteoarthritis and rheumatoid arthritis, is
continuously increasing. This trend is driven by an aging population and greater
public participation in sports activities [3]. Global statistics from 2020 estimated that
around 595 million people suffered from joint injuries [4]. The resulting pain and
treatment costs place a substantial economic burden on families and society.
Therefore, developing effective therapies that can achieve fundamental cartilage
repair and reverse the disease process is a critical challenge in orthopedics and sports
medicine.

Current clinical management for osteoarthritis establishes a multi-tiered system,
ranging from basic care to surgical replacement, yet remains primarily palliative.
These strategies focus on symptom relief and delaying progression rather than
reversing the underlying degenerative pathology or achieving long-term cartilage
preservation and joint function. Standard approaches encompass pharmacological
and surgical interventions. Pharmacological therapies often merely slow disease
progression and can introduce side effects, including gastrointestinal injury or
cardiovascular risks with prolonged use [5]. Surgical options, such as arthroscopic
debridement, do not facilitate cartilage regeneration. Microfracture frequently yields
unsatisfactory long-term results, while osteochondral autograft transplantation is
constrained by limited graft availability and procedural complexity. Autologous
chondrocyte implantation necessitates two separate surgeries and is costly, and
allograft transplantation confronts challenges regarding graft preservation and
safety [6-9]. A fundamental limitation common to all these methods is their inability
to accurately reconstruct a regenerative microenvironment at the defect site that can
concurrently modulate inflammation and promote the synthesis of
a functional ECM.

To overcome these constraints, tissue engineering strategies have emerged that
focus on constructing biomaterial scaffolds which mimic the native cartilage
microenvironment [10, 11]. Among these, injectable hydrogels have garnered
significant interest due to their unique advantages. Firstly, they provide a minimally
invasive delivery platform that can be precisely implanted via injection to perfectly
adapt to irregular defect geometries, thereby greatly reducing surgical trauma and
associated complication risks [12]. More importantly, by serving as both
a biomimetic and functional scaffold, they can replicate the physicochemical
properties of the natural ECM to provide a supportive habitat for cells while also
acting as versatile carriers [13]. Through the controlled delivery of therapeutic
agents such as drugs, cells, or genes, they enable active and precise regulation of
the injury microenvironment to guide the regeneration of functional hyaline
cartilage [14, 15].

For more complex and large osteochondral defects, simple injectable hydrogels
often face challenges related to their mechanical strength and structural biomimicry.
In this context, three-dimensional (3D) printing technology serves as
a complementary and advanced approach that offers the possibility of precise
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structural imitation. This technique facilitates the fabrication of scaffolds with
biomimetic gradient structures, such as bilayer or multilayer cartilage-bone
constructs, using hydrogels as bioinks [16, 17]. By enabling the spatial localization of
different cells and biological factors, 3D printing provides a revolutionary solution
for reconstructing complete osteochondral units. However, achieving effective
cartilage repair ultimately requires hydrogel strategies that are specifically tailored to
the pathological mechanisms of the injury, which would significantly enhance the
outcomes of regeneration.

This review aims to systematically elaborate on recent advances in the use of
injectable hydrogels for cartilage repair. It begins by analyzing the structural
characteristics, pathological mechanisms, and limitations of existing therapeutic
strategies for cartilage damage. The unique advantages of injectable hydrogels as
a repair platform are then highlighted, along with a detailed discussion of their
application strategies and recent achievements in delivering various therapeutic
agents. The synergistic role of 3D printing technology in constructing complex
osteochondral scaffolds is also evaluated. Finally, this review summarizes the current
challenges in the field and offers perspectives on future directions, with the goal of
providing theoretical insights and technical guidance to promote the clinical
translation of precision cartilage repair technologies.

2. Osteochondral injury
2.1 Cartilage part

Articular cartilage is a specialized connective tissue that covers the ends of bones
in diarthrodial joints. Its intricate structure and composition are engineered to
provide mechanical support and exceptional lubrication. The tissue is primarily
composed of water, collagen, proteoglycans, and a sparse population of
chondrocytes. Water constitutes 65% to 80% of the wet weight, conferring high
hydration and elasticity, which enables stress dissipation through fluid movement
during compression [1]. Type II collagen forms a 3D network, accounting for 25% to
35% of the dry weight. In the superficial zone, collagen fibers align parallel to the
surface to resist shear forces, whereas in deeper zones, they adopt an interwoven,
wavy configuration that enhances compressive strength [18]. Proteoglycans, such as
aggrecan, which contains chondroitin sulfate and binds to hyaluronic acid, represent
10% to 15% of the dry weight. These molecules trap water to create a molecular sieve,
regulate ion balance, and act as biological lubricants. The synergistic interaction
between glycosaminoglycan chains and the collagen network confers the distinctive
viscoelastic properties of cartilage.

Chondrocytes represent the functional core of cartilage but occupy only 1% to 5%
of the tissue volume, residing in cavities known as lacunae. Superficial zone
chondrocytes are flattened and metabolically active, synthesizing and renewing the
ECM. In the deep zone, chondrocytes form isogenous groups and maintain matrix
homeostasis by secreting type II collagen and proteoglycans. Structurally, articular
cartilage is organized into four distinct layers [19, 20]. The superficial zone,
comprising 10% to 20% of the thickness, contains densely aligned collagen fibers and
a low cell density, providing a smooth, low-friction surface. The transitional zone
features obliquely oriented collagen fibers and more rounded chondrocytes. The
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radial zone is characterized by collagen bundles arranged perpendicular to the joint
surface, with chondrocytes aligned in columns. This structure culminates at the
tidemark, a basophilic line that demarcates the transition to the calcified zone. The
calcified zone anchors the cartilage to the underlying subchondral bone through

a mineralized interface, thereby facilitating the transfer of mechanical loads
(Figure 1A) [21]. This layered architecture and gradient composition provide
articular cartilage with its remarkable biomechanical properties. A smooth collagen
network and synovial fluid containing hyaluronic acid and lubricin maintain an
extremely low coefficient of friction, which can be as low as 0.002 during
movement. The deep calcified layer transmits mechanical loads to the subchondral
bone [22]. Furthermore, the water-retaining capacity of proteoglycans allows the
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matrix to harden under compression by expelling fluid, thereby dispersing stress,
and to recover its elasticity upon unloading as water is reabsorbed. It is critical to
note that articular cartilage is both avascular and aneural. Nutrient supply occurs
primarily via diffusion from the synovial fluid, supplemented by permeation from
the subchondral bone, while metabolic waste is removed through cyclic loading and
absorption [23, 24]. This passive diffusion-limited nutrition mechanism severely
constrains the tissue’s innate repair capacity. While superficial injuries may see
limited chondrocyte-mediated repair, deeper defects typically progress to
fibrocartilage formation or calcification.

2.2 Bone part

The subchondral bone serves as a critical structural and metabolic foundation for
the overlying articular cartilage. This complex tissue exhibits a distinct hierarchical
organization, comprising a dense cortical bone plate at the surface and a porous
trabecular bone network beneath it. The cortical bone, with its highly organized
lamellar structure of collagen fibers, provides a solid mechanical anchor for the
cartilage and effectively resists excessive deformation under load [25]. Underlying
this, the trabecular bone forms an optimized mechanical system through its unique
lattice of trabeculae. This network demonstrates a high porosity ranging from 50% to
90%, and the spatial orientation of the trabeculae aligns closely with the joint’s
primary loading direction [26]. This refined architectural design allows the
trabecular bone to absorb mechanical energy through elastic deformation while
achieving high load-bearing efficiency with minimal weight [27].

A delicate cellular balance maintains the subchondral bone at the cellular level.
Osteoblasts function as the primary bone-forming cells, continuously synthesizing
key matrix components, including type I collagen and osteocalcin. In contrast,
multinucleated osteoclasts are responsible for bone resorption, which they
accomplish by secreting acids and proteolytic enzymes to degrade the bone matrix.
Osteocytes, embedded within the mineralized matrix in the lacunar-canalicular
system, act as the principal mechanosensors. Accounting for over 90% of all bone
cells, osteocytes precisely regulate the dynamic balance between bone formation and
resorption through an extensive communication network, thereby maintaining
skeletal homeostasis [28].

From a materials science perspective, the mechanical properties of the bone
matrix originate from its unique composite nature. The organic phase,
predominantly type I collagen, constituting 20% to 30% of the dry weight, forms
a 3D network that provides toughness and resistance to fracture. The inorganic
phase, composed mainly of hydroxyapatite crystals, which account for 60% to 70%
of the dry weight, impregnates this collagen network to impart stiffness and
compressive strength [29]. This natural composite design enables the subchondral
bone to meet the dual mechanical demands of high compressive strength and
fracture toughness, making it ideally suited for the long-term weight-bearing
function of joints.

Furthermore, the subchondral bone and the articular cartilage constitute
a functionally integrated osteochondral unit. Mechanically, the subchondral bone
dissipates stress through its controlled deformability, thereby preventing localized
stress concentrations in the cartilage. Metabolically, its abundant vascular network
provides essential nutrient support for the avascular cartilage via diffusion, helping
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to sustain chondrocyte viability. This profound structural and functional integration
means that pathological changes in the subchondral bone, such as sclerosis or cyst
formation, can directly disrupt the cartilaginous microenvironment and accelerate
its degeneration. This tight functional coupling provides a critical histological basis
for understanding the pathogenesis of osteoarthritis [29, 30].

2.3 Osteochondral defects

Injuries to the articular cartilage and subchondral bone are common orthopedic
pathologies characterized by diverse types and complex mechanisms arising from
the interplay of mechanical stress, biochemical imbalance, and a pathological
microenvironment. Traumatic injury represents the most direct cause, where intense
impact or falls during sports can induce superficial cartilage microcracks or
subchondral bone bruising. These acute injuries often present with joint swelling and
limited mobility and may progress to chronic degeneration without prompt
intervention. Degenerative injury is strongly associated with aging and is
characterized by reduced chondrocyte metabolic activity, decreased synthesis of
type II collagen and proteoglycans, and elevated activity of matrix-degrading
enzymes such as MMP-13. These changes lead to cartilage fibrillation and
subchondral bone sclerosis, resulting in osteophyte formation and exacerbated joint
pain [31]. Inflammatory injury, prevalent in conditions like rheumatoid arthritis,
involves cytokines such as IL-1f and TNF-« activating chondrocyte apoptosis
pathways. This process accelerates matrix degradation while inhibiting intrinsic
repair mechanisms, ultimately causing full-thickness cartilage loss and subchondral
bone erosion.

The pathological manifestations of cartilage injury can be categorized based on
depth and severity. Superficial injuries involve surface softening or fibrillation,
where chondrocytes retain partial metabolic function but possess limited
regenerative capacity. Deep injuries extend into the radial and calcified zones,
featuring collagen network disruption and abnormal calcification that can provoke
stress fractures in the underlying bone. In full-thickness injuries, the complete loss of
cartilage exposes the subchondral bone to synovial fluid, often leading to the
formation of loose bodies that accelerate osteoarthritis progression. A distinct
pathological entity, osteochondritis dissecans, frequently occurs in adolescent knees
and stems from localized subchondral ischemia or repetitive microtrauma. This
condition causes subchondral bone necrosis, with the affected bone fragment
potentially detaching and causing mechanical symptoms like joint locking and
chronic pain. For evaluation, magnetic resonance imaging clearly visualizes full-
thickness cartilage defects and associated bone marrow edema, while computed
tomography provides precise assessment of bony structural integrity, thereby
supporting graded treatment planning [32]. The International Cartilage Repair
Society grading system offers a quantitative clinical standard for assessing injury
severity. This system ranges from grade I, indicating surface softening, to grade IV,
representing full-thickness defects with exposed bone, where higher grades correlate
with more advanced osteoarthritis and greater challenges for effective repair
(Figure 1B) [33].

The clinical outcomes of cartilage injury are intrinsically linked to the selected
repair strategy. Mild injuries may be managed conservatively through load
reduction, physical therapy, or intra-articular injections, such as platelet-rich plasma
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(PRP), to modulate the local biological environment. Moderate to severe injuries
typically necessitate surgical interventions, including microfracture, autologous
chondrocyte implantation, or the transplantation of engineered biomaterial
scaffolds. Recent advances in stem cell-based tissue engineering have focused on
replicating the native cartilage’s mechanical gradient structure, which has
significantly improved the functional integration of regenerated tissue and offers
promising directions for treating complex defects. Nevertheless, significant
challenges persist, including the prevention of abnormal subchondral
vascularization and achieving a biomechanical match between the repaired and
native tissue. The development of multimodal therapeutic strategies that address
these multifaceted issues remains essential for optimizing long-term clinical
outcomes.

