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ABSTRACT 

 
The transition toward circular textile systems requires the development of materials that combine 

functional performance with biodegradability and reduced environmental impact. Electrospun nanofibers 

and fungal mycelium-based materials have emerged as two promising approaches in this context. 

Electrospinning enables the fabrication of highly controlled fibrous architectures with tunable 

morphology, the ability to process a wide range of bio-based and synthetic polymers, high surface area, 

and application-specific functionality. In parallel, mycelium-based materials offer renewable, low-energy 

production and intrinsic biodegradability, and can be cultivated on lignocellulosic agricultural waste 

streams, making them attractive candidates for sustainable material design. 

Initial studies indicate that mycelium can grow on fibrous substrates, including textile nonwovens, and 

that hybrid systems combining nanofibers and fungal components are technically feasible, although 

systematic investigations remain limited. However, this research direction is still in an early stage, with 

existing studies remaining fragmented and rarely developed with a specific focus on textile-engineered 

systems. Existing research predominantly treats fibrous materials as passive substrates or reinforcement 

phases, rather than as engineered textile systems with defined structural and functional properties. 

This paper critically reviews recent advances in electrospun nanofibers, mycelium-based materials, and 

their emerging combinations. It identifies key challenges and open questions characteristic of an emerging 

research field, including the lack of systematic material design frameworks, limited understanding of 

nanofiber–mycelium interactions, insufficient evaluation of textile-relevant properties, and the lack of 

circularity and end-of-life assessments for hybrid materials. 

The analysis highlights the potential of electrospun nanofibers have the potential to act as tunable textile 

architectures that influence the structural organisation of mycelial networks and composite formation. 

Bridging the gap between biofabrication and textile engineering could enable a new class of biohybrid 

materials, supporting the development of circular textile systems. 

Keywords:  Biofabrication; Biohybrid textile materials; Circular textile systems; Electrospun nanofibers; 

Mycelium-based composites; Structure–property relationships. 
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Introduction 

The textile industry is facing increasing pressure 

to reduce its environmental impact and transition 

toward circular material systems (Niinimäki et 

al., 2020; Greeshma et al., 2026). In this context, 

the development of bio-based and biodegradable 

materials has gained significant attention. Two 

promising approaches are electrospun nanofibers 

and mycelium-based materials as emerging 

sustainable material systems (Czerwińska et al., 

2025; Parhizi et al., 2025). Electrospinning 

enables the fabrication of fibrous structures with 

controlled morphology and high surface area 

(Xue et al., 2019), while mycelium-based 

materials offer renewable, low-energy 

production and intrinsic biodegradability 

(George et al., 2026; Sharma et al., 2026). 

Although both material classes have been 

extensively studied, their integration into 

functional textile systems remains limited. 

Existing research has explored the use of fibrous 

substrates for mycelium growth (Fritz et al., 

2025), but these approaches largely treat textiles 

as passive substrates rather than engineered 

material systems. While Romero-Cedillo et al. 

(2025) demonstrated that mycelium mats can 

exhibit textile-relevant properties such as 

sewability and tear strength, their performance 

remains constrained and lacks systematic 

structural design. Similarly, Kaniyamparambil et 

al. (2026) showed that mycelium can bind cotton 

and polyester textile residues into structurally 

stable biocomposites with flexural strengths of 

up to 82.5 kPa and enhanced flame-retardant 

properties; however, these approaches remain 

focused on material feasibility rather than 

textile-engineered functionality. 

This paper therefore reviews recent 

developments in both fields and identifies key 

research gaps at their intersection, with a focus 

on biohybrid textile materials and circular 

design strategies. 

Rather than reviewing an established research 

field, this paper aims to structure an emerging 

research direction at the intersection of 

electrospinning, biofabrication and textile 

engineering. 

State of the Art 

Electrospun Nanofibers in Textile and 

Functional Materials  

 
Electrospinning has become a key technology 

for the fabrication of fibrous materials with 

highly controlled architectures, offering fiber 

diameters ranging from the nanometer to 

micrometer scale and enabling precise tuning of 

porosity, surface area, and functionality (Ilda et 

al., 2025). These characteristics make 

electrospun materials particularly attractive for 

applications in filtration, protective textiles and 

biomedical systems (Islam et al., 2026; Lu et al., 

2026; Ramirez Candia et al., 2024). 

