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a b s t r a c t 

The pandemic of the coronavirus disease 2019 (COVID-19) has made biotextiles, including face masks and 

protective clothing, quite familiar in our daily lives. Biotextiles are one broad category of textile products 

that are beyond our imagination. Currently, biotextiles have been routinely utilized in various biomedical 

fields, like daily protection, wound healing, tissue regeneration, drug delivery, and sensing, to improve 

the health and medical conditions of individuals. However, these biotextiles are commonly manufactured 

with fibers with diameters on the micrometer scale ( > 10 μm). Recently, nanofibrous materials have 

aroused extensive attention in the fields of fiber science and textile engineering because the fibers with 

nanoscale diameters exhibited obviously superior performances, such as size and surface/interface effects 

as well as optical, electrical, mechanical, and biological properties, compared to microfibers. A combi- 

nation of innovative electrospinning techniques and traditional textile-forming strategies opens a new 

window for the generation of nanofibrous biotextiles to renew and update traditional microfibrous bio- 

textiles. In the last two decades, the conventional electrospinning device has been widely modified to 

generate nanofiber yarns (NYs) with the fiber diameters less than 10 0 0 nm. The electrospun NYs can be 

further employed as the primary processing unit for manufacturing a new generation of nano-textiles 

using various textile-forming strategies. In this review, starting from the basic information of conven- 

tional electrospinning techniques, we summarize the innovative electrospinning strategies for NY fabri- 

cation and critically discuss their advantages and limitations. This review further covers the progress in 

the construction of electrospun NY-based nanotextiles and their recent applications in biomedical fields, 

mainly including surgical sutures, various scaffolds and implants for tissue engineering, smart wearable 

bioelectronics, and their current and potential applications in the COVID-19 pandemic. At the end, this 

review highlights and identifies the future needs and opportunities of electrospun NYs and NY-based 

nanotextiles for clinical use. 

© 2022 Elsevier Ltd. All rights reserved. 
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. Introduction 

Biotextiles are one broad type of medical devices/materials with 

iven textile structures and patterns and are used in specific bi- 

logical environments, depending on their biocompatibility and 

iostability with cells and biological fluids. Biotextiles commonly 

nclude engineered textile scaffolds and implants [1] , textile-based 

rug delivery carriers [2] , hygiene textiles [3] , and wearable bio- 

lectronic devices [4] . For instance, the medical face masks are 

ne typical biotextile, which are widely utilized to stop the trans- 

ission of severe acute respiratory syndrome coronavirus 2 (SARS- 

oV-2) during the COVID-19 pandemic. According to a case study, 

earing a face mask could reduce 80% and 47% of the infection 

isk for healthcare workers and non-healthcare workers, respec- 

ively [5] . Another study reported that 17–45% and 24–65% of pro- 

ected deaths could be prevented by appropriately wearing face 

asks in New York and Washington, respectively [6] . Actually, the 

se of biotextiles dates back to the ancient times, and they were 

rst utilized to close or cover open wounds on human skin [7] . 

owadays, the widespread combination of biotechnology and tex- 

ile engineering has brought various innovative biotextiles, which 

re becoming more important than anyone realizes [ 8 , 9 ]. 

The generation of biotextiles usually includes two main pro- 

edures [ 10 , 11 ]. Firstly, fiber-constructed yarns are produced from 

arious natural or synthetic polymers using many different spin- 

ing methods. Melt spinning, dry spinning, and wet spinning are 

he three most notable spinning routes in fiber science and textile 

ngineering [12] . The as-obtained yarns are then processed into di- 

erse textile patterns with predetermined shapes, porosities, and 

echanical properties using textile weaving, knitting, and braiding 

echniques, as well as other 3D textile-forming methods. Fibrous 

arns are assuredly the primary processing unit for the fabrication 

f biotextiles, and the performances of the yarns are responsible 

or the performances of the final fabricated biotextiles. Currently, 

he commercially used yarns for the fabrication of biotextiles are 

onstructed with microfibers with the diameters on the microm- 

ter scale (typically larger than 10 μm). For implantable material 

pplications, the fiber diameters are obviously larger than those of 

rotein fibrils (diameters of several to several hundred nanome- 

ers) that exist in the native extracellular matrix (ECM) [ 13 , 14 ]. The

nmatching fiber morphologies and sizes of as-fabricated biotex- 

iles inevitably result in unsatisfactory cell interactions and thera- 

eutic effects [ 15 , 16 ]. For wearable bioelectronic applications, the 

arge fiber diameters of conventional microfibers negatively affect 

he device miniaturization, the weight, and the performance [17] . 

herefore, reducing the fiber diameter of yarns for textile use is 

reatly required to improve the structures and properties of con- 

entional microfibrous biotextiles [ 18–20 ]. 

