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Abstract 

The ability of electrospun nanofibers to mimic the structure and composition of specific extracellular matrix (ECM) 

components has been widely utilized in constructing scaffolds for tissue regeneration. As a biophysical signal from the ECM, 

bioelectrical communication mediated by endogenous electric fields and currents also plays a crucial role in the repair and 

regeneration of damaged tissues. To achieve this objective, it is crucial to develop electroactive electrospun nanofibers for 

tissue engineering. Here, we briefly summarize the commonly developed electroactive electrospun nanofibers and their 

advances in tissue engineering, particularly for cardiac repair, nerve injury treatment, wound healing, and skeletal muscle and 

bone regeneration. We also discuss their potential applications as biosensors and drug delivery platforms. We then specifically 

focus on future directions in the design and functionalization of electroactive electrospun nanofibers for tissue engineering. 

Finally, we suggest some promising strategies to make the framework smarter, more portable, easier to monitor, and safer.  © 

2025. All rights reserved 
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1-Introcdution 

 

The aim of tissue engineering is to facilitate the 

process of repairing and reconstructing damaged 

tissues by developing biological substitutes based on 

biomaterials [1-2]. Scaffolds are a key component of 

tissue engineering because they provide a supportive 

environment to regulate and control cell proliferation 

and matrix synthesis, thereby promoting the 

formation of new tissues [3]. The microenvironment 

provided by the scaffold must be rich in biochemical 

and physical signals to achieve long-term signaling 

exchange between cellular activities and 

tissues/organs, essential for the reconstruction of 

defective tissues [4]. Electrospun nanofibers have 

been widely used to construct scaffolds for tissue 

regeneration due to their ability to mimic the 

structure and components of the extracellular matrix 

(ECM) [5-7]. The morphology and components of 

individual nanofibers and nanofiber-based scaffolds 

can be tailored to manipulate cellular behaviors, such 

as cell adhesion, migration, proliferation, 

differentiation, and apoptosis [4-10]. In combination 

with biochemical and external biophysical signals, 

various types of two-dimensional and three-

dimensional electrospun nanofiber scaffolds have 

been developed to promote the repair of defective 

tissues [11-16]. In addition to the well-known 

biochemical signals provided by bioactive factors, 

bioelectrical communication mediated by endogenous 

electric fields (EFs) and currents also plays an 

important role as biophysical signals [17-20]. In the 

human body, many functions are controlled by 

electrical signals, as various types of tissues exhibit 

conductive and/or sensitive properties, such as 

piezoelectricity and ferroelectricity. As shown in 

Figure 1, these tissue types include the nervous 

system, heart, bone, muscle, and skin, which are 

involved in the activities of neurotransmission [11-

28], cardiac activity [15-33], bone regeneration [17-

37], muscle contraction [38-40], and wound healing 

[39-43]. The nervous system, heart and other muscles 

are the electrically active tissues/organs of the human 

body. The strongest electrical activity among them is 

the nervous system, where signals from neurons are 

transmitted to the desired parts through synapses. 

Cardiomyocytes (CMs) are the pacemaker cells of the 

heart and are responsible for sending rhythmic 

impulses. These rhythmic electrical impulses travel 

throughout the heart and finally reach the ventricular 

muscle cells, where mechanical activity occurs. h. 

Until the heart beats. Bones and skin also use EF and 

even piezoelectricity to regenerate new tissues [18]. 