A wide variety of polymers has been employed, 

including polyacrylonitrile (PAN), polyethylene 

oxide (PEO), poly(lactic acid) (PLA), 

polycaprolactone (PCL), cellulose acetate and 

biopolymers such as gelatin and chitosan 

(Dassmann et al., 2024; Mpofu et al.; 2024; 

Sabantina et al., 2018; Sam et al. 2025). 

Electrospinning is a relatively simple yet highly 

adaptable process that enables the use of diverse 

bio-based and synthetic polymers, their blends, 

and functional additives such as nanoparticles or 

bioactive agents.  

Previous studies have demonstrated the 

versatility of electrospun nanofiber systems, 

including the incorporation of magnetic 

nanoparticles and the development of functional 

composite mats for sensing, filtration and 

biomedical applications (Mamun et al., 2023; 

Langwald et al., 2023; Mamun et al., 2022). 

Electrospinning also allows the fabrication of 

tailored fiber architectures and in situ 
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functionalisation, making it a versatile technique 

for advanced material systems. 

The ability to tailor fiber diameter, alignment 

and surface chemistry allows for the design of 

materials with specific mechanical and 

functional properties, representing a key 

advantage over conventional textile structures 

(Xue et al., 2019; Khalid et al., 2026). 

Despite these advantages, electrospun nanofibers 

are still predominantly applied in non-textile or 

semi-textile contexts, such as membranes or 

coatings, rather than as fully integrated textile 

systems. For example, recent studies have 

focused on electrospun mixed-matrix nanofiber 

membranes for dye removal from textile 

wastewater, highlighting their high efficiency 

based on large surface area and tunable porosity, 

yet remaining within membrane-based 

applications (Fothedar et al., 2026). 

At the same time, initial attempts toward textile 

integration have emerged, including 

embroidered platforms for motion sensing and 

energy harvesting (Zada et al., 2026) and 

wearable systems such as spacesuit gloves for 

improved moisture management (Rajagopal et 

al., 2025). However, these approaches remain 

primarily performance-driven and do not yet 

address textile-engineered or biohybrid material 

design. 

Mycelium-Based Materials and Their 

Interaction with Fibrous Substrates 

 
Mycelium-based materials are formed through 

the growth of fungal hyphae on lignocellulosic 

substrates, resulting in lightweight and 

biodegradable composites (Alemu et al., 2022; 

Akcay et al., 2023). 

The mechanical and physical properties of these 

materials are strongly influenced by both the 

fungal species and the characteristics of the 

substrate, including its composition, structure 

and density. Angelova et al. (2025) 

demonstrated that mycelium-based composites 

grown on lignocellulosic by-products exhibit 

low densities (110–250 kg/m³), thermal 

conductivities of 0.043–0.054 W/mK, and 

compressive strengths up to 180 kPa, while also 

showing significant biodegradability under 

aerobic conditions. 

Recent studies have demonstrated that fibrous 

substrates—including natural fibers, nonwoven 

textiles and textile waste—play a critical role in 

structuring mycelial networks and determining 

material performance. For instance, mycelium 

growth on fibrous nonwoven structures has been 

shown to depend on fiber orientation, density 

and porosity, which affect colonisation 

behaviour and resulting mechanical properties 

(Sharma et al., 2026). Xu et al. (2026) 

demonstrated that integrating mycelium with 

cellulose fibers forms robust bio-textiles with 

significantly enhanced performance, including 

up to sixfold increases in tensile strength and 

water contact angles of up to 139°, while 

maintaining breathability. 