Another key element for the fabrication of biotextiles, espe- 

ially for implantable textiles, is the biomaterial selection. Previ- 

us studies demonstrated that the selected materials can notably 

nfluence the biological properties of biotextiles [ 21 , 22 ]. The com- 

ercialized textile products for implantable material applications 

re mainly fabricated from some non-degradable and bio-inert 

olymers, including cellulose, polyamide, polypropylene, polyester, 

oly(etheretherketone), poly(tetrafluoroethylene), carbon, etc. [23] . 

or instance, the commercial implantable textile products, such 

s ULTRAPRO, AQUACEL, INTERGARD, and TIGR Matrix, that are 

tilized to treat hernias, skin wounds, vascular injuries and dis- 

ase, and pelvic organ prolapses, respectively, are either nonab- 

orbable or partially absorbable [ 12 , 24 ]. The clinical data suggests 

hat these commercial implantable biotextiles have played an ex- 

remely important role in saving patients’ lives and/or improving 

heir quality of life, but there are still some drawbacks that need 

o be addressed, especially for implantable textiles [24] . For exam- 

le, a strong foreign body response may take place after the non- 
2 
egradable textile products are implanted, and the subsequent fi- 

rosis completely engulfs the implanted textiles, leading to the de- 

uctionalization of textile implants [25] . In addition, the long-term 

se of these non-degradable textile implants can release some de- 

ris from wear, which may be harmful for the surrounding cells 

nd tissues, possibly causing cellular malformation, apoptosis, and 

ven carcinogenesis [ 26 , 27 ]. Therefore, polymers with improved 

iocompatibility and controllable biodegradability are doubtlessly 

ore appropriate for the fabrication of biotextile implants, which 

re expected to be gradually absorbed, accompanied by the gener- 

tion and healing of diseased or damaged tissues and organs. 

In the last two decades, electrospinning has been recognized as 

 feasible and versatile spinning method for generating fibers with 

iameters in the range of several to several hundred nanometers, 

hich are at least ten times smaller than the fibers fabricated 

rom traditional melt, dry, and wet spinning strategies [28] . 

he significantly decreased fiber diameter notably increased the 

pecific surface area, and the ECM nanofibril-mimicking character- 

stics make electrospun nanofibers ideal materials for biomedical 

pplications [ 29 , 30 ]. Importantly, a variety of biodegradable poly- 

ers with excellent biocompatibility and that originate from both 

atural and synthesized sources have been successfully processed 

nto electrospun nanofibers, including silk fibroin (SF), collagen, 

elatin, polydioxanone (PPDO), polycaprolactone (PCL), polyglycol- 

de (PGA), poly(L-lactic acid) (PLLA), poly(lactic-co-glycolic acid) 

PLGA), poly(L-lactide-co- ε-caprolactone) (PLCL), etc. [ 31 , 32 ]. In 

ddition, various drugs and bioactive ingredients can be easily 

ncapsulated into the nanofibers through the electrospinning tech- 

ique, which can impart nanofibers with predetermined biological 

ehaviors [ 33 , 34 ]. Moreover, a wide variety of post-treatment 

rocesses are perfectly suitable for the modification of electrospun 

anofibers to further improve the properties and functions of 

s-prepared nanofibers [ 35 , 36 ]. The direct transformation of elec- 

rospun nanofibers into textile yarn-like structures, also named as 

anofiber yarns (NYs), provides an innovative routine for renewing 

nd updating the existing microfiber yarns (MYs) made from the 

raditional melt, dry, and wet spinning techniques [37] . Today, 

ore and more studies are reporting modified electrospinning 

trategies for the fabrication of advanced NYs. 491 papers have 

een found using the terms “Electrospinning and Yarn” in the 

orld-recognized database “Web of Science Core Collection”. 

he number of annual publications from 20 0 0 to 2022 is shown 

n Fig. 1 . In the early 20 0 0s, a few research groups started to

odify the conventional electrospinning device to generate elec- 

rospun yarns. Since 2010, the number of publications related 

o electrospinning and yarns has been increasing rapidly every 

ear. Moreover, some existing studies have already reported the 

nnovative design and development of nanoarchitectured textiles 

sing electrospun NYs for various biomedical applications in the 

ost recent years. 

Although a lot of previous review papers introduced electro- 

pinning strategies and their applications in biomedical engi- 

eering [ 38–41 ], no review papers that systematically introduce 

he advances of electrospun nanofiber yarn-based textiles for 

iomedical applications were found. First, this review briefly in- 

roduces the basic principles of typical electrospinning techniques, 

ncluding apparatuses and process parameters. Subsequently, this 

eview highlights the recent progress in electrospun NY fabrication 

nd summarizes the advantages and disadvantages of different 

trategies. Then, how the material composition and spinning 

rocess influence the morphologies, structures, and properties 

f electrospun NYs is discussed. This review also gives a com- 

rehensive overview of the generation of nanotextiles that use 

lectrospun NYs. Afterwards, this review presents some significant 

xamples that highlight the advanced applications of electrospun 

Ys in biomedical fields. At the end of this review, we explore 
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Fig. 1. Number of annual publications on Electrospun Yarns. The literary search is based on the terms “Electrospinning and Yarn” in the “Web of Science Core Collection”

database from 20 0 0 to 2022. 
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nd identify the challenges, opportunities, and future needs of 

lectrospun NYs and NY-based biotextiles for clinical use. Fig. 2 

hows the whole schematic of the present review. 

