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Abstract  Review Article 

 

Bio-inspired self-healing nanostructures mimic biological repair processes skin regeneration, bone remodeling, plant 

vascular reconnection using dynamic covalent chemistry, supramolecular assembly, hydrogen bonding, and metal-

ligand coordination to recover mechanical strength, conductivity, and catalytic activity after damage. In environmental 

remediation, they resist the catalyst deactivation and fatigue limiting conventional photocatalysts, adsorbents, and 

membranes, sustaining degradation of dyes, pharmaceuticals, pesticides, and heavy metals over far more cycles. In 

biomedical diagnostics, the same repair logic enables biosensors, wearables, implants, and wound dressings that tolerate 

repeated mechanical deformation without losing sensitivity. AI and computational modeling are now accelerating design 

by predicting healing efficiency before synthesis, though scalable fabrication, long-term stability, nanotoxicity, and 

regulatory approval remain unresolved. This review covers the biological inspiration, material classes, healing 

mechanisms, applications, and key challenges facing this field. 

Keywords: Bio-inspired nanomaterials; self-healing nanostructures; environmental remediation; biomedical 

diagnostics; nanotechnology; biosensors; artificial intelligence; photocatalysis; tissue engineering. 
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1. INTRODUCTION 
The twenty-first century has witnessed 

unprecedented progress in nanotechnology, materials 

science, and biomedical research, leading to 

multifunctional materials with applications ranging from 

environmental remediation to precision medicine. 

Despite these advances, conventional materials face 

significant limitations associated with structural 

degradation, mechanical fatigue, catalyst deactivation, 

surface fouling, and irreversible damage during 

prolonged operation. Such deterioration reduces 

performance, shortens operational lifetime, increases 

maintenance costs, and limits sustainability. 

Consequently, the development of intelligent materials 

capable of autonomously restoring structure and 

functionality has become a major research priority 

(Wang & Urban, 2020; White et al., 2001). 

 

Nature provides numerous examples of efficient 

self-repair systems. Human skin rapidly repairs wounds 

through coordinated cellular regeneration, bones 

continuously remodel damaged tissues, vascular systems 

seal injuries through clotting mechanisms, and plants 

regenerate damaged organs following injury (Song et al., 

2024; Zhao et al., 2021). These biological systems 

demonstrate remarkable adaptability through intrinsic 

mechanisms capable of detecting damage, activating 

repair pathways, and restoring integrity with minimal 

external intervention. The exceptional efficiency of these 

natural regenerative processes has inspired scientists to 

develop synthetic materials that mimic similar healing 

behavior at the molecular and nanoscale levels (Holten-

Andersen et al., 2011; Zhao et al., 2021). 

 

Bio-inspired self-healing nanostructures 

represent an emerging class of advanced materials 

designed to imitate biological repair mechanisms while 

Biotechnology 
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incorporating the unique physicochemical properties of 

nanomaterials. Unlike conventional materials that 

accumulate irreversible damage, self-healing 

nanostructures utilize reversible molecular interactions, 

dynamic covalent bonds, supramolecular assemblies, 

hydrogen bonding, metal-ligand coordination, and 

stimuli-responsive networks to repair structural defects 

and recover functional performance (Chen et al., 2002; 

Holten-Andersen et al., 2011; Sun et al., 2018; Wu et al., 

2023). These adaptive mechanisms enable repeated 

restoration of mechanical strength, electrical 

conductivity, catalytic activity, and surface functionality, 

significantly extending material lifespan (Wang & 

Urban, 2020; Yang & Urban, 2013). 

 

The incorporation of nanotechnology has 

expanded the capabilities of self-healing materials by 

introducing high surface-area-to-volume ratios, tunable 

electronic properties, enhanced catalytic efficiency, and 

superior mechanical performance. Nanomaterials 

including graphene and derivatives, carbon nanotubes 

(CNTs), metal nanoparticles, metal-organic frameworks 

(MOFs), covalent organic frameworks (COFs), MXenes, 

polymeric nanoparticles, conductive hydrogels, 

nanozymes, and hybrid nanocomposites have been 

successfully integrated into self-healing systems to 

produce multifunctional materials with enhanced 

durability and responsiveness (Kausar, 2021; C. Wang et 

al., 2019; Self et al., 2023; Xie et al., 2024; Zhang et al., 

2020). 

 

Environmental remediation has significantly 

benefited from these developments. Increasing 

industrialization, agricultural intensification, and 

population growth have led to continuous release of 

hazardous contaminants into ecosystems. Persistent 

pollutants such as synthetic dyes, pharmaceutical 

residues, pesticides, heavy metals, microplastics, and 

PFAS pose serious threats to biodiversity and human 

health. Conventional treatment technologies often suffer 

from catalyst deactivation, membrane fouling, and 

declining efficiency during long-term operation. Bio-

inspired self-healing nanostructures offer an attractive 

alternative by autonomously restoring catalytic activity, 

regenerating adsorption sites, and repairing structural 

damage (C. Yang et al., 2023; Louis et al., 2021; 

Tripathy & Pradhan, 2025; Xie et al., 2024). 

 

In biomedical diagnostics, self-healing 

nanostructures have gained attention owing to increasing 

demand for flexible, durable, and highly sensitive 

healthcare technologies. Modern diagnostic systems 

including wearable biosensors, implantable devices, and 

tissue-engineering scaffolds are routinely exposed to 

mechanical deformation and physiological stress that 

gradually degrade performance. The incorporation of 

self-healing mechanisms enables autonomous 

restoration of electrical conductivity, sensing capability, 

and mechanical integrity, significantly enhancing 

reliability for long-term health monitoring (Chae et al., 

2023; Huang et al., 2024; Xu & Hsu, 2023). 

 

The rapid evolution of computational materials 

science has further accelerated progress in this field. 

Artificial intelligence, machine learning, molecular 

dynamics simulations, density functional theory (DFT), 

and high-throughput computational screening have 

transformed the discovery and optimization of advanced 

nanomaterials. These computational tools facilitate rapid 

prediction of healing efficiency, mechanical 

performance, and biocompatibility, substantially 

reducing experimental time and cost (C. Chen et al., 

2020; Ludwig et al., 2023). Integration of AI with 

advanced manufacturing technologies such as 3D 

printing, electrospinning, and microfluidics has created 

new opportunities for designing complex multifunctional 

nanostructures with precisely controlled architectures. 