Similarly, textile waste has been successfully 

incorporated as a reinforcement phase in 

mycelium-based composites, highlighting its 

potential for circular material applications (Xu et 

al., 2026). Silm et al. (2026) demonstrated that 

unsorted textile waste can be directly upcycled 

into mycelium-based composites with tensile 

strengths of up to 14 MPa, while maintaining 

biodegradability and enabling reconfigurable 

material behavior. Romero-Cedillo et al. (2025) 

demonstrated that mycelium mats can exhibit 

textile-relevant properties such as sewability and 

tear strength (up to 12.7 N/mm), while showing 

high water absorption depending on processing 

conditions. In parallel, mycelium-based 

materials have been developed as leather-like 

sheets and flexible composites for potential 

textile applications.  
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However, their applicability remains limited by 

insufficient flexibility, durability and 

processability, as well as variability arising from 

biological growth conditions (Raman et al., 

2022). These limitations continue to pose 

challenges for reproducibility, standardisation 

and integration into established textile systems. 

Overall, these studies indicate that while 

substrate properties are a key factor in 

determining mycelium-based material 

performance, current approaches remain largely 

empirical and lack systematic design strategies 

for textile-engineered applications. 

Hybridisation Approaches: From Textile 

Substrates to Engineered Fiber Systems 

 
The integration of mycelium with fibrous 

materials has been explored primarily in the 

context of composite formation, where fibers act 

as passive substrates or reinforcement phases. In 

these approaches, textiles are typically used as 

structural templates or waste-derived fillers, 

without being designed as functional textile 

systems (Silm et al., 2026; Zheng et al., 2025). 

A shift toward more controlled hybridisation has 

been initiated by recent studies investigating the 

interaction between mycelium and engineered 

fiber architectures. Trabelsi et al. (2021) 

demonstrated that electrospun polyacrylonitrile 

(PAN) nanofiber mats can support mycelial 

growth, enabling the formation of biohybrid 

composites with improved structural integrity. 

This work highlights the potential of nanofiber-

based scaffolds to influence biological growth at 

the microscale. Further advancing this concept, 

Mpofu et al. (2025) explored the incorporation 

of mycelium-derived particles into electrospun 

PAN nanofibers, demonstrating the feasibility of 

embedding bio-based components directly 

within the fiber matrix. This approach represents 

a shift from surface-based biological growth 

toward material-level integration, suggesting a 

pathway toward fully integrated biohybrid fiber 

systems. 

In preliminary experiments, electrospun PAN 

nanofiber mats were modified by incorporating 

lignin particles into the fiber matrix, with the 

aim of exploring whether such components 

could act as an internal nutrient source for 

mycelial growth. This approach differs from 

conventional in vitro cultivation, where fungal 

growth typically relies on external nutrient-rich 

media such as malt extract agar (MEA). In this 

context, the nanofiber material itself could 

potentially serve not only as a structural scaffold 

but also as a localised nutrient carrier; however, 

this concept has not yet been systematically 

investigated. 

Representative confocal laser scanning 

microscope (CLSM) images (Figure 1) provide 

qualitative insight into the interaction between 

Pleurotus ostreatus and electrospun PAN/lignin 

nanofiber mats. The images show hyphal growth 

on and along the fibrous network, indicating 

physical integration. While these observations 

confirm that mycelium can colonise lignin-

containing nanofiber substrates, no conclusions 

can yet be drawn regarding the specific 

influence of lignin incorporation on growth 

behaviour. 

 
 

(a) 
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(b) 

 
Fig. 1. CLSM images of Pleurotus ostreatus 

mycelium (a) without a nanofiber substrate and 

(b) in the presence of electrospun PAN/lignin 

nanofiber mats, providing qualitative visual 

insight into the system (unpublished data). 

Heide et al. (2023) demonstrated that mycelium-

reinforced electrospun nanofiber mats can 

enhance both filtration efficiency and 

mechanical stability, with improved dye 

retention observed for compounds such as 

chlorophyll and safranin compared to pure 

nanofiber mats. Xu et al. (2026) further 

demonstrated that mycelium can be structurally 

integrated into cellulose-based fibrous systems, 

resulting in enhanced mechanical performance 

and water resistance.  

These approaches differ fundamentally from 

earlier studies, as they move beyond the use of 

conventional textile substrates toward the design 

of engineered fiber systems that actively interact 

with biological processes. 

Unlike conventional composites, these systems 

involve dynamic biological growth processes 

and complex interfacial interactions, including 

mechanical interlocking and biochemical 

adhesion between fungal hyphae and fibrous 

substrates (Sun et al., 2023).  