3. Pathological mechanisms of cartilage injury and therapeutic
limitations

3.1 Pathological mechanisms of cartilage injury

The pathological mechanisms of cartilage injury involve complex cellular and
molecular interactions among cartilage, the synovium, and the subchondral bone. In
the initial stage, mechanical stress or inflammatory stimuli trigger chondrocytes to
release matrix-degrading enzymes such as matrix metalloproteinases and
aggrecanases. This enzymatic activity progressively breaks down collagen fibers and
proteoglycans, leading to structural disruption and functional impairment of the
ECM. Concurrently, oxidative stress induces mitochondrial dysfunction in
chondrocytes, resulting in the accumulation of reactive oxygen species. This
oxidative damage activates caspase-mediated apoptosis and stimulates key signaling
pathways, including NF-kB and MAPK, which promote the further release of pro-
inflammatory cytokines like IL-1p and TNF-a [34]. These inflammatory factors then
amplify the immune response by activating macrophages and synovial fibroblasts
within the synovial cavity. This activation leads to the overexpression of destructive
enzymes such as MMP-13 and ADAMTS-5, which accelerate the breakdown of the
core cartilage components. Furthermore, matrix degradation products, including
hyaluronic acid fragments and collagen peptides, function as damage-associated
molecular patterns. These fragments persistently activate synovial immune cells
through pattern recognition receptors such as TLR4, thereby establishing a self-
perpetuating positive feedback loop that sustains chronic inflammation [35].

Simultaneously, the subchondral bone undergoes compensatory remodeling
characterized by increased osteoclast activity and bone resorption, alongside
attempted repair by osteoblasts. During this remodeling process, factors such as
transforming growth factor-p and insulin-like growth factor are released. These
factors not only drive bone changes but also permeate into the overlying cartilage
layer, where they exert a direct influence on chondrocyte metabolism [36]. The
pathology is further propagated as macrophages and synoviocytes in the synovial
lining recognize cartilage debris, activating the NF-kB pathway and secreting more
pro-inflammatory cytokines, which diffuse back into the cartilage.

As the disease advances, blood vessels from the subchondral bone penetrate the
calcified cartilage layer, forming an invasive vascular pannus [37, 38]. This invasion
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disrupts the critical integrity of the osteochondral junction and introduces additional
inflammatory cells and pro-angiogenic factors into the cartilage environment. This
process establishes a vicious cycle intertwining inflammation, matrix degradation,
and abnormal vascularization. Ultimately, this self-reinforcing tripartite
pathological network among cartilage, synovium, and subchondral bone results in
irreversible cartilage loss, chronic synovitis, and aberrant bone remodeling,
collectively driving the progression of osteoarthritis (Figure 2).

3.2 Limitations of current pharmacological and surgical treatments

Current treatment strategies for osteoarthritis are designed to alleviate symptoms
and slow disease progression, but they generally fail to reverse existing cartilage
damage. These approaches exhibit significant limitations in their therapeutic
precision, long-term safety, and broad clinical applicability. Pharmacological
interventions primarily involve non-steroidal anti-inflammatory drugs and intra-
articular injections [39, 40]. While these agents can suppress inflammation in the
short term, for example, by reducing prostaglandin E2 production through COX-2
inhibition, their inability to penetrate the dense cartilage matrix prevents them from
reaching the core of the injury. Furthermore, prolonged use of these drugs may
paradoxically accelerate cartilage calcification. Biological agents, such as IL-1
receptor antagonists or anti-TNF-a monoclonal antibodies, offer more targeted
modulation of inflammatory pathways. However, they carry a risk of
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Figure 2.

Pathological progression and key mechanisms of osteoarthritis. Common clinical symptoms include joint pain,
stiffness, swelling, deformity, limited range of motion, and bone friction. The molecular cascade is initiated by
joint injury, leading to mitochondrial dysfunction and elevated ROS. This triggers the release of alarmins, which
activate macrophages and influence their polarization phenotype. Activated macrophages secrete pro-
inflammatory mediators such as TGF-B, IL-1B, and IL-6, which, in turn, promote the expression of matrix-
degrading enzymes, including MMP-3 and MMP-13. These processes collectively drive chondrocyte damage and
apoptosis, cartilage degradation, joint inflammation, and ultimately result in the formation of mechanically
inferior fibrocartilage.
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immunogenicity and demonstrate limited efficacy in restoring an ECM that has
already been degraded. Gene therapy approaches that utilize viral vectors to deliver
anabolic genes like SOX9 or BMP aim to enhance matrix synthesis. Their clinical
translation remains challenging due to low delivery efficiency, uncontrollable
transgene expression, and persistent safety concerns [41]. A summary of typical
drugs and small molecules used in cartilage injury treatment is provided in Table 1.
In the realm of surgical interventions, microfracture techniques promote the
formation of fibrocartilage by recruiting bone marrow stem cells. The resulting
repair tissue, however, lacks the biomechanically robust architecture of native
hyaline cartilage and exhibits a high failure rate of up to 60% within two to three
years [42]. Autologous osteochondral transplantation can provide genuine hyaline
cartilage, but it is associated with donor site morbidity in 20% to 30% of cases.
Furthermore, the repair of large defects often requires multiple complex procedures.
Allograft transplantation carries inherent risks of immune rejection due to challenges
in HLA matching and potential disease transmission, with five-year graft survival
rates reported below 70%. Autologous chondrocyte implantation necessitates two
separate surgical procedures and entails high costs, while the survival rate of the
implanted chondrocytes is only 30% to 50%. These cells also frequently lose their
stable phenotype over the long term. Emerging technologies, such as 3D bioprinted
scaffolds, can mimic the mechanical gradients of the native ECM. However, the
inadequate vascularization of these constructs often leads to central cell necrosis, and
the engineered tissues frequently fail to integrate and adapt under dynamic
mechanical loading in the joint [43, 44]. These collective shortcomings underscore
a fundamental inadequacy of existing therapies to achieve targeted, durable, and
functionally integrated cartilage repair. This persistent challenge highlights the
urgent need for the development of multi-modal therapeutic strategies that
effectively combine biological activity with biomechanical compatibility.

4. Advantages of injectable hydrogel for cartilage repair

Injectable hydrogels present multifunctional platforms for cartilage repair, offering
innovative solutions based on their minimally invasive delivery, capacity for
controlled therapeutic release, mechanical adaptability, and inherent lubricating
properties (Figure 3). Their primary clinical advantage is the ability for precise,
minimally invasive injection that conforms to and fills irregularly shaped defects
within the joint cavity [55, 56]. This in situ gelation process eliminates the need for
open surgical procedures. The resulting 3D network achieves dynamic mechanical
compatibility with the native tissue, as the hydrogel stiffness can be finely tuned from
0.1 to 100 kPa to match the elastic modulus of natural cartilage [57], which is
approximately 1 to 10 MPa [55]. Advanced designs that incorporate a calcified layer
interface further facilitate physiological stress transmission to the underlying
subchondral bone, thereby preventing secondary damage from mechanical mismatch.

The porous 3D structure formed after cross-linking effectively recapitulates the
physical architecture of the native cartilage ECM. This biomimetic scaffold provides
essential physical support for cell colonization and proliferation while
simultaneously enhancing the diffusion of nutrients and metabolic waste, thereby
reconstructing a conducive microenvironment for functional cartilage regeneration
[58-60]. Regarding therapeutic delivery, the chemically cross-linked network of
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Schematic diagram of injectable hydrogel used as a therapeutic agent repository for articular cartilage repair.
Hydrogels offer several distinct advantages as scaffolds for cartilage repair. Their injectable nature undergoing
a sol-gel transition enables minimally invasive precise delivery of therapeutic agents to injury sites. This approach
prevents swelling damage caused by bone-on-bone friction and reduces patient discomfort. These materials possess
tunable mechanical properties and exceptional shape adaptability making them ideal for filling both large
and small irregular cartilage defects while serving as load-bearing biomimetic structures. Functioning as
reservoirs for therapeutic agents’ hydrogels can be engineered to respond intelligently to the local microenviron-
ment enabling precise spatiotemporally controlled loading and release of bioactive molecules for targeted treat-
ment. Stem cells veleased from hydrogels promote cartilage vegeneration by differentiating into chondrocytes or
secreting exosomes that enhance chondrocyte proliferation. Genes released from hydrogels silence pathogenic
factors or increase the expression of repair genes within infected chondrocytes to facilitate cartilage regeneration.

hydrogels allows for the efficient encapsulation of diverse bioactive cargo.
Thermosensitive hydrogels, such as those utilizing poly(N-isopropylacrylamide),
undergo a sol-gel transition at physiological temperature to form a physical barrier
that can extend drug half-life beyond two weeks [61]. Alternatively, the
incorporation of pH-sensitive chemical bonds enables an inflammation-responsive
drug release profile, maintaining a therapeutically effective anti-inflammatory
concentration precisely at the injury site [62].
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Specialized conductive hydrogels, for instance, systems modified with
polypyrrole, can synergize with applied electrical stimulation to promote the
chondrogenic differentiation of stem cells, thereby guiding the formation of
metabolically active neocartilage [63]. Lubrication is another critical feature
enhanced through biomimetic design; hydrogels modified with sulfonated
hyaluronic acid can form a robust surface hydration layer, achieving an ultra-low
coefficient of friction of approximately 0.003, which is comparable to the
performance of natural articular cartilage. Furthermore, hydrogels with dynamic
cross-links possess self-healing capabilities, allowing them to autonomously repair
micro-damage incurred during joint movement and thus maintain a smooth
articulating surface. Composite systems, such as hyaluronic acid-chitosan
lubricating films, function as a physical barrier against invasive fibrous tissue while
also adsorbing endogenous lubricin from the synovial fluid to establish a mechanism
for sustained lubrication [64]. This multi-mechanism synergy enables hydrogels to
maintain their functional integrity under repetitive joint loading, thereby creating
a stable and protective biomechanical environment conducive to long-term
regeneration.

Finally, the degradation profile of an engineered hydrogel can be precisely
programmed through rational material design. This ensures that the scaffold
resorption rate is synchronized with the pace of new tissue formation, providing
temporary mechanical support before undergoing safe metabolic clearance without
necessitating secondary surgical removal. This controlled life cycle completes
a holistic therapeutic strategy for cartilage repair.

5. Precision design of hydrogels for cartilage damage in joints

The pathological microenvironment after cartilage injury demonstrates a range of
characteristic biochemical and biomechanical alterations. These changes offer clear
targets for developing precision-responsive smart hydrogels. First, in response to the
typical acidic pH, elevated matrix metalloproteinases (MMPs), and reactive oxygen
species (ROS) found in injured areas, stimulus-responsive hydrogels can be
engineered [65, 66]. For example, employing pH-sensitive chemical bonds, such as
hydrazone bonds or Schiff base bonds, enables specific degradation and controlled
release of anti-inflammatory drugs within the acidic inflammatory environment
[67]. Incorporating MMP-specific substrate peptide sequences into the hydrogel
cross-linked network allows enzyme-triggered degradation and drug delivery,
thereby accurately targeting zones with active extracellular matrix breakdown [68].
Furthermore, integrating ROS-scavenging groups, like boronate esters or thioethers,
or utilizing nanozymes helps neutralize excess ROS [69]. This action mitigates
oxidative stress damage to chondrocytes and establishes a protective reductive
setting for tissue regeneration.

Second, the osteochondral unit, consisting of cartilage and subchondral bone,
possesses distinct mechanical properties and biological functions. This demands
a layered biomimetic approach in hydrogel design [70]. Using 3D printing or
sequential injection methods, bilayer or gradient hydrogel scaffolds can be
constructed. The segment oriented toward the cartilage layer is generally designed as
a soft hydrogel with a low compressive modulus, approximately 0.1 to 1 MPa [71]. It
is enriched with hyaluronic acid or type II collagen to imitate natural cartilage
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mechanics and encourage cartilage formation. The portion facing the subchondral
bone requires the addition of hydroxyapatite nanoparticles or hydrogels with higher
cross-linking densities to achieve greater stiffness on the gigapascal scale [72]. This
supplies necessary mechanical cues for bone formation and supports bone tissue
integration. The gradual transition in mechanical and biochemical properties from
the cartilage layer to the bone layer effectively mimics the native osteochondral
interface. It fosters the development of functionally integrated tissue and prevents
mechanical incompatibility and repair failure at the junction [73].