. Principle and process of conventional electrospinning 

Electrospinning is a versatile, low cost strategy and is a sim- 

le process for producing polymeric nanofibers [48] . A conven- 

ional electrospinning device for lab research use is relatively sim- 

le, as shown in Fig. 3 A, mainly including one spinneret (usually 

n the form of a needle with a blunt tip), one syringe equipped 

ith a syringe pump, one high voltage supply, and one conduc- 

ive collector (usually in the form of an aluminum plate). Unlike 

he traditional melt spinning, dry spinning, or wet spinning, elec- 

rospinning employs a high-voltage electrostatic field to drive the 

hole spinning process. When an external electric field is applied 

o the spinneret, the electrostatic charges accumulate at the tip of 

 liquid droplet. Consequently, the electrostatic repulsion among 

he surface charges works against the surface tension and deforms 

nd reshapes the droplet into a stretched cone (named a Taylor 

one), and a jet is subsequently ejected from the Taylor cone when 

 threshold voltage is reached. This jet initially streams forward 

long a straight line and then experiences a complex whipping 

ath due to bending instabilities, as shown in Fig. 3 B [49] . The

olvent volatilizes and the polymeric jet is elongated into a thin- 

er diameter during the stretching and motion, and, finally, the 

anofibers are generated and deposited on a preset collector. In 

eneral, a complicated electrohydrodynamic process occurs during 

lectrospinning, which involves four distinct stages: liquid droplet 

harging and Taylor cone formation, jet initiation and straight seg- 

ent formation, jet instability and whipping, and jet solidification 

nd nanofiber deposition [50] . 

Three typical instabilities occur with an electrically charged 

olymeric jet that affect the formation of nanofibers during the 

lectrospinning process [ 51–53 ]. The Rayleigh instability is an 

xisymmetric varicose instability that tends to break the poly- 

eric jet into small droplets. There is another axisymmetric in- 

tability, which happens under a much stronger electric field 

han the Rayleigh instability. The third type of instability is non- 

xisymmetric blending and whipping instability, which originates 

rom the electrostatic repulsion among surface charges of poly- 

eric jets as a result of a strong existing electrostatic field. To 
3 
enerate thinner nanofibers, it is significantly necessary to notably 

mprove the whipping instability, which is responsible for bending 

nd stretching of the jet during the jet movement [ 54 , 55 ]. Usu-

lly, the electrospinning strategy collects the nanofibers as meshes 

ith dense packing densities and low thickness (usually < 1 mm). 

hree broad categories of factors affect the electrospinning pro- 

ess and the morphology and structure of collected polymeric 

anofibers. Polymer solution variables are the first factor, which 

nclude molecular weight, concentration, viscosity, and solvent se- 

ection. The processing variables are another factor, referring to the 

pplied voltage, solution feeding rate, spinning distance, spinneret, 

nd collector selection. The third factor is environmental variables, 

ncluding humidity, temperature, and atmospheric gas. An exam- 

le of the influences of the polymer solution on the morphology 

f electrospun cellulose acetate nanofibers is shown in Fig. 3 C [56] . 

everal recent reviews on how the process variables, environmen- 

al variables, and polymer solution variables influence the mor- 

hology and structure of electrospun nanofibers have been pro- 

ided by Mailley et al. [57] , Ibrahim and Klingner [58] and Haider 

t al. [59] . 

. Electrospinning-based yarns 

The idea of transforming electrospun nanofibers into yarn-like 

tructures, i.e., NYs, was first reported by Anton Formhals in 1934 

60] . However, the electrospinning technique did not regain atten- 

ion in the nanoscience community until the 1990s. In 2003, Ko 

t al. re-proposed the concept of employing modified electrospin- 

ing technology to generate NYs, but there were no detailed de- 

criptions about their equipment [61] . Since then, modifying the 

onventional electrospinning devices to manufacture high quality 

Ys has become a long-term goal for fiber scientists and tex- 

ile researchers. Over time, a series of traditional textile strate- 

ies have been introduced to modify the electrospinning technique 

or the production of NYs. At present, electrospinning-based yarns 

re mainly categorized into three different types, i.e., aligned NYs, 

wisted NYs, and coverspun yarns. Their schematics and morpholo- 

ies are shown in Fig. 4 . The aligned NYs are constructed with nu- 

erous nanofibers that are uniaxially aligned along the yarn lon- 

itudinal direction, as shown in Fig. 4 A and B [62] . The twisted

Ys are also made of numerous nanofibers, but the nanofibers ex- 

ibit some twists as shown in Fig. 4 C and D. The coverspun yarns 
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Fig. 2. Fabrication of electrospun NY-based biotextiles and their applications in various biomedical fields. Some figure elements were rearranged and reprinted with permis- 

sions from Refs. [42–47] . 
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re fabricated by coating numerous nanofibers on microfibers to 

enerate a nanofiber-coated microfiber core-sheath structure, as 

hown in Fig. 4 E and F. In addition, all the electrospinning-based 

arns can also be categorized into discontinuous and continuous 

ypes in terms of the NY generating mechanisms and the continu- 

ty and length of the obtained yarn. For the discontinuous type, a 

imited yarn length (several millimeters to tens of centimeters) is 

enerated at one time. As for the continuous type, at least several 

eters of yarns are manufactured at one time without the yarn 

reaking. 