Nevertheless, current research remains 

fragmented. While textile-based substrates have 

been widely investigated, the use of advanced 

fibrous architectures such as electrospun 

nanofibers is still in its early stages. 

In particular, there is a lack of systematic studies 

addressing how nanofiber morphology, surface 

chemistry, and hierarchical structure influence 

mycelial growth, interfacial bonding, and 

resulting material properties. 

Initial studies demonstrate the feasibility of 

combining electrospun nanofibers and 

mycelium, but systematic investigations are still 

limited due to the early stage of this research 

direction 

From Existing Approaches to Emerging 

Research Needs 

 
The current state of research demonstrates that 

the combination of mycelium and fibrous 

materials is not a novel concept per se. 

Numerous studies have successfully employed 

textile substrates, natural fibers, and fibrous 

waste streams to create mycelium-based 

composites (Rathinamoorthy et al., 2023; 

Rathinamoorthy et al.,2026).  

However, these approaches share a common 

limitation: fibrous materials are predominantly 

treated as passive structural components rather 

than as actively designed material systems. At 

the same time, research on electrospun 

nanofibers has largely focused on functional 

performance in filtration or biomedical 

applications, with limited consideration of 

biological integration or circular material design 

(Liang et al., 2025). Chagas et al. (2024) review 

the use of recycled and bio-based polymers, 

including lignin, for the production of 

nanofibers, highlighting their potential for 

circular material design and sustainable high-

performance applications. 
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This disconnect reveals a critical gap at the 

intersection of both fields. The integration of 

engineered nanofiber architectures with 

controlled mycelial growth has the potential to 

enable a new class of biohybrid textile materials, 

yet remains largely unexplored. 

Emerging Research Challenges and Open 

Questions 

 
Existing studies demonstrate the feasibility of 

combining mycelium with fibrous materials 

(Sayfutdinova et al., 2023).; however, the field is 

still in an early stage, and systematic 

understanding has not yet been established. The 

key challenge is therefore not the absence of 

mycelium–textile composites, but the lack of a 

structured, textile-engineering-oriented 

framework for understanding and designing 

these emerging biohybrid systems (Le Ferrand, 

2024). Current research gaps centre on the lack 

of systematic design, evaluation and circular-

material integration of mycelium–fiber hybrids 

for functional textile applications (Rashdan and 

Ashour, 2024). Recent studies on mycelium 

composites have shown strong potential for 

sustainable materials, but they also highlight 

persistent challenges in reproducibility, material 

performance, standardisation and scalability 

(Attias et al., 2021; Wattanavichean et al., 

2025). 

Lack of systematic design and structure–

property understanding 

 
Several studies have demonstrated that 

mycelium can grow on fibrous substrates, 

including lignocellulosic fibres, textile 

nonwovens and electrospun nanofiber mats 

(Elsacker et al., 2019; Trabelsi et al., 2021; 

Mpofu et al., 2025). These works confirm the 

feasibility of mycelium–fiber composites and 

highlight the influence of substrate 

characteristics on growth behaviour and 

resulting material properties. In particular, 

parameters such as fibre density, porosity and 

orientation have been shown to affect mycelial 

colonisation and composite formation (Biront et 

al., 2025). Nejati et al. (2025) demonstrate that 

substrate selection directly influences mycelial 

network formation and resulting material 

properties, with multiscale analyses revealing 

strong structure–property relationships. 

However, existing approaches largely treat 

fibrous materials as passive substrates or 

reinforcement phases rather than as engineered 

textile systems with defined and tunable 

properties. As a result, there is currently no 

systematic understanding of how fibre 

architecture influences mycelial growth, 

interfacial bonding and final material 

performance. This limitation is particularly 

relevant for electrospun nanofibers, where 

parameters such as fibre diameter, surface 

chemistry, alignment and hierarchical structure 

can be precisely controlled. Mamun et al. (2024) 

showed that variations in electrospinning 

parameters significantly affect nanofiber 

morphology, underlining the high degree of 

structural tunability that remains largely 

unexplored in nanofiber–mycelium systems. 