 

Despite remarkable progress, challenges related 

to scalable fabrication, long-term stability, 

environmental safety, nanotoxicity, regulatory approval, 

and commercial translation continue to limit practical 

implementation. This review provides a comprehensive 

assessment of recent advances in bio-inspired self-

healing nanostructures with emphasis on design 

principles, biological inspiration, healing mechanisms, 

material classifications, fabrication techniques, 

characterization methods, environmental applications, 

biomedical diagnostics, AI-assisted optimization, 

challenges, and future opportunities. 

 

2. Fundamentals of Bio-Inspired Self-Healing 

Nanostructures 

Bio-inspired self-healing nanostructures are 

intelligent materials designed to imitate autonomous 

repair mechanisms found in biological organisms. 

Unlike conventional nanomaterials that undergo 

irreversible degradation after repeated damage, these 

advanced materials possess the intrinsic or extrinsic 

ability to restore structural integrity and functional 

performance through dynamic molecular interactions (X. 

Li et al., 2024; Wang & Urban, 2020). Their 

development represents the convergence of 

nanotechnology, materials science, chemistry, biology, 

and biomedical engineering. 

 

Self-healing nanostructures operate through 

reversible molecular interactions such as hydrogen 

bonding, dynamic covalent chemistry, metal-ligand 

coordination, supramolecular assembly, ionic 

interactions, and host-guest recognition (Holten-

Andersen et al., 2011; Sun et al., 2018; Wu et al., 2023; 

Zhang et al., 2022). When structural damage occurs, 

these reversible interactions reorganize the molecular 

network, reconnect fractured interfaces, and recover 

original properties. Depending on material design, 

healing may occur spontaneously under ambient 

conditions or be activated by external stimuli such as 
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heat, light, moisture, pH, magnetic fields, or electrical 

fields. 

 

Based on healing strategy, self-healing systems 

are categorized into intrinsic and extrinsic materials. 

Intrinsic self-healing systems rely on reversible chemical 

interactions incorporated directly within the polymer or 

nanocomposite network. Because these interactions can 

repeatedly dissociate and reform, intrinsic systems 

exhibit multiple healing cycles without requiring 

additional healing agents (Ahn et al., 2014; Wang & 

Urban, 2020). Extrinsic self-healing systems contain 

encapsulated healing agents stored within 

microcapsules, hollow fibers, or vascular networks that 

rupture upon damage and release repair materials (White 

et al., 2001; Zamal et al., 2020). Although extrinsic 

systems often exhibit excellent healing efficiency, their 

capacity is limited by finite healing agent quantities 

(Zamal et al., 2020). 

 

 
Figure 1: Schematic of (a) intrinsic self-healing via dynamic covalent networks and (b) extrinsic self-healing via microcapsule-

based systems 

 

The incorporation of nanomaterials has 

substantially improved material performance. 

Nanostructures such as graphene, graphene oxide, 

carbon nanotubes, metal nanoparticles, MXenes, 

quantum dots, MOFs, COFs, cellulose nanofibers, and 

nanozymes provide exceptional mechanical strength, 

electrical conductivity, catalytic activity, and surface 

functionality (Kausar, 2021; Self et al., 2023; Xie et al., 

2024; Zhang et al., 2020). These nanoscale building 

blocks reinforce polymer matrices and participate 

actively in dynamic healing processes by facilitating 

intermolecular interactions and improving structural 

organization. 

 

Modern self-healing materials are frequently 

designed to combine autonomous healing with electrical 

conductivity, antibacterial activity, photocatalytic 

degradation, pollutant adsorption, drug delivery, 

biosensing, and tissue regeneration (Dalei et al., 2024; 

Liu & Hsu, 2023; Xiao et al., 2022; Y. Yang et al., 2024). 

Such multifunctionality is particularly valuable in 

environmental remediation and biomedical diagnostics, 

where materials must maintain continuous performance 

under mechanically demanding and chemically complex 

conditions. 

 

Healing efficiency is commonly evaluated as 

the percentage recovery of a material property after 

damage. Mechanical healing efficiency is determined by 

comparing tensile strength or fracture toughness before 

and after healing, while electrical healing efficiency is 

evaluated through recovery of conductivity (Wang & 
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Urban, 2020; Yang & Urban, 2013). High-performance 

intrinsic self-healing nanostructures frequently achieve 

healing efficiencies exceeding 90%, demonstrating their 

potential for practical applications (X. Li et al., 2024; 

Wang & Urban, 2020). 

 

Recent advances in dynamic polymer chemistry 

have enabled increasingly sophisticated self-healing 

systems. Dynamic covalent networks based on Schiff-

base reactions, disulfide exchange, boronic ester 

formation, Diels–Alder reactions, and acylhydrazone 

chemistry provide strong yet reversible chemical 

linkages (Chen et al., 2002; Dalei et al., 2024; Sun et al., 

2018; Zhang et al., 2022). Supramolecular materials 

employing hydrogen bonding, π–π interactions, and 

metal-ligand coordination exhibit rapid self-repair while 

maintaining flexibility and adaptability (Holten-

Andersen et al., 2011; Wu et al., 2023). The combination 

of multiple dynamic interactions has further enhanced 

healing efficiency and mechanical performance. 

 

3. Biological Inspiration 

The extraordinary regenerative capabilities of 

living organisms have long served as inspiration for 

developing advanced materials with autonomous repair 

functions (Zhao et al., 2021). Biological systems possess 

sophisticated mechanisms enabling detection of damage, 

coordination of repair processes, and restoration of 

structural integrity while maintaining normal 

physiological function. 

 

Nature demonstrates remarkable examples of 

autonomous repair across multiple levels of biological 

organization. Human skin rapidly repairs injuries 

through coordinated hemostasis, inflammation, cell 

proliferation, and tissue remodeling. Bone continuously 

undergoes remodeling through balanced activities of 

osteoclasts and osteoblasts, allowing damaged tissue 

replacement while preserving mechanical strength. 

Plants regenerate injured tissues through cell 

dedifferentiation, callus formation, and vascular 

reconnection. Marine mussels maintain strong adhesion 

under harsh aquatic conditions through catechol-rich 

adhesive proteins, while spider silk combines 

exceptional strength and elasticity through hierarchical 

molecular organization (Han et al., 2018; Waite et al., 

2005; Yu et al., 2013). 