.1. Electrospun NY fabrication in a discontinuous manner 

It is well-known that all the spinning methods include one 

ecessary jet stretching process to refine and solidify fibers. The 

raditional melt spinning, dry spinning, and wet spinning utilize 

asily controlled compressed air, mechanical interaction, or a 

ombination of both to realize the stretching of fibers There- 

ore, the stretching force is limited, and only microfibers with 

iameters larger than 10 μm can be generated [ 63–65 ]. In com- 

arison, the dramatic stretching force caused by the complex 

hree-dimensional whipping and bending instability during elec- 

rospinning is employed to stretch and solidify polymeric jets, and 

bers with diameters of several to several hundred nanometers 

re formed [55] . However, the whipping and bending instability 

hat are necessary for the nanofiber generation are also difficult 

o control, which creates significant hurdles for the continuous 
4 
nd controllable preparation of electrospun NYs. The reasonable 

ontrol of the jet trajectory to arrange nanofibers into uniaxially 

ligned structures is one primary key process for the fabrication 

f high-quality electrospun NYs. 

Currently, two oppositely-placed electrodes with a constant 

ap, constructed with two steel blades ( Fig. 5 A) [66] , two metal

ings ( Fig. 5 B) [ 67 , 68 ], two tubes ( Fig. 5 C) [69] , or two vertically-

rranged metal disks ( Fig. 5 D) [70] , were widely explored to bal-

nce the electrical field and achieve the alignment of electro- 

pun nanofibers. The as-obtained nanofibers are further twisted 

nto short electrospun NYs with a limited length in the range of 

everal to tens of millimeters. The electrospun NYs generated by 

hese methods commonly possess super-aligned fiber structures 

nd controlled twisting degrees. Importantly, the fabrication de- 

ices are simple and versatile. Moreover, one conventional textile 

arn supply device has been introduced to the vertically-arranged 

etal disk electrospinning system in Fig. 5 D, which could gener- 

te nanofiber-coated microfiber coverspun yarns with controllable 

wists [71] . 

In order to improve the yarn length, some relatively compli- 

ated devices have been designed and developed. For example, an 

nnular stainless-steel collector on an aluminum plate was used 

o obtain polyacrylonitrile (PAN) nanofiber bundles in an annu- 

ar shape ( Fig. 5 E), which were subsequently cut, pre-drafted, and 

wisted into short electrospun NYs with a length of 15 cm [72] . 

owever, the short NYs obtained by this method presented an un- 

ven and hairy appearance and a low breaking strength of roughly 
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Fig. 3. (A) Schematic of a basic electrospinning system. (B) Schematic of a pathway of an electrospun polymeric jet. (C) SEM images of electrospun nanofibers with different 

morphologies. The electrospun nanofibers were fabricated from different solution concentrations by dissolving cellulose acetate in a mixed solvent of acetone and N, N- 

Dimethylacetamide (2/1, v/v): 8% (w/w), 9% (w/w), 10% (w/w), 11% (w/w), 12% (w/w), 13% (w/w). (B) Redrawn based on Ref. [49] . (C) Reprinted with permission from Ref. 

[56] . 
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 cN/tex. In several other studies, a modified collector contain- 

ng one hollow metal hemisphere and one metal rod with a sharp 

nd ( Fig. 5 F) was designed to collect electrospun NYs with aligned 

tructures and adjustable twists [ 73 , 74 ]. However, only 10 cm long

Ys could be produced by this method. One study set an auxil- 

ary polyhedron electrode between the spinning needle and collec- 

or, in Fig. 5 G, and a rotating electric field was formed through a 

apid change of the electric field of each plane in the polyhedron, 

hich could directly twist the polyethylene oxide (PEO) nanofibers 

nto NYs with diameters of 5 μm [75] . However, the spinning pro- 

ess was very unstable. Worse still, the diameters of as-obtained 

Ys were tiny (about 5 μm), resulting in poor mechanical prop- 

rties. In another study, a funnel-shaped collecting device was de- 

eloped for bundling and forming yarns, presented in Fig. 5 H [76] . 

pecifically, the funnel-shaped collecting device could produce a 

igh-speed airflow to bundle and twist nanofibers, but only false 

wisting processes were demonstrated to be produced by using 

his device. Moreover, the chaotically oriented fiber morphology 

as observed in the as-prepared NYs. In addition, some existing 

tudies employed a high-speed rotating cylinder to collect aligned 

anofiber mats and, subsequently, twist the nanofiber mats into 
d

5 
hort NYs [ 77 , 78 ]. As mentioned above, various modified electro- 

pinning methods have been designed and implemented to man- 

facture discontinuous electrospun NYs, but it is not very realistic 

o further apply them into large-scale textile formation due to the 

imited yarn lengths. Therefore, the current trend is to develop de- 

ices that can fabricate electrospun NYs in a continuous manner. 

.2. Electrospun NY fabrication in a continuous manner 

Several studies employed the mechanisms of wet spinning to 

odify the conventional electrospinning devices for the fabrica- 

ion of NYs in a continuous manner. A similar electro-wet spin- 

ing method is presented to generate continuous NYs, as shown in 

ig. 6 A [ 79 , 80 ]. A new collecting apparatus, consisting of a water

oagulation bath, a nanofiber guiding bar, and a NY take-up cylin- 

er, was utilized to take place of the metal plate collector used 

n conventional electrospinning. Polymeric nanofibers were directly 

eposited into a coagulation bath, and the assembled nanofibers 

ere further stretched into yarn-like structures and pulled from 

he water to air with the aid of the guiding bar and take-up cylin- 

er. Several synthetic polymers, including PCL, poly (vinylidene di- 
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Fig. 4. Different types of electrospun NYs. Schematic and SEM images of electrospun NYs with highly aligned fibrous structures (A, B) and with high twisting (C, D) and 

electrospun nanofiber-coated microfiber coverspun yarns with core-sheath structures (E, F). The blue dashed line indicates the inner microfibers of the coverspun yarns. (B) 