Current research therefore remains at the stage 

of feasibility studies, focusing on whether 

mycelium can grow on fibrous materials, rather 

than how fibrous architectures can be 

deliberately designed to control biological 

processes and material functionality. A key open 

question is how nanofiber parameters—such as 

diameter, porosity, wettability and polymer 

type—interact with biological variables 

including fungal species, growth conditions and 

nutrient availability to determine structure–

property relationships. 

Addressing this gap is essential for transitioning 

from empirical composite formation toward 
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controlled, textile-engineered biohybrid material 

design. 

Insufficient textile-performance 

evaluation 

 
Many mycelium composites are evaluated for 

construction, packaging, acoustic insulation or 

leather-like applications, rather than for textile 

use. Reviews and recent studies repeatedly 

identify limitations related to flexibility, 

durability, reproducibility and product 

requirements (Rathinamoorthy et al., 2023; Le 

Ferrand, 2024; Attias et al., 2021). 

Some new studies move closer to textile testing. 

Romero-Cedillo et al. (2025), for example, 

produced mycelium mats for textile applications 

and assessed thickness, water absorption, surface 

coverage and tear strength for sewing. This is 

highly relevant, but it also shows how young the 

field still is: essential textile parameters such as 

drape, bending stiffness, abrasion resistance, air 

permeability, moisture management, 

washability, dimensional stability and long-term 

wear behaviour remain insufficiently 

investigated. 

Limited circularity and end-of-life 

evidence  

 
Mycelium-based materials are often described as 

sustainable because they can use renewable 

substrates and biological growth processes. 

However, recent studies indicate that 

environmental performance depends strongly on 

production conditions, energy input and system 

boundaries (Le Ferrand, 2024). Volk et al. 

(2024) reported climate-change and fossil-

energy benefits for laboratory-scale mycelium-

based composite production, but also identified 

relevant environmental burdens such as 

electricity demand and hemp cultivation. 

For hybrid textile systems, the circularity 

question is even more complex. A mycelium 

component may be biodegradable, but this does 

not automatically make the whole composite 

circular, especially when combined with 

persistent synthetic polymers. Existing 

nanofiber–mycelium studies are therefore 

important, but they do not yet provide full 

answers regarding compostability, 

biodegradation kinetics, material separation, 

recycling, microplastic release or safe biological 

end-of-life pathways. This is a critical gap for 

any paper claiming relevance to circular textiles. 

At present, circularity claims are largely 

conceptual, and experimental validation remains 

limited. 

Missing design framework for biohybrid 

circular textiles 

 
The reviewed literature suggests that mycelium–

textile research is moving in three partly 

separate directions: mycelium grown on fibrous 

substrates, mycelium mats as textile-like sheets, 

and electrospun nanofiber–mycelium hybrids. 

What remains absent is an integrated design 

framework that connects these approaches into a 

coherent textile-engineering strategy. Such a 

framework would need to link biological growth 

parameters, fibre architecture, textile 

performance, functional properties and end-of-

life behaviour. 

Addressing this gap represents a key priority for 

advancing the field. Electrospun nanofibers, in 

particular, should be reconsidered not merely as 

passive reinforcement of carrier materials, but as 

tunable textile architectures capable of directing 

mycelial growth and enabling functional, 

circular material systems. Research should 

therefore focus on establishing design principles 

that enable controlled structure development, 

measurable textile performance, and verifiable 

circular end-of-life pathways in nanofiber-

mycelium hybrid materials. 
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Future research directions 

 
Given the early stage of research, future work 

should prioritise fundamental understanding and 

move beyond proof-of-concept studies toward 

systematic, application-oriented material 

development. In particular, a stronger focus on 

controlled material design, textile performance, 

circularity and scalable processing is required. 

A key priority is the establishment of structure–

property–function relationships in nanofiber–

mycelium systems. Electrospinning allows 

precise control over fiber diameter, porosity, 

alignment and surface chemistry (Xue et al., 

2019), all of which are known to influence 

biological adhesion and growth processes. At the 

same time, fungal morphology and mechanical 

performance are strongly dependent on substrate 

structure and environmental conditions, as 

different lignocellulosic substrates have been 

shown to influence hyphal network formation, 

growth rate and resulting mechanical properties 

(Majib et al., 2026; Bayomei et al., 2026). 