In summary, by precisely aligning the physicochemical characteristics of
hydrogels, including degradation kinetics, mechanical strength, and bioactivity,
with the specific signals in the cartilage injury microenvironment (such as pH levels,
matrix metalloproteinases, and reactive oxygen species), and the anatomical
hierarchy between cartilage and bone layers, researchers can transition from
a universal one-size-fits-all treatment to a tailored, on-demand precision strategy for
cartilage regeneration.

6. Application of therapeutic molecule-loaded hydrogel in cartilage
repair

6.1 Drug-loaded hydrogel for cartilage repair

Drug-loaded hydrogels represent an advanced strategy for cartilage repair in
osteoarthritis, capitalizing on their 3D network structure, excellent biocompatibility,
and controllable drug release profiles. These biomaterial systems serve a dual
function by acting as biomimetic scaffolds that replicate the native cartilage ECM to
provide mechanical support for new tissue growth, while also enabling the targeted
delivery of therapeutic agents to modulate the pathological microenvironment and
enhance chondrocyte activity. This combined approach helps disrupt the self-
perpetuating cycle of cartilage degradation and chronic inflammation.

Recent research has demonstrated substantial progress in utilizing drug-loaded
hydrogels for cartilage regeneration. Scientists have engineered systems that
incorporate small molecule drugs, targeted pathway inhibitors, and clinically
relevant agents to achieve a coordinated therapeutic outcome combining
microenvironment regulation with structural tissue repair. For instance, Chen et al.
[74] developed an inflammation-responsive hydrogel loaded with bevacizumab for
anti-inflammatory and anti-angiogenic effects in cartilage repair. This system
employs a dynamic hydrogen-bonded network stabilized by phenolic hydroxyl
groups to enable sustained release of the anti-angiogenic drug at the defect site,
effectively inhibiting VEGF signaling and preventing pathological vascular invasion.
Concurrently, released magnesium ions mitigated inflammation through
suppression of the NF-xB pathway while promoting chondrogenic differentiation of
resident bone marrow mesenchymal stem cells. In a rabbit model of full-thickness
cartilage defects, this treatment generated regenerated tissue with collagen
organization closely resembling that of native hyaline cartilage.

Addressing chondrocyte ferroptosis, Yang et al. created a folic acid-modified
polydopamine nanoparticle hydrogel delivering leonurine [75]. This targeted system
significantly reduced IL-1p-induced ferritinophagy by specifically modulating M1
macrophage polarization. The gelatin-polyethylene glycol diacrylate composite
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formed a durable drug reservoir within the joint space, extending the therapeutic
duration to more than three times that of conventional delivery methods while
restoring the elastic modulus of repaired cartilage to near-normal levels.

Huang et al. designed a gel responsive to reactive oxygen species that
encapsulates cartilage growth factor (KGN) for cartilage repair [76]. This system
underwent ultrasound-triggered in situ gelation with subsequent sustained KGN
release, which activated the Smad5/mTOR pathway to drive chondrogenic
differentiation of mesenchymal stem cells. In rabbit models, this treatment achieved
78% depth repair in full-thickness defects, with glycosaminoglycan content in the
regenerated tissue reaching 92% of normal cartilage values. Furthermore, a calcium/
strontium co-crosslinked hydrogel incorporating the Wnt pathway inhibitor LGK-
974 effectively suppressed B-catenin signaling and reduced the proportion of pro-
inflammatory M1 macrophages to 15% [77]. The incorporated strontium ions
simultaneously stimulated chondrocyte anabolic activity, resulting in 68.5% type II
collagen-positive areas in a porcine cartilage defect model, presenting a promising
approach for osteoarthritis intervention.

These advancements highlight the multidimensional benefits of drug-loaded
hydrogel platforms, where small molecule drugs provide prolonged therapeutic
action through sustained release kinetics, targeted inhibitors precisely block
pathological signaling cascades, and clinically approved compounds facilitate
translational potential. From a technical perspective, dynamic crosslinked
networks enable stimulus-responsive drug release, biomimetic mechanical
gradients replicate zonal cartilage characteristics, and surface modifications
enhance biocompatibility and integration. Future development will likely focus
on sophisticated multi-drug co-delivery systems capable of spatiotemporally
controlled sequential release, such as initially releasing anti-inflammatory agents
followed by pro-regenerative factors, or designing intelligent responsive
hydrogels that synchronize drug release profiles with the distinct phases of the
tissue regeneration process.

6.2 Stem cell-loaded hydrogels for cartilage repair

Stem cell-loaded hydrogels represent a rapidly advancing frontier in cartilage
tissue engineering, combining the regenerative potential of various stem cell sources
with the supportive and biomimetic properties of hydrogel scaffolds. These
integrated systems have demonstrated significant progress in achieving functional
cartilage regeneration. Researchers have successfully incorporated multiple cell
types, including bone marrow mesenchymal stem cells (BMSCs), adipose-derived
mesenchymal stem cells (ADSCs), induced pluripotent stem cells (iPSCs), and
human embryonic stem cells (hESCs), into hydrogel matrices to enhance repair
outcomes. For instance, Zhong et al. [78] developed an injectable hydrogel derived
from decellularized porcine meniscus ECM and loaded it with BMSCs for
implantation in a rabbit model of full-thickness white-zone meniscus injury. The
thermosensitive hydrogel, combined with the immunomodulatory properties of the
ECM, synergistically enhanced chondrogenic differentiation of the stem cells,
resulting in regenerated tissue with glycosaminoglycan content comparable to native
cartilage. In another approach, Wang et al. created a methacrylated silk fibroin
hydrogel featuring surface microgrooves to guide the oriented growth of BMSCs
[79]. When combined with a decellularized cartilage matrix scaffold in a rabbit
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tracheal defect model, this construct supported the regeneration of neocartilage with
a native-like elastic modulus after 12 weeks, without calcification or fibrosis.

Adipose-derived mesenchymal stem cells have gained prominence due to their
accessibility and abundance. Yang et al. [80] designed a chitosan hydrogel composite
loaded with ADSCs, in which an optimized crosslinked network enabled the
sustained release of the cells. This system significantly enhanced type II collagen
expression while reducing type I collagen deposition, indicating successful inhibition
of fibrotic tissue formation. In a more sophisticated strategy, Chen et al.
incorporated human urine-derived stem cells overexpressing basic fibroblast growth
factor into a decellularized small intestinal submucosa hydrogel for tendon-bone
interface repair [81]. This construct modulated local inflammation by promoting M2
macrophage polarization, resulting in extensive type II collagen deposition covering
68.5% of the defect area and mechanical properties restored to near-normal levels.

hESCs offer exceptional differentiation potential but face clinical limitations due to
ethical concerns and tumorigenic risks. As a promising alternative, induced
pluripotent stem cells have emerged as a viable cell source. Toh et al. [82]
demonstrated that hESC-derived chondrocytes encapsulated in hyaluronic acid (HA)
hydrogels formed ECM-rich cartilage structures. When implanted into critical-sized
osteochondral defects in rats, these constructs closely mimicked native osteochondral
tissue after 12 weeks, while control defects treated with hydrogel alone showed poor
repair. Importantly, no tumor formation was observed, supporting the safety profile of
this approach. Similarly, porcine model studies confirmed that transplanted iPSCs
could regenerate cartilage at osteochondral defect sites without tumorigenesis [83].
A 3D microchamber hydrogel transition platform has further been developed to guide
iPSC differentiation into chondrocytes, producing grafts rich in type II collagen.
Notably, the repair quality achieved with iPSC-derived chondrocytes surpassed that
mediated by BMSCs, potentially due to epigenetic modifications such as increased
methylation at CpG sites in the COL10A1 promoter that suppress hypertrophic
differentiation and promote stable cartilage phenotypes. Despite these advances, low
survival rates of transplanted iPSCs remain a significant challenge.

In summary, stem cell-loaded hydrogels have demonstrated promising cartilage
repair outcomes in animal models. However, clinical translation requires
overcoming several obstacles, including mismatched degradation and regeneration
kinetics, unstable chondrogenic differentiation of stem cells, and the establishment
of standardized manufacturing protocols. Future research should focus on
advanced material modifications, precise control of release kinetics, and optimized
preclinical evaluation systems to accelerate the clinical application of these
regenerative strategies.

6.3 Gene-loaded hydrogels for cartilage repair

Gene-loaded hydrogels represent an advanced therapeutic strategy for multi-
dimensional intervention in cartilage degeneration through the incorporation of
novel regulatory molecules, including miRNA, siRNA, and circRNA. These systems
enable precise genetic modulation within the challenging joint environment. Li et al.
[84] developed a streamlined zinc oxide hydrogel delivering miR-17-5p through
a dynamically crosslinked network. This design reduced injection resistance by 40%
due to its optimized hydrodynamic properties, while the responsively released
miRNA effectively inhibited MMP-13 expression and activated the chondrogenic
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SOX9 pathway. In a rat model, this treatment restored the elastic modulus of
regenerated cartilage to 85% of normal tissue values. To address cellular senescence,
a self-assembling peptide hydrogel delivering miR-29b-5p was engineered to recruit
synovial mesenchymal stem cells through incorporation of the homing peptide
SKPPGTSS [85]. The sustained miRNA release suppressed P16INK4a expression via
the TET1/PPAR v pathway, achieving 78% depth repair of full-thickness cartilage
defects in an osteoarthritic rat model. Similarly, Long et al. created a nanocomposite
hydrogel loaded with miR-455-3p that utilized a biomimetic gradient pore structure
to enable sustained release [86]. This system improved miRNA delivery efficiency
threefold, significantly enhanced type II collagen synthesis, and inhibited ADAMTS5
activity, resulting in glycosaminoglycan content recovery reaching 92% of normal
levels in a porcine cartilage defect model.

In the domain of siRNA delivery, an inflammation-regulated self-assembling
hydrogel microsphere system was developed to deliver siRNA targeting IL-1p [87].
By incorporating pH-responsive calcium phosphate co-precipitation, this system
achieved 80% gene silencing efficiency in the weakly acidic microenvironment of
cartilage while effectively anchoring to the cartilage matrix to prevent therapeutic
diffusion. In a rabbit model, it reduced MMP-13 expression by 62%. Zhang and
collaborators constructed a metal-organic framework co-loaded with HIF-2a siRNA
and curcumin [87]. The released siRNA effectively cleaved HIF-2a mRNA, achieving
potent gene silencing, while curcumin concurrently suppressed inflammation and
cartilage degradation, demonstrating a valuable synergistic therapeutic effect.

The repair mechanisms of gene-loaded hydrogels primarily operate through
three key pathways. The first pathway involves inflammation suppression,
exemplified by microRNA-140-loaded hydrogels that significantly reduce intra-
articular levels of pro-inflammatory factors, including IL-6, IL-1p, and TNF-a.
The second pathway promotes chondrogenic differentiation, as demonstrated by
systems containing small molecule inducers like TD-198946, which effectively
drive mesenchymal stem cells toward chondrogenic commitment while
inhibiting fibrotic changes. The third mechanism focuses on maintaining ECM
homeostasis by regulating the expression of collagen-degrading enzymes, such as
MMP-13 and ADAMTS-5, thereby reducing matrix breakdown.

Despite these significant advances, several challenges remain unresolved. Non-
viral delivery systems frequently suffer from limited transfection efficiency, while
viral vectors present potential safety concerns, including immunogenicity and
insertional mutagenesis. Additionally, mismatched kinetics between hydrogel
degradation and tissue regeneration rates often compromise clinical outcomes.
Successful translation to clinical applications will require overcoming several
hurdles, including validation in large animal models, comprehensive long-term
safety assessments, and the development of standardized manufacturing protocols.
Future research should prioritize optimizing vector design, developing smart,
responsive hydrogels with precise release kinetics, and conducting multi-center
clinical trials to advance this promising therapeutic approach toward clinical reality.

7 . Application of 3D printing in cartilage repair

3D printing technology has emerged as a promising solution to overcome the
limitations of existing cartilage repair strategies and achieve biomimetic
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regeneration that restores both structural and functional properties. This advanced
manufacturing approach enables the precise spatial arrangement of biomaterials,
living cells, and bioactive factors, thereby creating new opportunities for
constructing personalized bioactive scaffolds that replicate the native osteochondral
gradient structure [88].