Reprinted with permission from Ref. [62] . 
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uoride) (PVDF), poly(vinyl acetate) (PVAc), and PAN, have been 

lectrospun into continuous NYs, demonstrating the feasibility of 

lectro-wet spinning. By modifying the electro-wet spinning setup, 

 dynamic liquid support system was introduced to continuously 

ollect the electrospun NYs, as shown in Fig. 6 B [81] . The electro-

pun nanofibers were first deposited on the surface of the water 

n the upper basin. A small hole was created in the center of the 

pper basin to generate a water vortex when the water flowed 

ut into the bottom water storage tank. The water vortex can 

raw the deposited nanofiber assembly into a NY. Poly(vinylidene 

oride-co-hexafluoropropylene) (PVDF-HFP) has been electrospun 

nto NYs with highly aligned fibrous structures by using this dy- 

amic electro-wet spinning method. To increase the controllabil- 

ty and stability of the NY fabrication process, Yousefzadeh et al. 

urther modified the dynamic electro-wet spinning device [82] . As 

hown in Fig. 6 C, an auxiliary disk electrode was applied onto the 

pinneret to concentrate the electrical field and limit the depo- 

ition area of nanofibers on the water’s surface. A water vortex 

as created to assist in the NY formation. The NYs were guided 

hrough a spring tube and collected on a winding roller located 

bove the basin hole. Importantly, this modified setup was demon- 

trated the ability to impart the NYs with a twist. Both untwisted 

nd twisted PAN NYs were fabricated, and the twisted NYs pre- 

ented obviously enhanced breaking strength compared to the un- 

wisted NYs (13.9 ± 3.7 MPa vs 3.0 ± 0.3 MPa). Moreover, Fig. 6 D 

hows an innovative nanofiber formation system constructed with 

ultiple spinnerets [83] , which significantly increased the produc- 

ion rate of PAN NYs and effectively improved the controllability 

nd stability of the dynamic electro-wet spinning technique. Some 

xisting studies also utilized the electro-wet spinning technique to 
6 
abricate electrospun PAN NYs [ 84 , 85 ]. Although some great effort s

ave been devoted to these electro-wet spinning methods, there 

re also some major limitations and drawbacks, including uncon- 

rolled twisting parameters, high yarn breakage rate, and limited 

olymer source (only suitable for polymers insoluble in water). 

The mechanisms of traditional dry spinning were also employed 

o modify the conventional electrospinning device for the fabri- 

ation of continuous NYs. A self-bundling electrospinning method 

as reported to continuously generate NYs, as shown in Fig. 7 A 

 86 , 87 ]. A grounded needle tip was employed to induce the 

elf-bundling behavior of nanofibers ejected from a high voltage 

harged needle tip, and the self-bundled NYs were further pulled 

ack and wound onto a rotating drum. The conductivity of the 

pinning solution is the fatal factor for the self-bundling electro- 

pinning. Organic salts should be added into the polymer solution 

o improve the conductivity. After adding benzyl triethylammo- 

ium chloride (BTEAC), four different types of synthetic polymers, 

ncluding PAN, poly(L-lactic acid) (PLLA), poly(3-hydroxybutyrate- 

o-3-hydroxyvalerate) (PHBV), and poly(m-phenylene isophthala- 

ide) (PMIA), were electrospun into NYs, demonstrating the fea- 

ibility and versatility of this NY-forming technique. Although 

his self-bundling electrospinning technique presented simple and 

nergy-saving features, the nanofibers’ self-bundling behavior was 

ifficult to be precisely controlled during the NY-forming process, 

esulting in low quality NYs and a high yarn breakage rate. One 

tudy further designed a conjugated electrospinning apparatus to 

anufacture continuous poly(vinyl alcohol) (PVA) and poly(vinyl 

yrrolidone) (PVP) NYs [88] . Positive and negative voltages were 

pplied to two oppositely placed needles. The nanofibers were 

jected from the two needles that carried opposite charges, which 
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Fig. 5. Schematic of some representative electrospinning devices for the fabrication of electrospun NYs in a discontinuous manner. (A) NY collector constructed with two 

steel blades. (B) NY collector constructed with two metal rings. (C) NY generator made from two twisting tubes and one winding tube. (D) Yarn generator made from two 

vertically arranged metal disks. (E) NY generator made by putting an annular stainless-steel electrode on an aluminum plate. (F) NY generator containing one hollow metal 

hemisphere and one metal rod with a sharp end. (G) Device with an auxiliary polyhedron electrode to facilitate NY formation. (H) Funnel NY-generating device. (A-H) were 

redrawn based on Refs. [ 66–68 , 70 , 72–76 ]. 
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ere attracted to each other and further bundled into a NYs. To 

ncrease the NY production rate of conjugated electrospinning, a 

ultiple conjugate electrospinning system made of three sets of 

ppositely-placed needles was designed, as shown in Fig. 7 B [89] . 