Future studies should therefore systematically 

vary nanofiber parameters—such as fiber 

diameter, mat density, wettability and polymer 

type (e.g. PAN, PLA, cellulose-based fibers)—

to investigate their effect on mycelial 

colonisation, interfacial bonding and composite 

performance. 

In parallel, textile-specific performance 

evaluation must be significantly expanded. 

While mycelium-based materials have been 

explored for structural and leather-like 

applications (Nguena-Dongue et al., 2026; 

Aditiawati et al., 2026), their suitability for 

textile use remains insufficiently characterised. 

Key properties such as tensile strength, 

flexibility, bending stiffness, abrasion resistance, 

air permeability and sewability should be 

assessed using standardized textile testing 

methods. Recent work on mycelium sheets 

highlights the importance of parameters such as 

thickness, water absorption and tear strength, but 

also demonstrates the lack of comprehensive 

testing frameworks (e.g. Romero-Cedillo et al., 

2025). Without such data, the translation of 

biohybrid materials into textile applications 

remains limited. 

Another critical research direction is the 

integration of circularity and end-of-life design 

into material development. Although mycelium-

based materials are often considered 

biodegradable, their environmental performance 

depends strongly on processing conditions and 

system boundaries (Niinimäki et al., 2020; Volk 

et al., 2024; Jin et al., 2025). For hybrid systems, 

the combination of biodegradable fungal 

components with synthetic polymers introduces 

additional challenges. Future research should 

therefore address biodegradation behaviour, 

compostability, potential microplastic formation 

and material separation strategies, supported by 

life cycle assessment approaches. 

Finally, the development of scalable biohybrid 

manufacturing processes remains a major 

challenge. Electrospinning is increasingly being 

adapted for scalable production, for example 

through needleless and roll-to-roll processes; 

however, challenges related to process stability, 

production rate and material uniformity continue 

to limit large-scale implementation (Persano et 

al., 2013; Atay and Altan, 2023), whereas 

mycelium cultivation is inherently biological 

and sensitive to environmental conditions 

(Schoder et al., 2024). Integrating these 

processes requires new production concepts that 

ensure reproducibility, process control and 

economic feasibility. Previous work has 

highlighted the need for improved 

standardisation in mycelium-based materials 

(Attias et al., 2021; Bitting et al., 2022), which 

becomes even more critical in hybrid systems. 

Overall, future research should treat nanofiber–

mycelium systems as engineered biohybrid 
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textile architectures, in which fiber design and 

biological growth are co-optimized. This 

approach has the potential to enable functional, 

scalable and circular textile materials, bridging 

the gap between biofabrication and textile 

engineering.  

The field is currently transitioning from 

exploratory feasibility studies to hypothesis-

driven material design. 

Conclusion 

 
This paper has examined an emerging research 

direction at the intersection of electrospun 

nanofibers and mycelium-based materials. 

Electrospun nanofibers and mycelium-based 

materials have been widely studied as 

sustainable material solutions, yet their 

integration into functional textile systems 

remains limited. Existing approaches 

demonstrate compatibility between mycelium 

and fibrous substrates but largely treat fibers as 

passive components. 

The key gap lies in the lack of a textile-

engineering-oriented framework for designing 

nanofiber–mycelium hybrids. In particular, the 

potential of electrospun nanofiber architectures 

to actively control mycelial growth and material 

properties remains insufficiently explored. 

Nanofiber–mycelium systems should therefore 

be understood as programmable biohybrid 

textile materials, in which fiber design and 

biological processes are co-optimized. 

Advancing this concept requires systematic 

research on structure–property relationships, 

textile performance, circularity and scalable 

manufacturing. 

If addressed, these challenges could enable a 

new class of functional and circular textile 

materials at the intersection of biofabrication 

and textile engineering.  

As such, this work contributes to structuring a 

novel research field rather than summarizing a 

mature body of literature. 
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