3D bioprinting technologies offer distinct advantages for cartilage repair
applications based on their unique operational principles. Extrusion-based
bioprinting represents the most widely utilized technique, employing pneumatic or
mechanical systems to deposit bioinks in continuous filaments through layer-by-
layer accumulation. This method accommodates a broad spectrum of materials,
ranging from high-strength synthetic polymers to soft cell-laden hydrogels, while
multi-printhead configurations enable the fabrication of heterogeneous constructs
crucial for osteochondral interfaces. For instance, researchers have successfully
fabricated mechanically reinforced scaffolds by co-printing gelatin methacryloyl
hydrogels containing chondrocytes alongside polycaprolactone structural fibers,
demonstrating effective cartilage repair in animal studies [89, 90]. The limitations of
this technology include relatively low printing resolution and the potential for
reduced cell viability due to shear stress during extrusion. In contrast, vat
polymerization bioprinting, such as digital light processing, operates on a projection
principle where light selectively solidifies photosensitive resins with high
precision. This approach offers significant advantages, including micron-scale
resolution and smooth surface finishes that effectively mimic the low-friction
characteristics of native articular cartilage, while its layer-projection mechanism
substantially accelerates manufacturing speed. Practical applications include digital
light processing-printed poly(ethylene glycol) diacrylate and polycaprolactone
composite scaffolds for repairing large cartilage defects in goats, with elastic moduli
tunable between 0.5 and 5 MPa through material ratio adjustments to match
regional mechanical requirements. A primary challenge for this technology involves
developing cytocompatible photoinitiators and resins to address the cytotoxicity
concerns associated with conventional materials. Additionally, inkjet bioprinting
employs precise control mechanisms to generate extremely fine bioink droplets for
targeted deposition, offering advantages in printing velocity and cell survival rates.
Representative applications include printing microdroplets containing transforming
growth factor-p3 into specific regions of hydrogel scaffolds to create localized
chondrogenic signal gradients that efficiently direct stem cell differentiation [91].
This method, however, imposes stringent requirements on bioink viscosity and cell
concentration, while the resulting constructs typically demonstrate inadequate
mechanical strength, rendering it more suitable for precise bioactive factor delivery
or combination with other printing technologies.

Leveraging these distinctive technical capabilities, researchers have developed
three primary biomimetic strategies aimed at achieving integrated structural and
functional regeneration through accurate simulation of native osteochondral tissue.
The first strategy employs multi-material gradient printing using distinct bioinks to
represent cartilage and bone layers, thereby creating a seamless transition from
compliant to stiff regions in the vertical dimension that mimics the natural
mechanical progression. The second strategy involves the precise engineering of
porous architectures to establish distinct microenvironments appropriate for the
biological functions of cartilage and bone layers, while combining rigid frameworks
with soft hydrogels through co-printing to ensure mechanical integrity. The final
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strategy utilizes cell printing techniques to position different functional cells within
their respective anatomical regions accurately, employing microcarriers for
controlled release of growth factors to spatiotemporally guide zonal tissue
regeneration. These complementary approaches collectively advance osteochondral
repair toward the goal of functional tissue restoration (Figure 4).

8. Key technical parameters and performance

In injectable hydrogel design, performance hinges on the synergy between
response characteristics, mechanical properties, and release kinetics. For instance,
thermosensitive hydrogels, such as those based on pNIPAM, typically exhibit
gelation times ranging from tens of seconds to several minutes [92]. Their elastic
modulus, approximately 1-10 kPa, readily matches that of superficial native
cartilage. However, their drug release often relies on passive diffusion, resulting in
a relatively short half-life of several days. In contrast, chemically crosslinked or
double-network hydrogels can achieve a broader modulus range, from 10 kPa to
several megapascals, by adjusting crosslinking density [93]. This enables them to
mimic the mechanical gradient from cartilage to subchondral bone. Nevertheless,
their gelation time requires precise control to prevent syringe clogging. Smart
responsive hydrogels, such as those reacting to ROS, pH, or enzymes, achieve on-
demand precise control of drug release [94, 95]. For example, in an inflammatory
environment with ROS concentrations around 100 uM, their degradation and drug
release rates can increase by three to fivefold [96]. This extends the maintenance of
therapeutic doses from several weeks to months, significantly enhancing treatment
precision and efficiency.
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Figure 4.
Schematic diagram of the application of 3D printing in joint cartilage repair.

112



Hydrogel Engineering Interventions for Precision Cartilage Regeneration...
DOI: http://dx.doi.org/10.5772/intechopen.1014179

In selecting 3D printing technologies, different technical pathways present
inherent trade-offs among resolution, printing speed, and biocompatibility.
Extrusion-based printing can process high-viscosity bioinks and construct
mechanically robust scaffolds with compressive moduli reaching hundreds of
megapascals [97]. However, its resolution, typically exceeding 100 um, and cell
viability, around 80%, are limited [98]. Vat polymerization printing, such as digital
light processing (DLP), can fabricate structurally precise scaffolds with higher
resolution, approximately 10-50 um, and faster speed, with layer curing times in
seconds [99]. This makes it highly suitable for mimicking the low-friction
characteristics of cartilage surfaces. Yet, the cytotoxicity of commonly used UV
photoinitiators and resin monomers remains a critical challenge. Inkjet printing
demonstrates excellent cell viability, over 90%, and enables precise distribution of
growth factors to create biochemical gradients [100]. However, constrained by
low-viscosity inks, the mechanical strength of its formed structures is often
inadequate.

In summary, the multiple technologies discussed in this review are not mutually
exclusive but rather constitute a toolbox from which researchers can select
precision solutions based on specific repair requirements. Future innovation lies in
intelligent integration — for example, using stimulus-responsive hydrogels as bioinks for
3D printing. This approach would create living implants that perfectly fit defect
shapes while dynamically responding to changes in the internal microenvironment,
ultimately advancing cartilage regeneration from static replacement to a dynamic
regulation paradigm.

9. Clinical translation challenges for hydrogels

Although hydrogel-based drug, cell, and gene therapies demonstrate promising
cartilage repair potential in preclinical animal models such as rabbits, rats, and
pigs, their translation toward broad clinical application faces several critical barriers.
First, regarding the translation pathway, current research predominantly follows
alinear model progressing from small animals for concept validation to large animals
for functional and dimensional verification [101]. However, a significant gap exists
when transitioning to human trials. For instance, the spontaneous repair capacity
and joint mechanical environment of rodents differ substantially from humans
[102]. Even large animal models exhibit differences in joint size, cartilage thickness,
and life cycle compared to humans, making it difficult to directly extrapolate
therapeutic efficacy and dosage parameters from animal studies to human
applications.

Second, each therapeutic modality presents unique translational limitations. For
drug-loaded hydrogels, the challenges involve ensuring the long-term stability of
active molecules within the complex human joint cavity and achieving precisely
controlled release kinetics that match the prolonged timeline of human cartilage
repair, thereby avoiding initial burst release or premature depletion [103, 104]. The
core issues for cell-laden hydrogels include cell source selection, tumorigenicity
risks (particularly with iPSC or hESC-derived cells), the cost and quality control of
large-scale expansion, and the low survival rate and phenotypic instability of
transplanted cells within the inflammatory human environment [105]. Gene-loaded
hydrogels face even greater regulatory hurdles and safety concerns, including the
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immunogenicity of viral or non-viral vectors, potential off-target effects, and
insertional mutagenesis, all of which significantly impede their clinical translation
pace [105].

Therefore, advancing the clinical translation of hydrogel-based cartilage repair
technologies must focus on several key areas. First, standardized manufacturing and
quality control are essential to ensure consistent physicochemical properties (such as
modulus, porosity, and degradation rate), along with bioactivity across hydrogel
batches, meeting good manufacturing practice requirements [106]. Second,
conducting more clinically relevant preclinical studies, for example, evaluating
efficacy in aged or metabolically impaired animal models, such as those with
diabetes, can better simulate the pathological conditions of human osteoarthritis
patients. Third, adopting translational medicine principles early, engaging with
regulatory agencies to establish evaluation criteria, and designing patient-centered
clinical trial endpoints that prioritize pain relief, functional recovery, and quality of
life improvements as patient-reported outcomes, alongside imaging and histological
assessments [107]. Only through systematic interdisciplinary collaboration to
address these translational bottlenecks can hydrogel technology truly advance from
laboratory research to surgical practice, becoming a precision medical tool that
transforms the clinical management of osteoarthritis.

10. Prospects and conclusions

Although injectable hydrogels and 3D printing technologies show great promise
for cartilage repair, current research exhibits significant limitations. These
limitations, however, represent the most compelling directions for future
innovation. First, contemporary materials possess only rudimentary smart
functionality. Most hydrogels face an inherent conflict between mechanical
strength and nutrient diffusion efficiency. Furthermore, their degradation rates
often fail to synchronize with the prolonged timeline of tissue regeneration. Future
investigations should progress beyond optimizing individual properties and
instead focus on developing adaptive hydrogel systems [107]. For instance,
employing dynamic covalent chemistry, such as Diels-Alder reactions or
boronate esters, could create materials with self-healing capabilities and
stress-stiffening behaviors [108]. These systems would not only maintain
structural integrity under dynamic joint loading but also actively promote
chondrocyte differentiation through mechanical signaling. Additionally, logic-gate
hydrogels integrating multiple stimulus-responsive elements, for example, to pH,
ROS, and MMPs, could function as microscopic processors [109]. They would
intelligently and sequentially release different therapeutic agents in response to
complex pathological signal combinations, thereby achieving precise programmed
treatment from anti-inflammatory therapy to pro-regenerative stimulation.

Second, biological control over implanted cell fate remains relatively imprecise.
Cells frequently undergo dedifferentiation or terminal differentiation into
hypertrophic chondrocytes, leading to calcification of repaired tissue. Future
breakthroughs may incorporate synthetic biology principles into tissue engineering.
By designing genetic circuits that overexpress anti-hypertrophic factors, such as
PTHrP, or engineering synthetic receptors responsive to mechanical stimuli, cells
could achieve autonomous decision-making capacity and maintain stable
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chondrogenic phenotypes. Meanwhile, integrating organoid technology with
hydrogels presents an exciting frontier. Pre-forming self-organizing micro-bone or
osteochondral organoids in vitro, then implanting them as living building blocks,
could simultaneously address multiple challenges, including low cell survival rates,
disordered spatial distribution, and poor functional integration.

Finally, we must confront the translational gap directly. Current animal models,
predominantly using acute injuries in young specimens, fail to adequately
replicate the complex context of human osteoarthritis, characterized by chronic
progression, aging, and metabolic abnormalities [110]. Therefore, validating
therapeutic efficacy in humanized models or disease-recapitulating models will
prove crucial. Moreover, advancing standardized and automated manufacturing,
such as GMP-compliant hydrogel production and 3D bioprinting processes, forms
the foundation for ensuring treatment reproducibility and safety [111]. This is
essential for transitioning these technologies from laboratory prototypes to clinical
pharmaceuticals.

In conclusion, this review systematically elaborates on the hierarchical structure
and physiological functions of the osteochondral unit, with an in-depth discussion
of the pathological vicious cycle formed between cartilage degeneration and
abnormal subchondral bone remodeling in osteochondral defects. It further
highlights that current pharmacological treatments can only temporarily alleviate
symptoms, while surgical interventions often face challenges such as poor tissue
compatibility and risks of secondary damage. Against this backdrop, injectable
hydrogels and 3D printing technologies demonstrate considerable potential as key
tools for precision cartilage repair. Injectable hydrogels exhibit excellent
biocompatibility, adapt to irregular defect morphologies after minimally invasive
injection, and allow flexible loading of functional components. They enable precise
modulation of the injury microenvironment by delivering anti-inflammatory drugs,
pro-regenerative factors, stem cells, or therapeutic genes, thereby providing suitable
matrix support for cartilage regeneration. Meanwhile, 3D printing technology
facilitates the accurate fabrication of biomimetic osteochondral gradient structures
through personalized design and multi-material integration. The combination of
these two approaches establishes an integrated repair strategy spanning material
design, functional loading, and structural biomimicry, opening new avenues for the
treatment of complex osteochondral defects.
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Abstract

Neural signals are transmitted through the brain via electrical impulses and
chemical messengers, carrying crucial details about the brain’s functional mechanisms.
To profoundly understand brain function, neural electrodes are needed to sense these
signals. However, traditional rigid electrodes struggle with poor contact on curved
surfaces like brain tissue, often causing damage or inflammation during implants. To
overcome this challenge, hydrogels, as an effective solution for neuroelectronic
applications, are promising due to their biocompatibility in contact with the human
body. Hydrogel-based or hydrogel-modified nano/micro-structured electrodes can
solve the ineffective contact between soft tissue and rigid electronics, enhancing signal
detection and safety. By incorporating conductive materials, such as metal-based
nanostructures, conductive polymers, and carbon-based nanomaterials, hydrogel
neural electrodes achieve low impedance, high signal fidelity, and long-term stability
for neuroelectronic devices. This chapter delves into hydrogel design basics and
synthesis routes, from simple mixing to advanced crosslinking. We’ll spotlight real-
world hydrogel-based neuroelectronic applications in wearable and implantable neural
devices, including electrochemical sensors (ECS) for neurotransmitters,
microelectrode arrays (MEAs) for electrocorticography (ECoG) and intracortical aims,
and EEG electrodes. In addition, we will introduce the future outlook and emerging
technologies in the field of neuroelectronics.