 

 
Figure 2: Biological self-healing systems (skin, bone, mussels, plants) and their nanomaterial mimics (hydrogels, polymers, 

metal-ligand networks, microchannels) 

 

Human skin's wound-healing process involves 

highly coordinated biochemical signaling pathways. 

Immediately after injury, blood coagulation prevents 

excessive bleeding, followed by immune cell recruitment 

to eliminate pathogens. Fibroblasts subsequently 

synthesize extracellular matrix components including 
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collagen to restore tissue architecture, while epithelial 

cells migrate to close the wound surface. This dynamic 

repair process has inspired self-healing hydrogels, 

wound dressings, and tissue-engineering scaffolds 

capable of mimicking natural skin regeneration (Song et 

al., 2024; Talebian et al., 2019; Y. Yang et al., 2024). 

 

Bone remodeling has inspired mechanically 

robust self-healing materials. Unlike inert structural 

materials, bone continuously senses mechanical stress 

and repairs microscopic damage before catastrophic 

failure occurs. This adaptive remodeling process has 

motivated polymer nanocomposites and hybrid materials 

combining high mechanical strength with repeated 

healing capability (X. Li et al., 2024; Yang & Urban, 

2013). 

 

Plant regeneration provides another valuable 

source of inspiration. Following mechanical injury or 

pathogen attack, plants activate complex signaling 

networks stimulating cell proliferation, tissue 

differentiation, and vascular reconstruction. The 

remarkable regenerative capacity of plant tissues has 

encouraged utilization of renewable biopolymers such as 

cellulose, lignin, and pectin for constructing 

environmentally sustainable self-healing materials. 

 

At the molecular level, biological systems rely 

predominantly on reversible interactions rather than 

permanent chemical bonds. Hydrogen bonding, 

electrostatic interactions, hydrophobic associations, 

metal-ion coordination, and reversible enzymatic 

reactions collectively provide flexibility necessary for 

repeated repair (Holten-Andersen et al., 2011; Yu et al., 

2013). Modern self-healing nanostructures reproduce 

these dynamic interactions using synthetic polymers, 

supramolecular chemistry, and functional nanomaterials 

(Ahn et al., 2014; Han et al., 2018; Waite et al., 2005). 

 

Biological repair systems exhibit hierarchical 

organization extending from molecular and nanoscale 

components to macroscopic structures, allowing 

efficient distribution of mechanical stress and localized 

repair. This principle has been widely adopted in 

nanomaterial engineering, where hierarchical assemblies 

of nanoparticles, nanofibers, nanosheets, and polymer 

matrices provide improved mechanical performance 

while facilitating efficient healing (X. Li et al., 2024; 

Zhao et al., 2021). 

 

4. Classification of Bio-Inspired Self-Healing 

Nanostructures 

4.1 Classification Based on Healing Strategy 

Intrinsic Self-Healing Nanostructures:  

These materials possess reversible chemical 

interactions integrated directly into their molecular 

framework, allowing repeated repair without external 

healing agents. Common reversible interactions include 

hydrogen bonding, dynamic covalent chemistry, ionic 

interactions, host–guest recognition, supramolecular 

assembly, and metal–ligand coordination (Ahn et al., 

2014; Holten-Andersen et al., 2011; Sun et al., 2018; Wu 

et al., 2023). Intrinsic systems exhibit excellent 

repeatability and long operational lifetimes, making 

them preferred for wearable electronics, flexible 

biosensors, artificial skin, conductive hydrogels, and 

implantable devices (Chae et al., 2023; Huang et al., 

2024; L. Li et al., 2023). 

 

Extrinsic Self-Healing Nanostructures:  

These systems employ encapsulated healing 

agents stored within microcapsules, hollow fibers, or 

vascular-like microchannels. Mechanical damage 

ruptures reservoirs, releasing healing agents that 

polymerize and repair damaged regions (White et al., 

2001; Zamal et al., 2020). Although extrinsic systems 

achieve rapid healing and high initial recovery, 

performance gradually declines as healing agents 

become depleted. They are more suitable for applications 

where damage occurs infrequently, such as protective 

coatings and structural composites (Zamal et al., 2020). 

 

4.2 Classification Based on Material Composition 

Polymeric Nanocomposites:  

These constitute one of the largest classes of 

self-healing materials, consisting of polymer matrices 

reinforced with nanoscale fillers. Common polymer 

matrices include polyurethane, polyvinyl alcohol, 

polyethylene glycol, and epoxy resins. Nanofillers such 

as graphene oxide, silica nanoparticles, cellulose 

nanofibers, and carbon nanotubes improve structural 

stability and facilitate dynamic molecular interactions 

(Kausar, 2021; C. Wang et al., 2019; Self et al., 2023; 

Zamal et al., 2020). 

 

Self-Healing Hydrogels:  

These three-dimensional polymeric networks 

absorb large quantities of water while maintaining 

structural integrity. Their high water content resembles 

natural soft tissues, making them suitable for biomedical 

applications. Self-healing hydrogels rely on hydrogen 

bonding, Schiff-base reactions, boronic ester chemistry, 

metal-ion coordination, or supramolecular interactions to 

restore damaged networks (Dalei et al., 2024; Sun et al., 

2018; Wu et al., 2023; Zhang et al., 2022). 

 

Carbon-Based Nanostructures:  

Graphene, graphene oxide, carbon nanotubes, 

and carbon quantum dots possess exceptional electrical, 

mechanical, and thermal properties. They improve 

electrical conductivity, mechanical reinforcement, and 

photocatalytic activity, making them valuable for 

flexible electronics, environmental sensors, 

photocatalysts, and biomedical platforms (Kausar, 2021; 

Louis et al., 2021; Self et al., 2023; C. Wang et al., 

2019). 

 

Metal-Organic Frameworks (MOFs):  

These crystalline porous materials composed of 

metal ions connected through organic ligands offer 
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exceptionally high surface area, tunable pore structure, 

and adjustable surface chemistry. Integration of dynamic 

coordination chemistry has enabled self-healing 

frameworks capable of maintaining structural integrity 

under repeated operational conditions (C. Yang et al., 

2023; Xie et al., 2024; Yuan et al., 2024). 