Endogenous bioelectrical signals are one of the most 

important cues for determining tissue function in 

electrosensitive tissues and therefore play a key role 

in tissue regeneration processes [17]. Electrotherapy 

and related devices based on electrical stimulation 

have been established in the clinic [44-45], such as 

electrical nerve stimulators, cardiac pacemakers, 

bone growth stimulators [46-47] and electrical 

muscle stimulators [48]. These devices have shown 

good results in treating neurodegenerative diseases, 

recovering from nerve injuries and promoting healing 

of musculoskeletal tissues. Electrical stimulation has 

also been proposed as a less invasive treatment 

option. For example, epidurally implanted bipolar 

electrodes can achieve similar effects as deep brain 

stimulation in animal models of Parkinson's disease 

and restore motor function [49]. Similarly, 

subcutaneous nerve stimulation not only shows 

satisfactory analgesic effects but also potential 

modulation of spasticity [50]. However, most of these 

devices require a power source, which requires 

replacing batteries or connecting cables, thus 

increasing the risk of infection after implantation [51-

53]. At the same time, poor interaction between the 

electrode and tissue interface and lack of 

correspondence with the mechanical properties of 

tissues make the application of electrical stimulation 

more difficult. To improve the versatility and ease of 

use of electrical signals for tissue regeneration, 

efforts have been made to design and fabricate 

electroactive electrospun nanofiber scaffolds 

(EENFS) that interact with electrically active tissues 

[54-56]. These smart scaffolds can transmit electrical 

signals or convert stimuli (e.g., mechanical stimuli, 

light, heat) into electricity, allowing efficient and 

precise delivery of electrical stimuli to the desired 

cells and tissues. EEFS can also function as 

biosensors for disease diagnosis and monitoring the 

process of tissue regeneration [57-60]. The release of 
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bioactive factors can also be triggered by well-

designed EENFS through stimulation with external 

electrical stimuli. In addition to electroactive 

properties, the scaffold should also have good 

biocompatibility, biodegradability, and mechanical 

properties, and should be able to mimic the target 

ECM to modulate cell behavior [18]. EENFS have 

made satisfactory progress in various tissues, such as 

cardiac, neural, bone, skin, and muscle, by 

manipulating cell alignment, proliferation, and even 

differentiation [17-20]. We share our perspective on 

EENFS and its recent applications based on our 

understanding of the electrophysiological properties 

of human tissues. In the current perspective, we first 

discuss piezoelectric and conductive nanofibers and 

their advances in the tissue engineering field, 

especially their use as cardiac patches, nerve 

guidance conduits, skin wound dressings, controlled 

bone regeneration membranes, drug delivery 

platforms, and sensing devices. Although EENFS has 

made certain progress in the above fields, EENFS 

will play a more important role in the future 

intelligent medical system and integrated diagnosis 

and treatment. Here we look forward to the 

development of EENFS and electrical signal sources, 

the development of multifunctional diagnostic and 

therapeutic devices based on EENFS interfaces, and 

the consideration of biological safety. It is expected 

that electrical signals can be generated/collected to 

promote tissue repair (electrical stimulation, 

morphology control, controllable drug release), 

combined with intelligent monitoring of the recovery 

process of various tissues, while precisely controlling 

electrical stimulation within a safe range. To be 

achieved. The device should be designed to be 

flexible, simple, reasonably degradable, and 

multifunctional. Ultimately, this perspective aims to 

provide a future vision for the introduction of 

scaffold-based devices into clinical practice. 

 

1-1 NANOFIBERS AS FUNCTIONAL 

SCAFFOLDS FOR TISSUE ENGINEERING 

 

Electrospun nanofibers had been notably explored as 

scaffolds for tissue engineering due to their capacity 

to imitate the hierarchical structure of an extracellular 

matrix (ECM). Our organization has evolved a lot of 

scaffolds primarily based totally on electrospun 

nanofibers for the law of mobiliary behaviors and 

tissue regeneration. Several terrific examples are 

highlighted as follows. 