Keywords: conductive hydrogels, neuroelectronic devices, neurotransmitters,
microelectrode array, EEG electrodes, implantable electrodes, brain-computer
interfaces, electrochemical sensors

1. Introduction

Neuroelectronics has stood based on the convergence of neuroscience, biomedical
engineering, and materials science, with the aim of creating stable and effective
bidirectional interaction between electronic devices and the nervous system.
Neuroelectronics enables revolutionary technology in terms of neuromodulatory
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therapies and brain-machine interfaces (BMlIs), with objectives of rehabilitation,
modulation, or augmentation of neuronal functions. The inventions such as micro-
electrode arrays, electrocorticography, or electroencephalography have led to
remarkably detailed information in terms of space and time, helping to understand
neuroscience.

Simultaneously, in the area of electrophysiology-based interfaces, the use of
electrochemical sensors has enabled the monitoring of neurochemicals, including
dopamine, GABA, serotonin, glutamate, or acetylcholine. The above-mentioned
sensors are equipped with the capability to monitor, in real-time, the dynamics of the
involved neurotransmitters, thereby enabling a clear understanding of the
relationship between the two processes — electric events and the release mechanism.

Over the last few decades, neural electrodes have evolved for dual functions of
recording and stimulation in neurotherapy, but they are no longer limited to these
duties. They are also considered a practical tool for multimodal platforms, enabling
simultaneous monitoring of electrophysiological and neurochemical signals. When
electrochemical sensors are integrated into EEG or MEA systems, a hybrid platform
is formed, capable of correlating changes in electrical signals with corresponding
fluctuations in neurotransmitter levels. This integration paves the way into the
cognition of neural network behavior and could enable closed-loop neuromodulation
systems that respond to both electrical and chemical states of the brain [1, 2].

Michigan- and Utah-type microelectrode arrays, as silicon-based traditional
electrodes, have notably advanced electrophysiological studies by facilitating
precise, high-resolution recording and stimulation. Despite this, the high rigidity and
large stiffness mismatch between hard metals in the GPa range and soft tissues in the
kPa range, often leading to immunological reactions, tissue damage, and insufficient
signal, posing significant limitations on long-term implantation [2, 3].

To address these challenges, cutting-edge neuroelectronic materials focus on
mechanical softness, biocompatibility, and adaptable contact with neural tissues
and skin. Hydrogels, as alternative emerging materials, are appealing due to their
adjustable mechanical properties and structural correspondence to biological
tissues. In conductive hydrogels, the ionic and electrical pathways are merged to
enable facile neural signal transmission while preserving tissue flexibility. In
contrast to hard interfaces, electronic devices established based on conductive
hydrogels limit tissue injuries and chronic inflammations. Moreover, they are
capable of supporting consistent long-term electrical recordings and chemical
sensing. Their chemical conformability allows for the incorporation of degradable
or adhesive properties, which can further improve surgical performance and
interfacial durability [4-6].

This chapter is divided into three main sections. First, it introduces the reader to
the techniques of hydrogel synthesis, the vital requirements for hydrogels in
neuroelectronics, and the fabrication technologies, emphasizing their scalability and
compatibility. The second part presents an overview of various non-invasive and
invasive neuroelectronic devices, including EEG electrodes, MEAs for ECoG and
intracortical aims, along with electrochemical sensors, delving into their operational
mechanisms and the issues they face in neural electrical or chemical signal
assessment. Finally, the chapter highlights the prospects, as well as limitations and
opportunities in the future pathway of neuroelectronics, focusing on long-term
applications and multimodal closed-loop systems, which integrate both functions of
electrical and chemical detection.
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2. Hydrogels

Hydrogels comprise a three-dimensional porous structure, in which hydrophilic
polymers are networked together and are capable of absorbing water or biological
fluids up to thousands of times their dehydrated weight [6]. The term “network”
refers to the presence of crosslinks, which inhibit the water solubility of hydrophilic
polymer chains. Upon contact with water, they continue to absorb and swell. The
swelling behavior of hydrogels is governed by thermodynamic principles; however,
hydrogels remain insoluble in aqueous environments. Variations in the polymer
concentration, monomer functionality, structure, and cross-linker used in such gels
can modify the hydrogel structure [4].

Self-healing ability, strength, ionic/electronic conductivity, toughness, elasticity,
stretchability, adhesiveness, and shape memory are unique physicochemical properties
of hydrogels that can be manipulated to meet the requirements of specific applications
in diverse fields [7]. Among all remarkable hydrogel characteristics, mechanical
compatibility and softness, biocompatibility and prevention of scar formation, ionic
conductivity and a suitable chemical environment, as well as the capability for drug
delivery to neural tissue, make them appealing in the field of neuroelectronics.

The mechanical properties of hydrogels are influenced by various factors,
including the chemical structure and molecular weight of the polymer, polymer
crystallization, network topology, type of crosslinking, and crosslink density.
Typically, most hydrogels are prepared via random polymerization, which
inherently introduces heterogeneity into the crosslinked network, causing
mechanical flaws. In addition, the high water content of hydrogels leads to a low
polymer chain density per unit volume, which results in weak interactions between
adjacent chains and, consequently, poor mechanical properties. The poor mechanical
properties of hydrogels severely limit their application as structural materials. For
instance, in implantable neural electrodes, the mechanical performance of hydrogels
is crucial because they must adjust to match the stiffness of brain tissue (0.1-1kPa) to
prevent probe displacement or tissue micromotion-induced damage. The mechanical
characteristics of hydrogel structures affect cellular or tissue adhesion properties.
In addition, two properties of fatigue resistance and high toughness play a key role in
hydrogel-based flexible electronic devices, such as wearable neurotransmitter
sensors and flexible neural electrodes. The comfort and adaptability of flexible
interfaces with skin tissue are critically important for consistent and reliable
monitoring of purposes of interest [8, 9]. In this context, Martinelli et al. fabricated
a 3D flower-structured microelectrode array (e-flower) that tackles the challenges of
traditional 2D devices in interaction with complex 3D tissues, such as spheroids and
organoids. The electrode design was inspired by soft microgrippers, which applied
the swelling properties of polyacrylic acid hydrogel grafted onto a polyimide
substrate. This e-flower, which has been developed for electrophysiological
recording, is capable of achieving curvatures as small as 300 pm within a few
minutes [10].

Conductive hydrogels, due to their high water content and insulating polymers,
are not inherently suited for neuroelectronics. However, their conductivity can be
improved by introducing charge transport pathways through two distinct
approaches. The optimal conductivity is typically achieved by integrating both
pathways. The two primary pathways for enhancing hydrogel conductivity are ionic
and electrical conduction.
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In the ionic approach (wet path), charge is carried by the movement of
dissolved ions through the hydrogel’s water-filled network. The wet path can be
created by the incorporation of mobile ions such as Na*, CI', K" into the hydrogel
precursor or by applying polyelectrolytes (charged polymers) that comprise fixed
ionic groups. For example, a polymer with fixed negative charges (like polystyrene
sulfonate (PSS”) will attract and hold a high concentration of mobile positive ions
(cations) from the surrounding solution to maintain charge neutrality. Alginate,
chitosan, and hyaluronic acid are all natural polyelectrolytes used to make
conductive hydrogels. Conversely, in the electrical approach (wire path), charge is
transported via electron flow through a conductive material embedded within the
hydrogel. To facilitate electron flow, carbon-based materials (e.g., carbon
nanotubes, graphene, carbon nanofibers, etc.), conductive polymers (such as
polyaniline (PANI), polypyrrole (PPy), poly(3,4-ethylenedioxythiophene), and
poly(ethylene styrene sulfonate) (PEDOT: PSS)), and metal nanoparticles or
nanowires (Au, Ag, etc.) are commonly employed. These materials can be added to
the hydrogel structure by doping or in-situ polymerization of the hydrogels [11].
Wang et al. introduced a conductive hydrogel-based platform designed for
cultivating neuronal cells. The hydrogel matrix is composed of a viscoelastic
alginate primary network, which is interconnected by a secondary network formed
by the neuronal cell adhesion protein, laminin. Embedded throughout the hydrogel
matrix are conductive poly(3,4-ethylenedioxythiophene): polystyrene sulfonate
(PEDOT: PSS) particles, serving as an electrically active filler phase. This study,
which employed both ionic and electronic pathways to enhance conductivity,
demonstrated remarkable stability when used for culturing human-induced
pluripotent stem cell-derived cortical neurons over 28 days. The findings revealed
that the optical, mechanical, and electrochemical properties of the proposed
hydrogel are well-suited for electronic interfaces with brain tissues [12]. Figure 1
depicts a schematic demonstration of conductive hydrogels’ applications in
neuroelectronics.

2.1 Synthesis methods

The properties of network configuration, porosity, conductivity, and swelling
behavior are influenced by the synthesis technique of the hydrogel. In addition,
mechanical strength and biocompatibility are also dependent on the selected
synthesis process, making it ideal for a broad spectrum of applications, including
drug delivery, tissue engineering, sensors/biosensors, wound dressing, and neural
probes [8].

In general, hydrogels can be synthesized in different forms of amorphous (non-
crystalline), semicrystalline, and crystalline, based on their supposed applications.

Depending on the technique used in their preparation, hydrogels can be produced
in different physical forms and morphologies. Hydrogel particles, 2D layers, and 3D
bulk are examples of different forms of synthesized hydrogels [13]. It is noteworthy
that both synthetic polymers, such as polyethylene glycol, poly (vinyl alcohol)
(PVA), polyacrylamide and natural polymers, including chitosan, alginate, gelatin,
and hyaluronic acid, can be used as precursors for hydrogel production. Typically,
a necessary component in hydrogel preparation could be a combination of both
initiators and monomers. The role of the initiator in the process is very essential since
they are responsible for the generation of free radicals in the monomers [14].
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Summariged characteristics of conductive hydrogels that used in neuroelectronic applications.

Depending on the desired properties, hydrogel formation involves either
chemical or physical crosslinking processes that connect polymer chains into a three-
dimensional network. In hydrogels, the chemical linkage of polymer chains with an
added crosslinking agent affects the physical properties of the polymer depending on
the degree of crosslinking and the crystallinity. When the amount of crosslinking
agent is insufficient, the physical interaction between polymer bonds breaks easily,
leading to the water solubility of the hydrogel. However, excessive use of the
crosslinking agent results in a high crosslink density, which reduces the swelling
degree of the hydrogel. Crosslinking can make the polymer elastic, decrease
viscosity, increase thermal stability, and increase mechanical strength and
toughness [15].

Recently, the cutting-edge technologies of the microfluidic method and 3D
printing have been integrated into synthesis methods, offering advantages over
traditional processes. In the following section, the main different synthesis methods
are briefly discussed [16-19].

2.1.1 Physical cross-linking
Physical networks are, in fact, transient cross-links and are created by polymer
entanglements due to non-covalent interactions like ionic/electrostatic interaction,

hydrogen bonding, polymerized entanglements, hydrophobic/hydrophilic
interactions, crystallization/stereo complexation, metal coordination, and n-1t
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stacking [8, 20, 21]. Unlike conventional chemical cross-linking processes, in this
category of hydrogels, the respective interaction is weak and mostly reversible in
nature. They are heavily influenced by external factors like pH changes, ionic
strength of the solution, solvents, and temperature. This category of hydrogels is
stabilized with respect to their structure and simultaneously prevents the complete
dissolution of the material. This process of physical cross-linking does not involve
harmful initiators and chemicals and hence finds applications in biomedicine and
tissue engineering [22, 23].

2.1.2 Chemical cross-linking

Chemical cross-linking refers to the formation of covalent bonds between
polymer chains, creating a permanent three-dimensional network. Unlike physical
cross-links, these covalent bonds are chemically strong, thermally stable, and
irreversible under normal conditions, which is ideal for applications requiring long-
term mechanical or chemical stability. The crosslink formation is carried out via
thermal, high-energy radiation, crystallite, and enzymatic processes. Table 1
summarizes the characteristics of the different synthesis methods.

2.1.3 Microfluidic and 3D printing approach

The microfluidic approach allows for precise control of gelation kinetics and
morphology by combining polymer precursors and micro/nanostructured agents to
create crosslinks in microfluidic chips. Homogeneous microscale hydrogels can be
produced with this technique by fine-tuning synthesis parameters like the fraction of
chemical ingredients, flow rate, and channel design. It is also possible to create
complex and gradient structures using this technology [18].