 

MXene-Based Nanostructures: 

These two-dimensional transition metal 

carbides, nitrides, and carbonitrides exhibit excellent 

electrical conductivity, hydrophilicity, and mechanical 

flexibility. Surface functional groups facilitate strong 

intermolecular interactions with polymer matrices, 

enabling efficient self-healing conductive composites for 

wearable sensors, supercapacitors, and flexible 

electronics (Cai et al., 2020; Chae et al., 2023; L. Li et 

al., 2023; Zhang et al., 2020). 

 

Nanozymes:  

These nanomaterials mimic catalytic activity of 

natural enzymes while exhibiting superior stability and 

lower production costs. Integration into self-healing 

matrices has enabled intelligent catalytic systems for 

pollutant degradation, biosensing, and antimicrobial 

applications (Xiao et al., 2022). 

 

4.3 Classification Based on Stimuli Responsiveness 

Many self-healing nanostructures require 

external stimuli to initiate or accelerate healing. 

Thermally responsive materials activate reversible 

chemical reactions upon heating. Photoresponsive 

materials utilize ultraviolet or visible light to trigger 

molecular rearrangements. pH-responsive systems 

exploit changes in acidity or alkalinity to regulate bond 

formation. Electrically responsive materials utilize 

electrical stimulation for localized healing (Huang et al., 

2024; Song et al., 2024). Multi-stimuli-responsive 

systems combine multiple activation mechanisms, 

allowing adaptive responses under complex conditions 

 

5. Self-Healing Mechanisms 

Dynamic Covalent Chemistry:  

This approach utilizes reversible covalent bonds 

that can dissociate and reform under appropriate 

conditions. Dynamic reactions incorporated into self-

healing nanostructures include Schiff-base reactions, 

boronic ester formation, disulfide exchange, Diels–Alder 

cycloaddition, and acylhydrazone chemistry (Chen et al., 

2002; Dalei et al., 2024; Sun et al., 2018; Zhang et al., 

2022). These reversible reactions combine strong 

mechanical stability with repeated healing capability. 

 

Hydrogen Bonding:  

This represents one of the simplest yet most 

versatile self-healing mechanisms. Although individual 

hydrogen bonds are relatively weak, their collective 

strength enables rapid molecular rearrangement while 

preserving overall material integrity. Hydrogen-bonded 

polymer networks exhibit fast healing under ambient 

conditions, excellent flexibility, and high elasticity (Sun 

et al., 2018; Wu et al., 2023). 

 

Supramolecular Interactions:  

These rely on reversible non-covalent 

interactions including host–guest recognition, π–π 

stacking, hydrophobic interactions, electrostatic 

attraction, and van der Waals forces. Because 

supramolecular interactions operate under mild 

conditions, they are widely employed in injectable 

hydrogels, tissue-engineering scaffolds, and drug 

delivery systems (S. Li et al., 2023; Nejati & Mongeau, 

2023; Talebian et al., 2019). 

 

Metal–Ligand Coordination: 

 Coordination bonds formed between metal ions 

and organic ligands combine mechanical strength with 

dynamic reversibility. Transition metal ions such as Fe³⁺, 
Zn²⁺, Ca²⁺, and Cu²⁺ readily coordinate with functional 

ligands to form adaptive polymer networks (Holten-

Andersen et al., 2011; Yu et al., 2013). Mussel-inspired 

catechol chemistry represents a successful example for 

self-healing adhesives and conductive hydrogels (Han et 

al., 2018; Waite et al., 2005). 

 

Self-Assembly:  

This enables molecules, polymers, or 

nanoparticles to spontaneously organize into highly 

ordered structures through thermodynamically favorable 

interactions. During damage, disrupted assemblies can 

reorganize and restore original nanostructure without 

external intervention (Ahn et al., 2014; X. Li et al., 

2024). 

 

Stimuli-Responsive Healing:  

Many advanced systems combine autonomous 

repair with external stimuli to accelerate or enhance 

healing efficiency. Heat promotes molecular mobility 

and dynamic bond exchange. Light activates 

photoresponsive molecular switches or initiates 

photopolymerization. Electrical and magnetic fields 

enable localized heating or molecular alignment (Huang 

et al., 2024; Song et al., 2024). Moisture and pH changes 

regulate reversible chemical interactions within hydrogel 

networks. 
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Figure 3: Comparative performance of self-healing mechanisms showing (a) healing efficiency and (b) healing speed 

 

6. Synthesis and Fabrication Techniques 

Sol-Gel Method:  

This widely employed technique synthesizes 

inorganic and hybrid nanomaterials through hydrolysis 

and condensation reactions, generating highly uniform 

porous networks suitable for photocatalysis, sensing, and 

membrane fabrication (Louis et al., 2021; Xie et al., 

2024). 

 

Hydrothermal and Solvothermal Synthesis: 

These methods enable controlled crystal growth 

under elevated temperature and pressure, producing 

nanostructures with excellent crystallinity and tunable 

morphology. 

 

Self-Assembly: 

This bottom-up approach exploits spontaneous 

molecular organization through non-covalent 

interactions, forming highly ordered nanostructures 

while minimizing energy consumption. Self-assembled 

materials frequently exhibit improved healing efficiency 

owing to dynamic molecular organization (Ahn et al., 

2014; X. Li et al., 2024). 

 

Electrospinning: 

This technique produces ultrafine nanofibers 

with exceptionally high surface-area-to-volume ratios. 

Electrospun nanofibrous membranes closely resemble 

the extracellular matrix, making them valuable for 

wound healing, tissue engineering, filtration membranes, 

and controlled drug delivery (S. Li et al., 2023; Nejati & 

Mongeau, 2023; Talebian et al., 2019). 

 

Three-Dimensional (3D) Printing: 

Advances in 3D printing have revolutionized 

fabrication by enabling precise control over complex 

architectures and internal microstructures. Incorporation 

of dynamic polymer networks into printable inks has 

facilitated customized biomedical implants, flexible 

electronics, soft robotics, and intelligent wearable 

devices (Song et al., 2024; Xu & Hsu, 2023). 

 

Microfluidic Technologies: 

These provide precise control over nanoparticle 

synthesis, capsule formation, and vascular-inspired 

healing systems by manipulating fluids within 

microscale channels, improving material uniformity, 

reproducibility, and scalability (Zamal et al., 2020). 