ontinuous tricalcium phosphate encapsulated PLLA NYs were pre- 

ared by using this multiple conjugate electrospinning setup. The 

onjugated electrospinning device was also modified by placing a 

eutral collector (metal plate or cylinder) in the middle of two 

ppositely-placed needles, as shown in Fig. 7 C [ 90 , 91 ]. By using

 similar methods as used by Su et al., different polymers, includ- 

ng PAN, PLA [92] , PLLA [ 93 , 94 ], and poly(acrylonitrile-co-methyl 

crylate) [95] , have been fabricated into electrospun NYs. One con- 

entional textile yarn supply device was further introduced to 

he modified conjugate electrospinning system [96] . Two different 
7 
anofiber coverspun yarns, including nylon nanofiber-coated nylon 

icrofiber yarns and PLA nanofiber-coated copper wire yarns, were 

anufactured. Some studies employed similar methods to develop 

ome complicated yarn structures, such as hollow polyurethane 

PU) NYs [97] , hollow carbon nanotube (CNT)/polyamide 6 (PA6) 

Ys [98] , PAN/CNT/Cotton coverspun yarns [99] , poly(L-lactic acid) 

PLLA)/ PA6 coverspun yarns [100] and multilayer PA6/PU/PA6 cov- 

rspun yarns [101] . 

Fig. 7 D shows a modified conjugate electrospinning device 

102] . An intermediate funnel collector was employed to collect 

he oppositely charged nanofibers spun from two oppositely placed 

eedles. A hollow nanofiber “cone” was formed on the edge of 

unnel, and PVDF-HFP NYs were produced by twisting and pulling 

way from the as-formed nanofiber cone. The highest number of 
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Fig. 6. Schematic of some reprehensive electro-wet spinning devices for the fabrication of electrospun NYs in a continuous manner. (A) Electro-wet spinning device for the 

generation of untwisted NYs. (B) Electro-wet spinning device for the generation of twisted NYs. (C) Electro-wet spinning device with an auxiliary disk electrode for the 

generation of twisted NYs with high controllability. (D) Electro-wet spinning device with multiple spinnerets for the large-scale production of untwisted NYs. (A-H) were 

redrawn based on Refs. [79–83] . 
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wists of the NYs reached 7400 twists per meter. The same re- 

earch group developed a hybrid needle-needleless electrospin- 

ing system, as shown in Fig. 7 E, which extremely improved the 

roductivity of PVDF-HFP NYs ( ∼240 m/h) [103] . The yarn and 

anofiber diameters were in the ranges of 52 μm to 206 μm and 

41 nm to 1.6 μm, respectively. Another research group developed 

ouble and multiple conjugate electrospinning devices to increase 

he production efficiency of nanofibers, thus resulting in the obvi- 

us improvement of yarn production efficiency ( Fig. 7 F) [ 104 , 105 ].

y using a similar device, as shown in Fig. 7 D, various polymers 

ontaining PAN, poly(vinylidene fluoride trifluoroethylene) (PVDF- 

rFE), PCL, and poly(sulfone amide) (PSA) have been fabricated into 

lectrospun NYs [ 106–108 ]. 

It should be noticed that our previous study introduced an 

nnovative collector into the conjugated electrospinning device 

 Fig. 7 G). This method significantly improved the alignment and 

venness of electrospun NYs. Importantly, continuous NYs with 

engths in the range of tens to hundreds of meters could be 

roduced. One collector was constructed with a neutral metal disc 

NMD) placed oppositely from neutral hollow metal rod (NHMR), 

hich were both in the middle of two oppositely placed needles. 

his homemade collector was demonstrated to effectively adjust 

he distribution of the external electric field and generate highly 

ligned nanofibers, and the obtained nanofibers were deposited 

n the gap between the edge of the NMD and the sharp end of 

HMR. The collected nanofibers with super-aligned structures 
8 
ere then bundled and twisted into continuous NYs. Due to the 

ighly aligned fibrous structure and excellent yarn evenness, the 

echanical properties of the as-generated NYs were obviously 

nhanced. The PAN NYs showed high breaking stresses that ranged 

rom 7.6 to 9.1 cN/tex, which were similar to the strength of 

extile-used cotton MYs [ 62 , 109 , 110 ]. In addition, one yarn supply

nd one tension device were further applied into this NY-forming 

ystem and could continuously provide conventional MYs. Several 

ifferent types of nanofiber coverspun yarns, including PLGA 

anofiber-coated PLA microfiber yarns, methacrylated gelatin 

MeGel) nanofiber-coated PLA microfiber yarns, and MeGel/PLGA 

anofiber-coated PLA microfiber yarns, were fabricated, which 

rovided an effective finishing method for improving the proper- 

ies of commonly-used textile MYs [ 111 , 112 ]. In general, various 

odified conjugate electrospinning methods are widely employed 

or the continuous generation of NYs, originated from a simple 

evice, have widespread polymer spinnability, and have excellent 

andleability. 