Hydrogels can also be used as 3D printing ink because of their high hydration
level. Hydrogels’ adjustable mechanical properties allow for the creation of hydrogels
with creative shapes using a variety of 3D printing techniques, including inkjet
printing, extrusion, stereolithography, laser-assisted bioprinting, etc. In order to
prevent hydrogels from clogging as they exit the printing device’s nozzle, the
fraction of precursor compounds, viscosity, viscoelasticity, and extrudability of
hydrogels must all be optimized. In 3D fabrication, print speed, bed leveling, print
orientation, and environmental factors are also crucial. Drug delivery, tissue
engineering, and medical devices are just a few of the many uses for hydrogels
created using 3D printing [27].

3. Applications of hydrogels in neuroelectronics

Hydrogels can serve as critical interfaces across the diverse spectrum of
neuroelectronic technologies, encompassing both non-invasive and invasive
methods for neural electrical recording and neurochemical detection.

Neural electrical signals are divided into two categories of field potentials (FP)
and action potentials (AP), in which local FPs result from the electrical activities of
a group of neurons, and the APs are the consequence of a rapid change in the cell
membrane potential. These signals are recorded primarily through three techniques:
non-invasive electroencephalography, semi-invasive electrocorticography, and

132



Hydprogels and the Brain: Recent Advances in Neuvoelectronic Devices

DOI: http://dx.doi.org/10.5772/intechopen.1014533

Method

Mechanism

Advantage

Challenges

Ref

Physical
cross-
linking

Hydrogen bonding

A type of dipole-
dipole attraction
when a hydrogen
atom bonded to

a strongly electrone-
gative atom, exists in
the vicinity of another
electronegative atom.
Hydrogen bonding is
essential in the devel-
opment of polysac-
charide-based hydro-
gels, as the abundant
hydrogen donors and
acceptors (e.g., OH’,
COOH’, NHj; °) pre-
sent in polysacchar-

ides facilitate the

establishment of these

interactions.

Safe for clinical
purposes
Self-healing

Injectable properties

Weak
interactions
Relatively low
mechanical
strength

[24]

Ionic interactions

1. Ionic interaction
between polyanio-
nic polymers and

metal ions.
2. Polyelectroyte

complexation of
polyanions with

polycations.

Safe

Self-healing ability

Inherent limita-
tion in mechan-
ical strength

[21]

Host-Guest
interactions

The host is referred to
as a molecule that has
a large cavity volume,
while guest mole-
cules, which have

complementary

shapes, will interact

with the host
molecule.

Facile and reversible

way

Relatively low
mechanical
strength

(21]

Crystallization

Microcrystals can act
as join points to form

3D networks.

Freeze-thaw techni-
que is a common way

to obtain
microcrystals.

Simple to operate
Safe

Enhanced crystalli-

nity and stability

Time-
consuming
process

[23]
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Method Mechanism Advantage Challenges Ref
Chemical  Crosslinking by Polymers can be Forming very strong  Multi-step pre- [25]
cross- small molecules crosslinked using bonds paration and
linking mono/bifunctional purification

small molecules (e.g., Cytotoxic for

formaldehyde, glutar- the cells

aldehyde, diethyl

squarate, etc.)

through ionic or

covalent interactions.

Thermal cross- The heat is applied to ~ Simple to operate Extended gela- [8]

linking make covalent bonds tion time. The
between polymer high tempera-
chains and is applic- tures can nega-
able to polymer solu- tively impact
tions that can tolerate the integrity
elevated temperatures and viability of
during processing. biological

components.

High-energy The unsaturated Precise crosslinking ~ High equipment  [25]

radiation reagents can be poly-  Mild aqueous condi-  costs
merized through tions Requires specia-
gamma rays or elec- (room temperature, lized facilities
tron beams. The physiological pH) Bioactive sub-
crosslinking degree avoid the use of stances must be
depends on factors toxic crosslinking added after
such as polymer con-  agents. irradiation to
tent, phase structure, prevent radical-
dosage and duration induced
of radiation, as well as damage.
the radiation source.

Photopolymerization — Light-sensitive func- Speedy preparation In this method, [25]
tional groups, such as ~ Low-cost cell and tissue
cyclodextrin, or production damages are
azobenzene can be created due to
a source for hydrogel the increased
synthesis. temperature of

light sensitizers
and delayed
irradiations.

Enzymatic cross- Enzyme catalysis Most active under Substrate [21,

linking modifies the structure  mild aqueous reac- specificity 26]
and substrates of tion conditions. The most
hydrogels because Strongly covalent expen.sive
of the enzymes’ bondin crosslinkers

. g
chemo-, regl.o—., .and Rapid gelation
stereo-selectivities. (Less than ten

minutes)
Table 1.

Various methods for synthesizing the hydrogels.
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invasive microelectrode arrays. The LFPs are mostly recorded by EEG and ECoG in
humans, while APs are usually recorded through animal tests [28]. However, there
have also been reports of action potential recordings in humans [29, 30].
Additionally, chemical signals in neural systems have been studied both through

in vitro wearable devices and in vivo detections using implanted

microelectrodes [31].

As previously discussed, the incorporation of conductive hydrogels in these
technologies results in lower impedance, enhanced conductivity, biocompatibility,
and superior mechanical properties of the electrodes. In the following sections,

a concise overview of each method will be provided, emphasizing the significance of
utilizing hydrogels in these domains.

3.1 Electroencephalogram electrodes

EEG is a noninvasive method for recording brain activity by measuring voltage
changes on the scalp, forehead, or ear caused by the synchronous activity of
neurons. The signal strength obtained from EEG can be considered within a low
range (5-300 pV, <100 Hz). The activities of the brain, which are termed “brain
oscillations,” have been classified into five categories: alpha, beta, theta, delta, and
gamma waves, depending on their frequencies and the activities of the brain at
the time of their occurrence. The different frequencies of the electrical activity of
the human brain depend on whether the brain is awake, sleeping, or emotionally
stimulated [9, 32, 33].

Gamma waves have frequencies ranging from 30-100 Hz and are primarily
involved in sensing, remembering, and concentrating or focusing attention on
certain tasks. Beta waves have frequencies between 12 and 30 Hz and have been
recorded during normal conscious processing of activities and tasks, and are thus
attributed to the processes of thinking, concentrated attention, and problem-
solving activities of the normal, healthy adult human being. The alpha waves have
frequencies ranging from 8-12 Hz and have been recorded while the person is
closing his or her eyes, and is relaxed, and at rest, but before the person becomes
emotionally disturbed or enters the stages of deep sleep. Theta waves have
frequencies of 4-7 Hz and are primarily involved in the process of dozing or
transitioning from waking to sleeping, while delta waves have frequencies ranging
from 0-4 Hz and are primarily involved in the deep sleep stages of the sleeping
pattern of the person [34].

Due to its high temporal resolution, noninvasiveness, and accessibility, EEG
allows for a wide range of applications in neurorehabilitation, cognitive
neuroscience, and brain-computer interfaces (BClIs).

There are, however, several remaining challenges regarding the attenuation of
the signal as it passes through the skull, vulnerability to environmental noise, and
conventional electrode limitations; these impose restrictions on achieving consistent
and accurate monitoring in ambulatory, wearable, and long-term settings. By
ensuring better skin contact and enhanced electrical stability, hydrogel-based
electrodes can greatly improve EEG signal quality and stability. They achieve this by
reducing skin-electrode contact impedance and minimizing the risk of motion
artifacts. Additionally, hydrogels provide a more comfortable experience for long-
term use [35].
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3.1.1 Classifications of EEG electrodes

One of the main requirements in EEG systems is ensuring the consistency of the
electrical link between the subject’s scalp area and the EEG electrode. EEG devices
can be divided into four main subgroups depending on the method used to make
electrical contacts with the scalp, which include wet, dry, semi-dry, and hydrogel-
like EEG electrodes, among others, as described briefly below.

3.1.1.1 Wet electrodes

In this type of electrodes, a conductive medium (gel or paste) is inserted between the
scalp and the electrodes to create a low-impedance interface between the electrodes and
the skin. Two most popular electrodes are the silver/silver chloride (Ag/AgCl) electrodes
and the gold cup electrodes, which form the basis of the wet electrodes.

This category possesses a high degree of flexibility and enables high-quality signal
recordings. However, the main problem is the application of the gels, which eventually
dry out, making long-term data measurement rather problematic. Furthermore, the
use of the gels causes skin irritation and sensitivities in the subject [9].

3.1.1.2 Dry electrodes

This class is divided into three subgroups: contact, non-contact, and micro-
electromechanical systems (MEMS) electrodes. Unlike wet electrodes, these do not
require gel application between surfaces, which reduces allergic reactions and
enhances reusability.

In contact-based electrodes, the connection depends on mechanical pressure to
establish a lower impedance. The popular comb-structured and claw-shaped designs are
used in both commercial products and research. To increase comfort and create softer
electrodes, the tips are smoothed by rounding them or incorporating spring-loaded pins.

Non-contact electrodes can record signals without direct physical contact with
the skin. In fact, signals are captured through capacitive coupling between the scalp
and the electrode. A microstructured fabric, plastic, ceramic, oxide, or organic
material is located between the fabricated electrode and the skin surface as
a dielectric. Although this method enhances safety and comfort and holds great
promise for wearable applications, the low signal-to-noise ratio and high noise
necessitate the use of a very high-input-impedance amplifier.

MEMS electrodes are microneedle arrays created through nano/microfabrication
processes, including photolithography and micromachining. Due to the penetration
of the electrode into the stratum corneum, the outermost layer of the skin, the
impedance dramatically reduces; however, the complex and costly fabrication
process, along with the discomfort caused by these microneedles, limits their
widespread clinical and consumer use [36-38].

3.1.1.3 Semi-dry electrodes
Semi-dry electrodes are designed with a lower need for liquid electrolytes.
Furthermore, the benefits of both wet and dry electrodes are combined together in

this class. Many attempts have been made to replace aqueous electrolyte-based
electrodes with gel-based ones, but good stability has not been reported [9].
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3.1.1.4 Hydrogel-like electrodes

Hydrated networks of polymers, such as polyvinyl alcohol (PVA) and polyacrylamide
(PAM) with conductive nanomaterial fillers, hold great promise as alternatives to wet
Ag/AgCl electrodes, addressing the challenges posed by conventional electrodes [39].
These polymers offer several advantages, including a skin-friendly Young’s modulus (1-
100 kPa) that enhances user comfort and minimizes motion artifacts [40]. They also
provide stable ionic and electronic conductivity, maintaining low impedance (<400 Q)
for extended periods, outperforming wet gels and dry electrodes even during movement
or sweating. Furthermore, robust adhesion can be achieved by catechol groups, based on
mussel adhesion, as well as nanoclay components, which help in creating a cohesive
touch without skin preparation [41]. Many hydrogels also incorporate self-healing
polymer chains, preserving performance despite mechanical damage during daily
use [42].
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Figure 2.

(a) PDA-PT@ag nanowires formed via pda-assisted galvanic replacement are embedded in a hydrogel to
quantitatively analyze high-vesolution EEG from the forehead and ear during cognitive tasks, with theta, alpha,
gamma and beta waves [40]. (b) The self-repairing hydrogel network, stabilized by hydrogen bonding and
ionicinteractions inhibits E. Coli and S. Epidermidis bacteria, maintaining structural integrity during three days
use [42]. (c) Hydrogel EEG electrodes record brain activity with two-layer microstructure, maintain stable
adhesion under CT/MRI environments. SEM analysis reveals a porous microstructure. Cytocompatibility
assessments, including live/dead staining and cell cultuve imaging, demonstrate minimal cellular toxicity and
normal cell morphology after three days, confirming their suitability for long-term bioelectronic applications
[43]. (d) Double-layer conductive-adhesive hydrogel captures bioelectric signals through epidermal
microchannels, with SEM-confirmed porous structure remaining stable after 7 days in air [35]. (A) (b) (C)
Assessment of hydrogel-based electrode in clinical applications. As indicated, the adhesion tests of fabricated
hydrogel showed the 90-degree peel adhesion strength [43]. (d) A schematic illustration of fabricated hydrogel-
based electrode, and the SEM images of the designed conductive hydrogel [35].