 

Green Synthesis: 

This environmentally sustainable approach 

utilizes plant extracts, microorganisms, natural 

polymers, and biodegradable crosslinking agents to 

replace toxic reducing agents and organic solvents, 

reducing environmental impacts while improving 

biocompatibility (Dalei et al., 2024). 

 

7. Characterization Techniques 

Morphological Characterization:  

Scanning Electron Microscopy (SEM) 

evaluates surface morphology, crack formation, crack 
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closure, and structural recovery. Transmission Electron 

Microscopy (TEM) provides higher spatial resolution for 

visualizing individual nanoparticles, lattice structures, 

and interfacial interactions. Atomic Force Microscopy 

(AFM) measures nanoscale surface topography and 

mechanical properties simultaneously. 

 

Structural Characterization:  

X-ray Diffraction (XRD) identifies crystalline 

phases, determines crystal structure, and monitors 

structural changes following healing cycles. Small-

Angle X-ray Scattering (SAXS) provides information 

regarding nanoscale structural organization and 

hierarchical assembly. 

 

Chemical Characterization:  

Fourier Transform Infrared Spectroscopy 

(FTIR) detects functional groups participating in 

reversible interactions. Raman Spectroscopy is 

particularly useful for carbon-based nanomaterials 

(Kausar, 2021; Self et al., 2023). X-ray Photoelectron 

Spectroscopy (XPS) determines elemental composition 

and chemical bonding. Nuclear Magnetic Resonance 

(NMR) provides molecular-level information regarding 

reversible covalent reactions (Sun et al., 2018; Zhang et 

al., 2022). 

 

Thermal Characterization: 

Thermogravimetric Analysis (TGA) measures 

thermal degradation and compositional stability. 

Differential Scanning Calorimetry (DSC) determines 

glass transition temperature, melting temperature, and 

crystallization behavior. 

 

Mechanical Characterization: 

Common tests include tensile strength, 

compression, flexural testing, fracture toughness 

analysis, dynamic mechanical analysis (DMA), and 

nanoindentation. Healing efficiency is calculated by 

comparing recovered mechanical property after healing 

with original value (Wang & Urban, 2020; Yang & 

Urban, 2013). 

 

Electrochemical Characterization:  

Electrochemical Impedance Spectroscopy (EIS) 

evaluates charge-transfer resistance and conductivity. 

Cyclic Voltammetry (CV) measures electrochemical 

activity, while Galvanostatic Charge-Discharge (GCD) 

testing is used for energy-storage materials (Cai et al., 

2020; Chae et al., 2023; Zhang et al., 2020). 

 

Biological Characterization: 

Assessments include cell viability assays, 

live/dead staining, hemocompatibility testing, 

antibacterial activity, cell adhesion, proliferation, 

inflammatory response, and in vivo biocompatibility 

studies (Xiao et al., 2022; Y. Yang et al., 2024). 

 

 

 

In Situ Characterization:  

Recent advances enable direct observation of 

healing mechanisms under realistic conditions through in 

situ SEM, TEM, Raman spectroscopy, optical 

microscopy, and synchrotron X-ray imaging. 

 

8. Environmental Applications 

Photocatalytic Degradation: 

Traditional photocatalysts gradually lose 

efficiency because of nanoparticle aggregation, surface 

poisoning, and photocorrosion. Self-healing 

photocatalytic nanostructures overcome these limitations 

by continuously restoring damaged catalytic sites. 

Graphene-based composites, TiO₂ nanostructures, ZnO 

nanoparticles, MOFs, and MXene-supported 

photocatalysts have demonstrated enhanced degradation 

efficiencies for dyes including methylene blue, 

rhodamine B, and methyl orange (Louis et al., 2021; Xie 

et al., 2024). 

 

Heavy Metal Removal:  

Self-healing nanostructures improve removal of 

lead, cadmium, mercury, arsenic, and chromium through 

adsorption, ion exchange, surface complexation, and 

photocatalytic reduction. Dynamic polymer networks 

regenerate adsorption sites after saturation, enabling 

repeated cycles without substantial efficiency loss. 

Hydrogels incorporating graphene oxide, cellulose 

nanofibers, chitosan, and MOFs have shown remarkable 

adsorption capacities (Xie et al., 2024; C. Yang et al., 

2023; Yuan et al., 2024). 

 

Pharmaceutical Pollutant Degradation:  

Self-healing photocatalysts and nanozyme-

based systems have demonstrated efficient degradation 

of antibiotics, analgesics, and hormones through 

advanced oxidation processes involving hydroxyl and 

superoxide radicals (Xiao et al., 2022). 

 

Pesticide Removal:  

Self-healing nanostructures incorporating 

photocatalysts, nanozymes, and porous adsorbents 

effectively degrade organophosphate pesticides, 

carbamates, herbicides, and insecticides through 

catalytic oxidation and adsorption (Louis et al., 2021; 

Xiao et al., 2022). 

 

Oil–Water Separation:  

Self-healing membranes with 

superhydrophobic and superoleophilic surfaces exhibit 

excellent oil-water separation performance. Inspired by 

the lotus leaf effect, these materials maintain surface 

functionality despite mechanical abrasion through 

autonomous regeneration of hierarchical architecture (Tu 

et al., 2025). 

 

Air Purification: 

 Self-healing photocatalytic coatings based on 

TiO₂, graphene composites, and MOFs continuously 

regenerate active catalytic surfaces, enabling long-term 
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degradation of volatile organic compounds, nitrogen 

oxides, and sulfur dioxide (Louis et al., 2021; Xie et al., 

2024). 

 

Self-Healing Filtration Membranes:  

These membranes incorporate reversible 

molecular networks capable of repairing microcracks 

and restoring permeability after physical damage, 

significantly improving durability and pollutant removal 

efficiency (Tripathy & Pradhan, 2025). 
 

Environmental Sensors:  

Self-healing conductive nanocomposites 

containing graphene, carbon nanotubes, MXenes, and 

conductive polymers enable flexible sensors capable of 

detecting heavy metals, toxic gases, pesticides, and 

organic pollutants with reliable long-term operation (Cai 

et al., 2020; Chae et al., 2023; Zhang et al., 2020). 