It is well-known that ideal electrospun NYs should not only 

resent high nanofiber alignment and excellent yarn evenness 

ut also possess appropriate mechanical properties that satisfy 

he fabrication requirements of various textile forming strategies. 

e summarized the index and reference of diameters and me- 

hanical properties of electrospun NYs using different polymers 

nd processing methods in Table 1 . It can be seen that both the 

wisting and hot stretching processes are effective ways to in- 
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Fig. 7. Schematic of some representative conjugate electrospinning devices for the fabrication of electrospun NYs in a continuous manner. (A) Self-bundling electrospinning 

NY-forming device. (B) Multiple conjugate electrospinning NY-generating system. (C) Conjugated electrospinning NY-generating device modified by placing a neutral collector 

in the middle of two oppositely placed needles. (D) Conjugated electrospinning NY-generating setup modified with a funnel. (E) Hybrid needle-needleless electrospinning 

NY-fabricating system. (F) Modified multiple conjugate electrospinning NY-forming apparatus. (G) Conjugated electrospinning NY-generating device made by introducing an 

innovative collector constructed with NMD and NHMR. (A-G) were redrawn based on Refs. [ 62 , 86 , 89 –91 , 102 –105 , 109 ]. 
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rease the mechanical properties of electrospun NYs. The twisting 

rocess utilizes physical force to improve the friction and adhesion 

mong the nanofibers of electrospun NYs. In comparison, the hot 

tretching process could notably increase the fiber alignment and 

rystallinity of electrospun NYs, leading to improved mechanical 

erformances. For example, one study investigated the effects of 

he hot stretching process on the mechanical properties of PAN 

Ys fabricated from self-bundling electrospinning [113] . They 

ound that the mechanical properties of stretched NYs presented 

 remarkable improvement compared to unstretched NYs. For in- 

tance, the breaking strengths were 45 ± 2.5 MPa for unstretched 

Ys, 146 ± 9.6 MPa for 100% stretched NYs, and 372 ± 14.2 MPa 

or 300% stretched NYs. The tensile moduli were 0.8 ± 0.11 MPa 
9 
or unstretched NYs, 5.2 ± 0.56 MPa for 100% stretched NYs, and 

1.8 ± 0.46 MPa for 300% stretched NYs. Most Recently, another 

tudy introduced an integrated electrospinning device constructed 

ith one nanoyarn-forming unit and one hot drawing unit to 

abricate high performance PLLA NYs, as shown in Fig. 8 [132] . 

he hot drawing process was demonstrated to effectively increase 

he alignment and crystallinity of PLLA NYs, resulting in admirable 

echanical properties that even surpassed the commercial PLLA 

Ys. The breaking load, breaking stress, and Young’s modulus 

f 3-fold stretched PLLA NYs were 3.6 ± 0.1 N, 51.6 ± 0.8 MPa, 

nd 1302.8 ±5.4 MPa, respectively. In comparison, the breaking 

oad, breaking stress, and Young’s modulus of commercial PLLA 

Ys were 2.7 ±0.1 N, 34.3 ±0.5 MPa, and 457.0 ±0.7 MPa, re- 
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Table 1 

Summarization of diameters and mechanical properties of some representative electrospun NYs using different polymers and processing methods. 

Materials Yarn diameter Fiber diameter Young’s modulus Ultimate strength Twisting Hot stretching Ref 

PAN /; / ∼1300 nm; 

/ 

0.8 GPa; 

> 5.2-11.8 GPa 

45 MPa; 

146-372 MPa 

×; 

×
×; √ 

[113] 

PAN 1.16 tex; 

/ 

411.8 nm; 

/ 

1.66 GPa; 

7.51 GPa 

58.08 MPa; 

171.84 MPa 

√ 

; √ 

×; √ 

[114] 

PAN 11.4-15.3 tex 750-1000 nm 0.55-0.64 N/tex 0.45-0.54 N/tex 
√ × [72] 

PAN 2.1 tex 474 nm 1440 MPa 54.75 MPa 
√ × [90] 

PAN 340.7 μm; / /; / 1.9 GPa; 

4.5 GPa 

61.3 MPa; 

116. 6 MPa 

√ 

; √ 

×; √ 

[91] 

PAN 10-12 μm / 9.18 GPa 100–180 MPa 
√ × [69] 

PAN 39.9-71.3 tex 220 ∼ 260 nm / 0.013-0.026 N/tex 
√ × [115] 

PAN 1.51-1.78 tex / 1.68-1.88 N/tex 0.076-0.091 N/tex 
√ × [109] 

PAN 70-216 μm 400-700 nm / 50.71 MPa 
√ × [105] 

PAN 41.8-58.6 tex / / 0.03-0.05 N/tex 
√ √ 

[116] 

PAN 40-150 μm 480-650 nm 1.4-3.2 N/tex 0.06-0.13 N/tex 
√ × [110] 

PAN / 1200-1650 nm / 3.80-4.25 MPa 
√ × [106] 

PCL / 330-440 nm 12.44-68.14 MPa 4.12-41.54 MPa 
√ × [117] 

PCL / 810-1320 nm / 1.56-2.03 MPa 
√ × [106] 

PLLA 164 μm; 

/ 

6000 nm; 

2300-3200 nm 

0.037 N/tex; 

0.012-0.34 N/tex 

0.0015 N/tex; 

0.0039-0.01 N/tex 

√ 

; √ 

×; √ 

[118] 

PLLA 209-435 μm 461-763 nm 0.2-0.6 N/tex 0.04-0.08 N/tex 
√ √ 

[119] 

PLLA 358-470 μm 481-789 nm 0.2-0.3 N/tex 0.02-0.04 N/tex 
√ × [94] 

PLLA 69.1 μm 558.0 nm 116.2 MPa 23 MPa × × [120] 

PLLA 241-494 μm 449 -515 nm 152.7-1191.5 MPa 10.9-58.4 MPa 
√ √ 

[121] 