In general, hydrogel electrodes are fabricated as multilayer composites,
featuring a conductive layer with materials like graphene, carbon nanotubes, or
silver nanowires to enhance electrical performance, alongside an adhesive or
bioprotective layer designed for skin attachment and biocompatibility [9].
Recently, Ren et al. reported a hydrogel-based EEG electrode based on PVA and
Polyethylene glycol (PEG). By mixing PEG and PVP, this team was able to
drastically lower the impedance without using any metal nanoparticles to
improve the electrode’s conductivity. This allowed electroencephalography to be
integrated with MRI and computed tomography techniques (Figure 2(a)) [43].
Xue et al. also designed a long-term recording EEG electrode (Figure 2(b)),
which comprises a double cross-linked network consisting of sodium alginate and
polyacrylamide. They used the electrolyte content of water and potassium
chloride to enhance the ionic mobility of the hydrogel. The electron conduction
within the gel is enhanced by adding the conductive polymers poly
(3,4-ethylenedioxythiophene) (PEDOT) and poly(styrene sulfonate) (PSS) to
the gel precursor [35]. Table 2 provides a comparison of the performance across
different classes of electrodes.

“Correlation” refers to how similar the signal amplitudes are between two
electrode sites, indicating whether two brain regions are active at the same time. In
addition, “Coherence” is a more advanced measure that also considers phase,
indicating whether two regions are not just active together but are functionally
connected and communicating at a specific frequency.
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Electrode type Surface Signal to noise ratio (dB) Correlation Coherence
impedance (%) (%)

Wet (Ag/AgCl) 2.8kQ-130kQ - - -

Dry (Non- IMQ-5MQ 1.8/3.7 78-92% 60-80%

contact)

Dry (Contact) 2.5kQ-5MQ 3-24 60-98% 34-90%

Semi-dry 1.5kQ-61.3kQ 24.4/24.9 60-98% 80-97%

Hydrogel 0.5kQ-20kQ 20-26 70-96% 75-95%

Microneedle 1.181kQ-2.375MQ 24/27.1 60-95% 40-86%
Table 2.

A comparison between different electrode types in EEG [44].

3.1.2 Functional merits of hydrogel electrodes

Hydrogel EEG electrodes are well-suited for novel neuromonitoring because of
their key advantages, including low impedance, stability, and accurate detection of
low-amplitude brain signals, as well as higher signal fidelity during long recording
sessions. Their integrated, adhesive, and soft contact surface minimizes motion
artifacts and ensures user comfort. These properties ensure that data can be
efficiently acquired while performing routine activities and during sleep recording.
Additionally, the breathability of the biocompatible polymer network eliminates the
risk of irritating the skin and allows for long-term use of the EEG sensor, which is
ideal in pediatric and elderly patients and in designing wearable EEG sensors. By
combining comfort, stability, and high signal quality, hydrogel electrodes offer
clinical-grade accuracy for continuous and mobile brain monitoring [35, 44].

3.1.3 Wireless and wearable hydrogel EEG electrodes

The integration of hydrogel electrodes with wireless wearable electronics is
revolutionizing the diagnosis and monitoring of neurological and behavioral
disorders. Wireless hydrogel EEG patches maintain reliable signal quality during
both activity and sleep. These wearable electrodes exhibit excellent stretchability,
fatigue resistance, and operational flexibility across a wide temperature range.
Integration with Bluetooth or Near-Field Communication (NFC) chipsets enables
real-time data transmission to cloud-based or personal devices, supporting
continuous health monitoring. Hydrogel arrays are now being applied in high-
density scalp and ear EEG systems across medical, consumer, and research settings
[45, 46]. For example, Han and colleagues fabricated a flexible, self-adhesive
hydrogel-based EEG electrode that exhibits low skin—electrode impedance, high
signal stability, and strong resistance to motion and sweat, enabling reliable
wireless EEG recording over extended periods while maintaining user
comfort [47].

3.1.4 Hybrid functionality

Next-generation EEG electrodes use microfluidic technologies for hydration
management, long-term electrode wear, and simultaneous chemical sampling (e.g.,
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sweat analysis or drug delivery). Microchannels distribute fluids or functional agents
throughout the patch, enabling water and ion replenishment to maintain optimal
impedance levels.

Recently, 3D printing has facilitated the rapid prototyping of hydrogel electrodes
with customized geometries, leading to fatigue-resistant and personalized neural
interfaces. Gencai et al. developed a fully flexible hydrogel electrode for daily EEG
monitoring, composed of materials that are flexible and conform to the curvature of
the skin [35, 48]. The incorporation of glycerol into the N-acryloyl glycinamide
(NAGA) hydrogel enhanced its moisturizing properties, allowing it to retain its
elasticity even after 90 days of exposure to air [49].

3.1.5 Future directions in EEG: Multimodal smart biosensors and BCI applications

Hydrogel-based patches enable the integration of electrical EEG electrodes
with chemical sensors, drug-delivery, and other modalities. These patches are
used for continuous cognitive monitoring and biobehavioral analysis in
settings like workplace neuroergonomics and education, and they also support
brain—computer interfaces for rehabilitation, prosthetics, and neurofeedback
[50, 51].

In recent years, several studies have been conducted to find a meaningful
relationship between EEG signals and biochemical data, including sweat glucose,
lactate, and pH, for personalized medical diagnostics. For example, Chen et al.
reported the development of a 200 pm microelectrode for the simultaneous
detection of EEG signals and dopamine, one of the most crucial neurotransmitters.
The optimized electrode was fabricated based on a combination of boron-nitrogen
co-doped graphene-diamond microelectrode. The research team demonstrated that
the brain signals alpha, beta, and theta, each of which has varying strengths in
various states of brain function, are correlated with dopamine. They discovered that
the intensity of beta waves, which are indicative of brain activity, increased in the
rats’ brains following dopamine injections. They demonstrated the applicability of
the developed electrode in remote online diagnosis and treatment of neurological
disorders [31].

Hydrogel-based EEG electrodes have the potential to advance noninvasive
neuroelectronics and solve many challenges, such as signal quality, user comfort, and
long-term monitoring, due to their good skin adaptability and self-healing
capabilities. These features make them suitable not only for clinical applications but
also for real-world scenarios that require continuous monitoring of physiological,
cognitive, and behavioral activities. By bridging the gap between ionic and electronic
conductivity and adapting to dynamic physiological and chemical states, hydrogel-
based EEG interfaces serve as catalysts for the development of multifunctional
biosensors and brain-machine interaction.

3.2 MEAs for electrocorticography and intracortical aims

In addition to EEG, magnetoencephalography (MEG) and functional near-
infrared spectroscopy (fNIRS) have also been applied for evolution of non-invasive
neuroelectronic platforms. However, non-invasive neural devices face several
drawbacks in numerous applications and are not sufficiently suitable for complex
tasks, such as the control of robots.
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For recording electrical and chemical neural signals, implantable electrodes are of
great interest due to their ability to establish a two-way connection (recording and
stimulation) with the brain, as well as their high potential for both diagnosis and
treatment in various sectors of neuroscience and biomedicine.

Over the past few decades, microelectrode arrays have become integral to the
field of neuroscience. Depending on their application, they are typically implanted in
various locations, such as the peripheral nerve, cerebral cortex, or spinal cord.
Within the central nervous system, they serve multiple clinical purposes, including
the treatment of epileptic seizures and the alleviation of Parkinson’s disease.
Moreover, in the peripheral nervous system, they can function as controllers for
neural prostheses, aiding in the restoration of hearing or vision disorders. Moreover,
MEAs are commonly used as cell culture mediums for in vitro studies, such as drug
screening and assessment of neural network dynamics [1, 8, 51].

3.2.1 Working mechanism

Electrocorticographic recordings are taken from the superficial cortex of the
brain. Therefore, due to the omission of the skull bone effect, ECoG signals are
recorded with weaker noise and higher bandwidth compared to EEG signals.

The ECoG recording can be performed through two approaches: epidural and
subdural. The latter is more intrusive than the epidural approach due to the different
surgical methods. While during the epidural method no tissue scarring occurs, the
dura mater is damaged in the subdural method. Still, the damage is strongly minimal
compared to invasive intracortical MEAs. The ECoG signal strength, recorded from
the brain’s epicortical area, is in the medium range (0.01-5mV, <200 Hz).

In contrast, intracortical electrodes can be directly implanted into the cerebral
cortex to capture neural signals produced by neurons, allowing for the examination
of neural activity or interaction with external systems. These microelectrodes are
inserted into the brain using needle-shaped electrodes to record the APs (about 500
uV, 0.1-7kHz) and LFPs (<1mV, <200 Hz) [52].

3.2.2 Fabrication methods

Upon implantation of electrodes, the neural electrode is considered a foreign
object by the body, which causes the stimulation of the immune system and,
subsequently, the inflammatory response of the brain to counteract the foreign
body’s presence. To minimize damage and maximize interaction between the
electrodes and the tissue, it is vital to utilize structures representing values of
Young’s modulus of the brain. Consequently, the development of neural electrodes is
shifting from the utilization of stiff materials like platinum, iridium oxide, titanium
nitride, silicon, and tungsten to soft substrates, including polyimide, parylene,
PDMS, cellulose nanocomposites, biodegradable materials, and shape memory
materials [28].

A microelectrode, as a neural interface, is fabricated using a rigid or soft
substrate, as previously described. In addition to choosing the appropriate material
that is highly conductive and compatible with biological systems, the shape and
dimensions of the microelectrode matter significantly. Although the tip of the sensor
electrode may be either square or circular, the circular surface is preferred due to the
stronger electric field. Usually, there are three basic components found in the
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structure of a neural interface electrode. These are the substrate, the conductive
material, and the insulating layer. This coating ensures that only selected areas of the
electrode make contact with the tissue, while the rest remains isolated.

Microfabrication techniques are pivotal in developing high-resolution neural
interfaces that can interact with neural tissues at the microscale. By employing
methods such as photolithography, laser patterning, screen printing, electrical
discharge machining, stereolithography, complementary metal-oxide-
semiconductor techniques, and inkjet printing, researchers have fabricated a wide
spectrum of 2D and 3D microelectrode arrays that offer precise spatial resolution and
adaptability to neural structures [53]. Figure 3 presents rigid and soft MEAs
fabricated through different techniques.

An outstanding report is the study by Shen et al., who developed microfabricated
intracortical extracellular matrix-microelectrodes. These electrodes, fabricated on
natural-substrate-based organic materials, aimed to minimize the introduction of
non-natural products into the brain, enhancing biocompatibility and reducing
immune response [54].

3.2.3 Hydrogel-based MEAs

In light of the challenges posed by rigid electrodes, different approaches have
been taken to address this problem in the field of microelectrode array
fabrication. One of these approaches is the application of low modulus plastic or
elastomeric materials. However, these materials also cannot mimic the softness of
brain tissue.

Fabrication of MEAs, combined or modified with hydrogels, is another promising
approach that promises to provide greater biocompatibility, less invasive behavior,
and greater similarity to brain tissue [60-62].

Among all reported works, PEDOT:PSS-based conductive hydrogels are highly
promising because of their high biocompatibility, mechanical softness, and electrical
conductivity, which are crucial for efficient neural signal transmission. Recent
technological breakthroughs have demonstrated the successful interfacing of
PEDOT: PSS hydrogels in 3D-printing applications. For example, the printing of
PEDOT: PSS was highlighted in a study by Xie et al., where hydrogels were fabricated
using a liquid-in-liquid printing method, achieving structures with adjustable
mechanical properties for implantation purposes. Similarly, Wang et al. designed
3D-printed PEDOT: PSS neural electrodes capable of maintaining stable
electrophysiological recordings in vivo, underscoring the potential of these materials
for chronic neural interfacing [63]. These developments emphasize the possibility of
utilizing 3D-printed conductive hydrogels as the foundation for creating neural
interfaces that not only mimic the mechanical properties of neural tissues but also
support and facilitate electrical communication [64]. Moreover, Athukorala et al.
have investigated state-of-the-art 3D-printed electroconductive hydrogels,
consisting of conductive polymers such as polyaniline and polypyrrole, focusing on
their applications in neural tissues. The combination of microfabrication technology
with hydrogel materials has enabled the development of neural interfaces that are
not only biocompatible with neuronal tissue but also capable of providing high-
quality electrical recordings and stimulation. These interfaces are essential for
advancing our understanding of neural functions and for developing therapeutic
strategies for neurological disorders [65].
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As mentioned above, microelectrode arrays enable two-way communication
with the brain through recording and stimulation. Brain stimulation can be
performed electrically, optically, or chemically and has the potential to control or
treat many diseases related to neurological disorders such as Parkinson’s or
epilepsy. Recently, Jiang et al. designed and introduced a multifunctional hydrogel-
based fiber for neural sensing and deep brain manipulation based on photodynamic
therapy. This electrode effectively mediated optogenetic brain stimulation and was
able to achieve a signal-to-noise ratio of 10. The fabricated electrode, which took
advantage of the ionic chelation/dichelite effects, also achieved a low bending
stiffness of 0.3 N/m and a high conductivity of about 97 S/m at 1 kHz. This study,
which successfully investigated the behavior of hippocampal neurons in rats in
order to control epilepsy, provided an innovative approach and interesting insights
into brain circuits and their connection to external electrical systems [69]. Figure 4
shows some examples of hydrogel-based MEAs, developed for electrophysiological
assessments.