 

 
Figure 4: Self-healing nanostructures for environmental remediation (photocatalysis, adsorption, oil-water separation) and 

biomedical diagnostics (biosensors, wound dressings, implants) 

 

9. Biomedical Applications 

Self-Healing Biosensors:  

Traditional biosensors suffer from crack 

formation, electrode degradation, and signal instability 

after mechanical deformation. Incorporation of dynamic 

polymer networks reinforced with conductive 

nanomaterials enables autonomous restoration of 

damaged sensing pathways. Self-healing biosensors 

have been developed for detecting glucose, lactate, 

cholesterol, uric acid, cortisol, dopamine, and cancer-

associated proteins (Cai et al., 2020; Chae et al., 2023; 

L. Li et al., 2023). 

 

Wearable Healthcare Devices:  

Self-healing nanostructures have enabled 

flexible conductive hydrogels and polymer 

nanocomposites capable of repeatedly restoring 

electrical conductivity following mechanical damage. 

Devices have been successfully developed for 

monitoring electrocardiogram, electromyography, 

electroencephalography, blood glucose, sweat 

composition, body temperature, pulse rate, and human 

motion (L. Li et al., 2023; C. Wang et al., 2019; Zhang 

et al., 2020). 

 

Electronic Skin (E-Skin): 

 Designed to mimic sensory capabilities and 

mechanical flexibility of human skin, electronic skin 

integrates self-healing polymers with conductive 

nanomaterials for detecting pressure, strain, temperature, 

humidity, and tactile stimuli. Self-healing electronic skin 

demonstrates rapid recovery of electrical conductivity 

after repeated cutting, stretching, and compression (Cai 

et al., 2020; Huang et al., 2024; Song et al., 2024). 
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Smart Wound Dressings: 

 Self-healing hydrogels combine excellent 

water retention, biocompatibility, antibacterial activity, 

and autonomous repair capability. Incorporation of silver 

nanoparticles, zinc oxide nanoparticles, graphene oxide, 

and nanozymes enhances antibacterial activity, 

antioxidant capacity, angiogenesis, and tissue 

regeneration. Advanced dressings integrate biosensing 

capabilities for monitoring wound pH, temperature, 

oxygen concentration, and infection (Xiao et al., 2022; 

Y. Yang et al., 2024). 

 

Tissue Engineering and Regenerative Medicine:  

Self-healing hydrogels and nanocomposite 

scaffolds provide injectability, structural adaptability, 

mechanical resilience, and repeated healing capability. 

Applications include regeneration of skin, cartilage, 

bone, cardiac tissue, neural tissue, blood vessels, and 

skeletal muscle (S. Li et al., 2023; Liu & Hsu, 2023; 

Nejati & Mongeau, 2023; Talebian et al., 2019). 

 

Implantable Biomedical Devices:  

Self-healing nanostructures improve implant 

reliability by autonomously restoring electrical pathways 

and mechanical integrity after deformation. Flexible 

conductive hydrogels reinforced with graphene, 

MXenes, and conductive polymers have enabled 

implantable strain sensors, neural interfaces, and cardiac 

electrodes with extended operational lifetimes (Xu & 

Hsu, 2023; Zhang et al., 2020). 

 

Targeted Drug Delivery Systems:  

Self-healing hydrogels and nanoparticle-based 

carriers encapsulate therapeutic agents and release them 

in response to specific physiological stimuli. Following 

structural disruption, reversible polymer networks 

autonomously restore carrier integrity, enabling 

sustained drug release for anticancer drugs, antibiotics, 

anti-inflammatory agents, growth factors, and nucleic 

acids (Dalei et al., 2024). 

 

Bioimaging and Disease Diagnosis:  

Fluorescent carbon dots, quantum dots, 

magnetic nanoparticles, and nanozymes incorporated 

into self-healing polymer networks support fluorescence 

imaging, magnetic resonance imaging, computed 

tomography, and photoacoustic imaging for early 

diagnosis of cancer, cardiovascular diseases, and 

neurological disorders (Xiao et al., 2022). 

 

10. Artificial Intelligence and Machine Learning in 

Design and Optimization 

AI, ML, and computational materials science 

have emerged as powerful tools for accelerating 

discovery, optimization, and practical implementation of 

bio-inspired self-healing nanostructures (C. Chen et al., 

2020; Ludwig et al., 2023). 

 

Figure 5: AI-driven design and optimization pipeline integrating data collection, feature extraction, ML model training, 

prediction, and experimental validation with iterative feedback loops 
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AI-Assisted Materials Discovery: 

 Machine learning models analyze experimental 

databases to predict healing efficiency, tensile strength, 

electrical conductivity, catalytic activity, and 

biocompatibility before material synthesis (C. Chen et 

al., 2020; Ludwig et al., 2023). 

 

Computational Modeling:  

Density Functional Theory (DFT) investigates 

electronic structure, charge transfer, and catalytic 

activity. Molecular Dynamics (MD) simulations provide 

insight into polymer chain mobility, nanoparticle 

interactions, crack propagation, and healing kinetics (C. 

Chen et al., 2020). 

 

AI in Environmental Applications:  

Machine learning models optimize 

photocatalyst composition, predict adsorption capacity, 

design multifunctional membranes, monitor water 

quality, predict catalyst lifetime, and optimize 

wastewater treatment processes (Louis et al., 2021; Xie 

et al., 2024). 

 

AI in Biomedical Diagnostics:  

Deep learning algorithms improve biosensor 

performance by enhancing signal processing, noise 

reduction, and biomarker recognition. Applications 

include continuous glucose monitoring, cardiovascular 

disease detection, cancer biomarker analysis, and smart 

wearable diagnostics (Ludwig et al., 2023). 

 

Future Perspectives:  

Development will increasingly rely on AI-

guided materials discovery, autonomous laboratories, 

digital twins, robotics, and high-throughput 

experimentation (C. Chen et al., 2020; Ludwig et al., 

2023). 

 

11. Challenges and Future Perspectives 

Scalability and Manufacturing:  

Translating laboratory-scale synthesis to 

industrial production presents difficulties including 

complex protocols, expensive precursors, stringent 

reaction conditions, and limited batch-to-batch 

reproducibility (Kausar, 2021; Zamal et al., 2020). 