 

1-2Mimicking the Alignment of the ECM To 

Manipulate Cell Morphology 

In the human body, some tissues, such as tendons, 

muscles, nerves, and hearts, are characterized by 

highly ordered structures. For example, tendons are 

highly anisotropic tissues in which collagen fibrils 

are uniaxially aligned and arranged parallel to each 

other. Electrospun nanofibers, when collected as 

uniaxially aligned arrays, can be used for tendon 

regeneration. As the fluorescence microscopy images 

in Figure 1A, B show, the uniaxially aligned 

nanofibers provide contact guidance to tendon 

fibroblasts, aligning the cells and organizing their 

ECM into a highly ordered structure. Furthermore, to 

better mimic the anatomical structure of collagen 

fibrils in tendon tissue, we fabricated uniaxially 

aligned nanofibers with a curled morphology. The 

changes in cell morphology induced by nanofiber 

alignment could also be effectively translated into 

cytoskeleton remodeling. For example, Schwann 

cells seeded on random nanofibers exhibited a 

disorganized actin network (Figure 1C), whereas 

cells seeded on uniaxially aligned nanofibers 

exhibited an aligned actin network along the long 

axis of the underlying nanofiber (Figure 1D). Human 

pluripotent stem cell-derived cardiomyocytes were 

also shown to exhibit anisotropic and isotropic 

orientation when cultured on scaffolds composed of 

uniaxially aligned and random PCL nanofibers, 

respectively.
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Figure 3: Fluorescence micrographs showing (A, B) tendon fibroblasts seeded on random and uniaxially aligned PCL nanofibers and stained 

with fluorescein diacetate and (C, D) Schwann cells seeded on random and uniaxially aligned PCL nanofibers stained with rhodamine 

phalloidin (red) and 4',6-diamidino-2-phenylindole (blue), respectively. 

 

 

1-3 Directing Cell Migration for Dural Tissue 

Regeneration 

 

A suitable scaffold for dural tissue regeneration 

must promote the migration of dural fibroblasts 

from the periphery toward the center of the wound. 

To this end, our group developed a new class of 

scaffolds based on radially aligned nanofibers. 

 

1-4 Guiding and Promoting the Outgrowth of 

Neurites 

 

Scaffolds based on uniaxially aligned nanofibers 

have enabled the design of nerve guidance conduits 

to better recapitulate the anisotropic structure of 

nerves.45,48 It is well-established that the physical 

cue offered by the aligned nanofibers can direct the 

extension of neurites derived from various cell 

phenotypes, including dorsal root ganglia (DRG) 

and embryonic bodies (EBs). 

2.4. Mimicking the Tendon-to-Bone Insertion Site 

Repairing the interface between soft and hard 

tissues has been one of the major clinical 

challenges. For the repair of tendon-to-bone 

insertion, we developed “aligned-to-random” 

nanofiber scaffolds to mimic the orientational 

changes of the collagen fibers in enthesis. Cells 

cultured on different portions of the scaffolds 

presented different structures of the cytoskeleton. 

We also fabricated a nonwoven mat of electrospun 

nanofibers with a continuously graded coating of 

calcium phosphate. 

2- Conclusion 

As a simple and widely available technique, 

electrospinning allows for the rapid production of 

fibrous nanomaterials from a wide range of 

materials. Furthermore, many strategies have been 

demonstrated to develop the composition, structure, 

porosity, surface area, and orientation of nanofibers. 

These features allow the properties of nanofibers to 

be tailored for different applications. Although 

electrospun nanofibers have shown great potential 

in applications ranging from heterogeneous 

catalysis to biomedical research, they still face 

many challenges. For ceramic nanofibers, their 

mechanical strength and flexibility need to be 
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improved so that they can be used as free-standing 

structures over large areas. In addition to precise 

control of the microstructure of ceramic nanofibers, 

the fabrication of surface-functionalized nanofiber 

sponges provides an effective way to develop 

flexible and reusable catalytic systems. For polymer 

nanofibers to be used as scaffolds for tissue 

regeneration, their design, including composition 

and structure, should be further optimized for in 

vivo applications. Future research should aim to 

fabricate three-dimensional scaffolds with 

integrated cells and growth factors to improve cell 

infiltration and viability. By closely mimicking the 

complex spatial distribution of natural tissues, 

three-dimensional scaffolds with functionally 

graded variations in composition, orientation, 

porosity, and pore size could lead to significant 

improvements in tissue regeneration. The ultimate 

goal is to bring electrospun nanofibers from the 

laboratory to industry and from bench to bedside. 
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