3.3 Electrochemical sensors for chemical language of the brain

Neurotransmitters, the brain’s chemical signals, are endogenous chemicals
crucial for numerous brain functions, including thinking, decision-making,
breathing, heart rate, sleeping, speaking, and even emotions and perception.
Alterations in the concentration of these chemical messengers in the brain and body
can lead to mental disorders such as Alzheimer’s, Parkinson’s, epilepsy, cardiac
arrhythmia, dementia, and addiction. According to the World Health Organization,
one-third of the global community suffers from neurological disorders.
Consequently, there is an increasing demand for a tool capable of accurately
measuring changes in neurotransmitter concentrations to predict or manage these
diseases [43].

To date, various methods have been used to detect neurotransmitters. These
involve analytical methods such as HPLC, optical methods (e.g., Raman
spectroscopy, fluorescence, calorimetry, etc.), as well as microdialysis. However,
these methods are performed by specialized personnel and take a considerable
amount of time. Thus, these methods cannot be ideally utilized for point-of-care
evaluation. Furthermore, owing to their usage of complicated equipment, these
methods can be deemed expensive. Meanwhile, the ECSs have received considerable
attention owing to the wide advantages these systems hold. These include being
inexpensive, ideal systems for point-of-care evaluation tests, and providing fast
results. Furthermore, the miniaturization and inclusion capability into the nerve
electrical signal electrodes make them a considerable asset in the field of
neuroscience [70, 71].

3.3.1 Working mechanism of ECSs

The applications for these sensors lie in areas including the control of food
quality, environmental analysis, safety in industries, and medical diagnosis. The
remarkable properties, including high sensitivity, fast response time, high
selectivity, ultralow limit of detection, cost-effectiveness, high signal-to-noise ratio,
and miniaturization, have made them valuable and efficient for the development of
advanced technologies such as neuroelectronics and BCI [31, 70].
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An electrochemical sensor is a device that identifies chemical compounds by their
electrochemical characteristics, such as electron transfer, ion exchange, or oxidation-
reduction reactions. The chemical data are transformed into an electrical signal,
which is then processed and analyzed to ascertain the concentration of the target
materials [72].

Electrochemical sensors with two or three-electrode configurations are
powerful tools for detecting and measuring a wide range of chemical compounds.
An electrochemical sensor with a three-electrode structure consists of a reference
electrode that provides a constant potential for comparison, a counter electrode
that acts as a current balancer in the system, and a working electrode where
chemical reactions take place. The working electrode is a conductive material
that is usually surface-modified with conductive nanomaterials such as carbon-
based materials (e.g., graphene, carbon nanotubes, carbon quantum dots, etc.)
and non-carbon materials (e.g., metal nanoparticles/nanowires, MXenes, metal
oxides, etc.), as well as conductive polymers with various dimensions and
geometries, in order to increase conductivity and create a larger effective specific
surface area.

To fabricate a biosensor, biorecognition components such as aptamers, nucleic
acids, proteins, cells, or enzymes are needed to be immobilized on the electrode
surface, significantly boosting the electrode’s selectivity. Electrochemical biosensors
are more selective than ECSs because biorecognition elements have a greater affinity
for interacting with analytes of interest, such as ions (e.g., Na*, CI'), small molecules
(e.g., dopamine, glutamate, and norepinephrine), microbes, and other species
[73, 74].

An electrical signal is produced when biorecognition elements or nanomaterials
placed on the electrode surface are correctly attached to the target material (analyte).
To translate chemical interactions into electrical signals, electrochemical transducers
use a variety of techniques, including conductometry, ampacity, amperometry,
voltammetry, potentiometry, and cutting-edge technologies like
photoelectrochemistry (PEC), electrochemiluminescence (ECL), and organic
electrochemical transistors (OECT). The generated electrical signal is then
transformed by the signal processing system into comprehensible data and a visual
display for the user. This enables sensors and biosensors to function well in a variety
of analytical applications [75].

3.3.2 Electrochemical measurement techniques

As previously stated, the basis of electrochemical techniques is the measurement of
variations in conductivity, impedance, potential, and current between two electrodes.
These methods fall into two groups: dynamic (with current flow) and static (with zero
current). Static techniques, which include direct potentiometry and potentiometric
titration, are performed without applying an external current. In contrast, dynamic
techniques actively control the electrical environment and are categorized as either
potentiostatic (with potential control) or galvanostatic (with controlled current).

The subgroups of potential control methods include voltammetry, amperometry,
and polarography.

Among all measurement techniques, potentiometry, amperometry, voltammetry,
and impedimetry are the most commonly used methods, which are briefly discussed
below.
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3.3.2.1 Potentiometric sensors

This class of sensors calculate the changes in electrical potential caused by the
activity of ions. This is used in pH sensors and ion-selective electrodes (ISE) to detect
specific types of ions, such as sodium, potassium, and chloride.

3.3.2.2 Amperometry sensors

These sensors determine the current produced by an oxidation or reduction
process at a steady potential. The basis of amperometry lies in the relationship
between the diffusion current intensity and the concentration of the electroactive
compound used in biomarker sensors and gas detection.

3.3.2.3 Voltametric sensors

This group uses a variable voltage and measures the current that follows to obtain
electrochemical data. The most important voltammetry methods include cyclic
voltammetry (CV), linear sweep voltammetry (LSV), normal pulse voltammetry
(NPV), differential pulse voltammetry (DPV), square wave voltammetry (SWV),
anodic stripping voltammetry (ASV), cathodic stripping voltammetry (CSV), and
chronoamperometry (CHA). This method is based on polarization and is applied to
drug testing, biochemical research, and heavy metal identification.

3.3.2.4 Impedimetric sensors

This method is an effective technique for studying the rate of electron transfer
and diffusion in electrochemical reactions. The spectrum is then plotted in terms of
imaginary resistance versus real resistance, which is known as a Nyquist plot. The
semicircle corresponding to high frequencies relates to the electrochemical process
of electron transfer, while the linear portion at low frequencies relates to the
diffusion process. The conductivity technique is a subset of the impedance
spectroscopy technique [76].

3.3.3 Hydrogel-based electrochemical sensors for neural chemical signals

The use of hydrogels in electrochemical sensors for the sensing of
neurotransmitters is an important and fundamental improvement over conventional
rigid electrodes. These advantages directly improve the sensor functionality and the
signals quality that can be recorded. Hydrogels serve as a soft cushion, which is
capable of evenly distributing pressure, making them particularly suitable for
wearable and implantable sensing applications.

For wearable applications, these sensors are integrated into flexible patches or
tattoos to non-invasively monitor neurotransmitters or their metabolites in biofluids
like sweat or tears. This enables continuous, real-time tracking of mental states,
stress levels, or neurological health markers outside a clinical setting. Recently, Liu
et al. reported a flexible hydrogel-based sensor for the detection of dopamine. The
soft electrode was designed based on the integration of acrylamide (AAM), carbon
nanotubes (CNTs), and MoS,. The synthesized hydrogel showed an excellent limit of
detection (LOD) of 6.1 nM in the presence of high concentrations of epinephrine.
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Moreover, the mechanical durability of the hydrogel was maintained even after 15
repeated stretch-release cycles (0-50%) [77].

For implantable applications, the hydrogel’s softness and biocompatibility are
paramount, as they minimize the chronic foreign body response that typically
degrades the performance of rigid probes. Implanted hydrogel sensors can provide
high-fidelity, real-time data from deep brain structures, allowing for direct
investigation of neurochemical dynamics during behavior or in response to
treatment. The hydrogel’s high ionic conductivity ensures a low-impedance
interface, which is crucial for obtaining a clean, high-signal-to-noise ratio, making
them vastly superior to traditional electrodes. Furthermore, the hydrogel can be
engineered to be self-healing or to deliver therapeutic drugs, creating a smart
interface that can both sense and treat neurological conditions, paving the way for
personalized neuro-medicine and advanced brain-computer interfaces. Gu et al.
designed a biocompatible conductive hydrogel for in vivo dopamine monitoring. The
conductivity of the hydrogel was enhanced by polydopamine, AgInS, and PEDOT:
PSS filler, and synthesized through copolymerization of acrylamide and PR-PEGMA
crosslinker. The hydrogel-based microelectrode exhibits tissue-matching elasticity
(Young’s modulus =~ 118 kPa) and high conductivity (177 mS m™"). This work is
highly promising for the development of minimally invasive, high-sensitivity tools
for brain research [78]. In other work, Wu et al. introduced aptamer-graphene
microtransistors (AGMs) as a breakthrough platform for long-term, real-time
dopamine monitoring in vivo, addressing key limitations of prior aptamer-based
sensors that degrade within hours due to biofouling and nuclease activity. AGMs
feature graphene microtransistors functionalized with aptamers, coated with
pyrene-PEG5-alcohol and DNase inhibitor-doped polyacrylamide hydrogel to
enhance stability [79].

4. Summary and outlook

In the flourishing field of neuroelectronic devices, hydrogels have emerged as
a compelling bridge between rigid electrodes and soft biological tissue. Their unique
combination of tissue-mimicking mechanical compliance, ionic-electronic
conductivity, and capacity for functionalization opens new routes for long-term
neural interfacing.

Compared to traditional rigid silicon or metal microelectrodes, which often suffer
from chronic immune responses, micromotion damage, and signal degradation due to
mechanical mismatch, hydrogel-based chemical and electrical neural devices promise
reduced foreign-body reactions and improved stability. In addition, wearable EEG and
electrochemical sensors provide comfort for long-term brain monitoring.

The EEG electrodes are practical for high-quality recording of brain waves and
can be used for prolonged monitoring of neurological disorders such as epilepsy.
Although EEG electrodes are capable of monitoring psychophysiological conditions
and mental functions in patients, more accurate monitoring of brain activity requires
the implantation of microelectrodes within the brain. The microelectrodes that are
capable of monitoring and stimulating the brain are highly promising and can be
used to treat patients with Parkinson’s disease, epilepsy, and motor disorders.

In addition, electrochemical sensors enable either invasive or non-invasive
monitoring of the most important neurotransmitters and their metabolic products in
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biofluids such as sweat or blood. This paves the way for the continuous monitoring of
biomarkers for psychological conditions, including dopamine, serotonin, glutamate,
etc. It appears that, through their combination with wearable EEG electrodes or
implantable microelectrodes as multi-modal systems, electrochemical sensors can be
a most beneficial element in their own right in enhancing our understanding of brain
functions in general. This would give a truly holistic perspective regarding
activities in the brain, in combination with its electrical symphony and chemical
messages, in a way that has not been seen or fully comprehended before.

Future advances in neuroelectronics are expected to lead to the development of
ultra-flexible electrodes with very small dimensions and high densities for use in
confined spaces, such as the brain. This approach reduces tissue damage and
improves spatial resolution.

Another effective approach in this area is the use of wireless connectivity for
signal recording and measurement, in which electronic components such as
multiplexers, amplifiers, and signal processors are integrated on a chip, reducing the
complexity of external recording systems and enabling real-time processing for
wearable or implantable devices. These systems also support real-time and long-term
data recording during the natural movement of the subject (human or animal) and
reduce energy consumption due to the use of internal rechargeable batteries.

It appears that in multi-modal systems, there is a need for microfluidic channels
embedded in microelectrode arrays. In the case of systems that will simultaneously
measure reliable electrical and chemical signals, it will be possible to inject drugs to
modulate neural activity through these channels.

Given the rapid growth of artificial intelligence technology, another approach
will be the use of algorithms to analyze data and decode electrical and chemical
signals. Also, the application of closed-loop neuroelectronic systems makes
neurophysiological monitoring and intervention possible in real time. By using
a responsive neural stimulation in these systems, epileptic activity will be detected,
and targeted stimulation will be provided to prevent seizures. This approach is also
very promising for the treatment and management of Parkinson’s disease through
motor neuroprosthetics.

Although the challenges in translating this technology into clinical applications
have not been completely resolved, given the significant advances in this field, it
seems that personalized treatment in the field of neurological diseases will be
achieved in the future.
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