 

Long-Term Stability and Durability:  

The degradation of dynamic molecular 

networks under oxidative stress, hydrolytic conditions, 

ultraviolet radiation, mechanical fatigue, and biological 

environments requires thorough investigation (Wang & 

Urban, 2020; Yang & Urban, 2013). 

 

Biocompatibility and Nanotoxicity:  

Chronic effects on cellular function, tissue 

integrity, and systemic health remain poorly understood. 

Degradation products, metal ion leaching, and 

nanoparticle accumulation pose potential health risks 

(Xiao et al., 2022; Y. Yang et al., 2024). 

 

Environmental Safety and Ecotoxicology:  

Concerns regarding persistence, 

bioaccumulation potential, and ecological impacts 

require comprehensive life-cycle assessments, 

environmental fate modeling, and ecotoxicological 

studies (Tripathy & Pradhan, 2025; Xie et al., 2024). 

 

Regulatory Approval and Standardization:  

Lack of standardized testing protocols, 

universally accepted performance metrics, and 

established regulatory frameworks impedes commercial 

development. 

 

Multifunctionality Integration:  

Achieving simultaneous optimization of 

healing efficiency, mechanical robustness, electrical 

conductivity, catalytic activity, and biocompatibility 

remains challenging (X. Li et al., 2024; Zhao et al., 

2021). 

 

Mechanism Elucidation:  

Molecular mechanisms governing autonomous 

healing remain incompletely understood. Integration of 

experimental observations with computational modeling 

will provide mechanistic insights essential for rational 

material design (C. Chen et al., 2020; Ludwig et al., 

2023). 

 

Cost-Effectiveness:  

Comprehensive techno-economic analyses and 

life-cycle cost assessments are needed to establish 

economic viability and identify cost-reduction 

opportunities. 

 

Future Research Directions:  

Emerging directions include multistimuli-

responsive systems, self-healing nanorobotics, digital 

twins, autonomous materials discovery platforms, 

sustainable and biodegradable systems, biohybrid self-

healing materials, 4D printing, quantum-enhanced self-

healing, nature-inspired hierarchical design, and 

intensified clinical translation efforts (Huang et al., 

2024; Ludwig et al., 2023; Song et al., 2024). 

 

12. CONCLUSION 
Bio-inspired self-healing nanostructures 

reframe material durability: instead of resisting damage 

indefinitely, they recover from it repeatedly, borrowing 

the same reversible-chemistry logic biology has used for 

far longer. This has already produced real gains 

photocatalysts and membranes that sustain pollutant 

removal across many more cycles than conventional 

materials, and biosensors, wearables, and implants that 

tolerate continuous use without losing accuracy. 

 

The next phase of progress lies less in 

discovering new healing chemistries and more in 

integration: AI-guided design, multifunctional platforms 

combining sensing and degradation, and manufacturing 

that can actually scale. The remaining challenges long-
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term stability, nanotoxicity, and regulatory 

standardization are the ordinary work of turning a 

materials science advance into a deployable technology, 

and how well that work is done will decide how much of 

this field's promise becomes real-world impact. 

 

REFERENCES 
• Ahn, B. K., Lee, D. W., Israelachvili, J. N., & Waite, 

J. H. (2014). Surface-initiated self-healing of 

polymers in aqueous media. Nature Materials, 

13(9), 867–872. 

• Cai, Y., Shen, J., Yang, C. W., Wan, J., Tan, H. R., 

Hendrickson, J., et al.(2020). Mixed-dimensional 

MXene-hydrogel heterostructures for electronic 

skin sensors with ultrabroad working range. Science 

Advances, 6(48), eabb5367. 

• Chae, A., Murali, G., Lee, S. Y., Gwak, J., Kim, S. 

J., Jeong, Y. J., et al.(2023). Highly oxidation-

resistant and self-healable MXene-based hydrogels 

for wearable strain sensor. Advanced Functional 

Materials, 33(24), 2213382. 

• Chen, C., Zuo, Y., Ye, W., Li, X., Deng, Z., & Ong, 

S. P. (2020). A critical review of machine learning 

for energy materials. Advanced Energy Materials, 

10(8), 1903242. 

• Chen, X., Dam, M. A., Ono, K., Mal, A., Shen, H., 

Nutt, S. R., et al.(2002). A thermally re-mendable 

cross-linked polymeric material. Science, 

295(5560), 1698–1702. 

• Dalei, G., Jena, D., Das, B. R., & Das, S. (2024). 

Bio-valorization of Tagetes floral waste extract in 

fabrication of self-healing Schiff-base 

nanocomposite hydrogels for colon cancer remedy. 

Environmental Science and Pollution Research 

International, 31(3), 4330–4347. 

• Han, L., Gong, L., Chen, J., Zhang, J., Xiang, L., 

Zhang, L., et al.(2018). Universal mussel-inspired 

ultrastable surface-anchoring strategy via adaptive 

synergy of catechol and cations. ACS Applied 

Materials & Interfaces, 10(3), 2166–2173. 

• Holten-Andersen, N., Harrington, M. J., Birkedal, 

H., Lee, B. P., Messersmith, P. B., Lee, K. Y. C., et 

al.(2011). pH-induced metal-ligand cross-links 

inspired by mussel yield self-healing polymer 

networks with near-covalent elastic moduli. 

Proceedings of the National Academy of Sciences, 

108(7), 2651–2655. 

• Huang, J., Xu, Z., Qiu, Y., Cheng, J., Zhao, W., & 

Zhang, X. (2024). Self-healing flexible electronics. 

Advanced Materials, 36(8), 2307435. 

• Kausar, A. (2021). Self-healing polymer/carbon 

nanotube nanocomposite: A review. Journal of 

Reinforced Plastics and Composites, 40(19–20), 

731–748. 

• Li, L., Ji, X., & Chen, K. (2023). Conductive, self-

healing, and antibacterial Ag/MXene-PVA hydrogel 

as wearable skin-like sensors. Journal of Industrial 

Textiles, 53, 15280837231156184. 

• Li, S., Mao, W., Xia, L., et al.(2023). An injectable, 

self-healing and degradable hydrogel scaffold as a 

functional biocompatible material for tissue 

engineering applications. Journal of Materials 

Science, 58, 6710–6726. 

• Li, X., Wang, Y., & Zhang, X. (2024). Strong, 

healable materials with bio-like ordered 

architectures and versatile functionality. SusMat, 4, 

e248. 

• Liu, Y., & Hsu, S. H. (2023). Biomimetic self-

healing hydrogels for tissue engineering 

applications. Biomaterials, 292, 121943. 

• Louis, J., et al.(2021). Graphene coupled TiO2 

photocatalysts for environmental applications: A 

review. Chemosphere, 272, 129866. 

• Ludwig, N., et al.(2023). Applied machine learning 

as a driver for polymeric biomaterials design. 

Nature Communications, 14, 4838. 

• Nejati, S., & Mongeau, L. (2023). Injectable, pore-

forming, self-healing, and adhesive hyaluronan 

hydrogels for soft tissue engineering applications. 

Scientific Reports, 13, 14303. 

• Self, J. L., Reynolds, V. G., Blankenship, J., Mee, 

E., Guo, J., Albanese, K., et al.(2023). Conductive 

and self-healing carbon nanotube–polymer 

composites for mechanically strong smart materials. 

ACS Applied Nano Materials, 6(2), 986–994. 

• Song, J., et al.(2024). Thermoelectric self-healing 

polymer composite inspired by skin thermal sensory 

system. Advanced Materials, 36(15), 2308456. 

• Sun, P., Ren, S., Liu, F., Wu, A., Sun, N., Shi, L., et 

al.(2018). Smart low molecular weight hydrogels 

with dynamic covalent skeletons. Soft Matter, 

14(32), 6678–6683. 

• Talebian, S., Mehrali, M., Taebnia, N., Pennisi, C. 

P., Kadumudi, F. B., Foroughi, J., et al.(2019). Self-

healing hydrogels: The next paradigm shift in tissue 

engineering? Advanced Science, 6(16), 1900552. 

• Tripathy, D. B., & Pradhan, S. (2025). Self-healing 

membranes: Smart materials for water remediation 

and desalination. Water Environment Research, 

97(8), e70148. 

• Tu, W., Luo, Y., Shen, J., Ran, X., Yu, Z., Wang, C., 

et al.(2025). Lotus leaf-inspired corrosion-resistant 

and robust superhydrophobic coating for oil–water 

separation. Biomimetics, 10(5), 262. 

• Waite, J. H., Andersen, N. H., Jewhurst, S., & Sun, 

C. J. (2005). Mussel adhesion: Finding the tricks 

worth mimicking. Journal of Adhesion, 81(3–4), 

297–317. 

• Wang, C., Xia, K., Wang, H., Liang, X., Yin, Z., & 

Zhang, Y. (2019). Advanced carbon for flexible and 

wearable electronics. Advanced Materials, 31(9), 

1801072. 

• Wang, S., & Urban, M. W. (2020). Self-healing 

polymers. Nature Reviews Materials, 5(8), 562–

583. 

• White, S. R., Sottos, N. R., Geubelle, P. H., Moore, 

J. S., Kessler, M. R., Sriram, S. R., et al.(2001). 



 

 

Albina, et al, Sch J Med Case Rep, Oct, 2026; 14(10): 2131-2143 

© 2026 Scholars Journal of Medical Case Reports | Published by SAS Publishers, India             2143 

 

 

Autonomic healing of polymer composites. Nature, 

409(6822), 794–797. 

• Wu, M., Han, L., Yan, B., & Zeng, H. (2023). Self-

healing hydrogels based on reversible noncovalent 

and dynamic covalent interactions: A short review. 

Supramolecular Materials, 2, 100045. 

• Xiao, Y., et al.(2022). Ag/MoS2 nanozyme-

modified hydrogel with adhesion and self-healing 

abilities for bacterial clearance and wound healing. 

ACS Applied Materials & Interfaces, 14(45), 

50626–50638. 

• Xie, Y., Zhang, T., Wang, B., & Wang, W. (2024). 

The application of metal–organic frameworks in 

water treatment and their large-scale preparation: A 

review. Materials, 17(9), 1972. 

• Xu, J., & Hsu, S. H. (2023). Self-healing hydrogel 

as an injectable implant: Translation in brain 

diseases. Journal of Biomedical Science, 30, 47. 

• Yang, C., Xue, Z., & Wen, J. (2023). Recent 

advances in MOF-based materials for remediation 

of heavy metals and organic pollutants: Insights into 

performance, mechanisms, and future opportunities. 

Sustainability, 15(8), 6686. 

• Yang, Y., & Urban, M. W. (2013). Self-healing 

polymeric materials. Chemical Society Reviews, 

42(17), 7446–7467. 

• Yang, Y., Wang, J., Huang, S., Li, M., Chen, J., Pei, 

D., et al.(2024). Bacteria-responsive programmed 

self-activating antibacterial hydrogel to remodel 

regeneration microenvironment for infected wound 

healing. National Science Review, 11(4), nwae044. 

• Yu, J., Kan, Y., Rapp, M., Danner, E., Wei, W., Das, 

S., et al.(2013). Adaptive hydrophobic and 

hydrophilic interactions of mussel foot proteins with 

organic thin films. Proceedings of the National 

Academy of Sciences, 110(39), 15680–15685. 

• Yuan, Y., Li, S., & Zhu, L. (2024). The use of 

bimetallic metal–organic frameworks as restoration 

materials for pollutants removal from water 

environment. Royal Society Open Science, 11(7), 

240380. 

• Zamal, H. H., Barba, D., Aïssa, B., Haddad, E., & 

Rosei, F. (2020). Recovery of electro-mechanical 

properties inside self-healing composites through 

microencapsulation of carbon nanotubes. Scientific 

Reports, 10, 2942. 

• Zhang, G., Zhao, Q., Zou, W., Luo, Y., & Li, Y. 

(2022). Self-healing hydrogels based on dynamic 

covalent chemistry. Advanced Materials, 34(23), 

2201100. 

• Zhang, Y. Z., El-Demellawi, J. K., Jiang, Q., Ge, G., 

Liang, H., Lee, K., et al.(2020). MXene hydrogels: 

Fundamentals and applications. Chemical Society 

Reviews, 49(20), 7229–7251. 

• Zhao, X., Liu, Y., & Shao, Z. (2021). Recent 

advances in bioinspired self-healing materials. 

Materials Horizons, 8(6), 1666–1687. 

 