PLGA / 800 nm 138.20 MPa 59.48 MPa 
√ × [117] 

PLGA/PCL / 560 nm 64.45 MPa 5.40 MPa 
√ × [117] 

PLGA/PEO 93 μm 48 nm / 487.5 MPa 
√ × [122] 

PVDF-TrFE 175-306 μm 200-600 nm 30.5 MPa 
√ × [123] 

PVDF-TrFE / 790-970nm / 2.81-10.16 MPa 
√ × [106] 

PVDF-HFP 30-450 μm 480-1500 nm / 60.4 MPa 
√ × [102] 

PVDF-HFP 30-150 μm 592 nm / 93.6 MPa 
√ × [124] 

PVDF-HFP 46.2 μm 631 nm 334.0 MPa 127.7 MPa 
√ √ 

[125] 

PVDF-HFP 500 μm / / 88.7 MPa 
√ × [126] 

PA66 84.7-175.3 μm 90-220 nm / 86.75-118.56 MPa 
√ × [127] 

PA66 133-222 μm 252-256 nm 213-363 MPa 64-88.4 MPa 
√ × [128] 

PA66 499-613 μm 210-240 nm 113-486 MPa 13.7-23.9 MPa × × [129] 

PSA 150-200 μm 435-785 nm / 0.25-1.91 N/tex 
√ × [130] 

PPDO 216 μm 483 nm 768 MPa 190 MPa 
√ × [131] 
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pectively [121] . A combination of twisting and hot stretching is 

bviously beneficial for synergistically improving the structural 

nd mechanical properties of electrospun NYs. 

. Electrospun NY-constructed biotextiles 

In the textile industry, fiber-constructed yarns are the most 

idely used building blocks for the generation of various tex- 

iles. Microfibrous yarns have been extensively used in various tex- 

ile processing technologies for thousands of years [ 1 , 9 ]. The ap-

lication of electrospun NYs in the traditional textile processing 

echniques offers the potential to manufacture nanotextiles that 

xhibit superior characteristics and optical, electrical, mechanical, 

nd biological properties due to size effects and surface/interface 

ffects. The electrospun NY-constructed nanotextiles possess pre- 

etermined textile structures and patterns in one or multiple di- 

ensions and open a new window to renew and update the ex- 

sting microfibrous textiles. During traditional textile engineering, 

ifferent textile-forming techniques, primarily including weaving, 

nitting, braiding, and other 3D textile-fabricating methods, can be 

asily adapted to fabricate nanotextiles and create different tex- 

ile patterns, which notably affect the shape, structure, porosity, 

tability, and mechanical performances of as-generated biotextiles. 

able 2 summarizes the features of each textile-forming strategy. 

Weaving is a well-established textile creation method. In this 

rocess, one set of weft yarns are frequently interwoven into one 

et of warp yarns to generate different weaving patterns, com- 

only including plain, twill, and satin structures. Khil et al. first 

eported the use of electrospun NYs for a textile weaving strategy 

79] . PCL NYs were fabricated using an electro wet-spinning device 
10 
nd further processed into a woven fabric with a plain pattern. Wu 

t al. developed a series of woven nanotextiles with different yarn 

eaving densities using high strength PLLA electrospun NYs, as 

hown in Fig. 9 A, and demonstrated the possibility of controlling 

he structure, pore size, and mechanical properties by using differ- 

nt NY weaving densities [121] . Importantly, they also found that 

he PLLA NY weaving density could dramatically affect the cell ad- 

esion, growth, and proliferation. The PLLA NY-based woven nan- 

textiles are potential candidates for biomedical applications due 

o their controllable structures and properties. 

Braiding is one of the most ancient textile strategies, originally 

eveloped by humans for generating ropes. In the braiding pro- 

ess, three or more yarns are interlaced into a diagonally over- 

apping structure to create different braided patterns. Joseph et al. 

raided PLLA electrospun NYs into a hollow structure for potential 

se as stents or vascular grafts, as shown in Fig. 9 B [133] . Abhari

t al. used PPDO electrospun NYs to fabricate a series of braided 

anotextiles with different braiding densities [134] . A braided pat- 

ern fabricated with 24 strands of PPDO electrospun NYs is shown 

n Fig. 9 C. Importantly, they demonstrated the feasibility of ad- 

usting the structure, porosity, and mechanical properties of PPDO 

Y-based braiding patterns. Wu et al. also constructed a number 

f PLLA NY-based braiding nanotextiles and found that the NY- 

ased braids significantly promoted the cell adhesion and prolifer- 

tion compared to the braiding pattern fabricated using commer- 

ial PLLA MYs [121] . The braided nanotextiles made from electro- 

pun NYs also showed extensive potential applications in biomed- 

cal textile products. 

Knitting is another ancient textile method for creating clothes. 

ven now, people still have intensive interest in generating knit- 
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Fig. 8. (A) An innovative electrospinning system integrating one NY-forming unit and one thermal stretching unit. (B) SEM images of electrospun PLLA NYs. (C) SEM images 

of commercial PLLA MYs. (D) Fiber diameter distribution of the electrospun PLLA NYs in B. (E) Fiber diameter distribution of the commercial PLLA MYs in C. (A-E) Reprinted 

with permission from Ref. [132] . 

t

t

n

m

t

a

fi

N

i  

t

k

p

t

e

t

W

a

s

w

h

t

c

o

p

m

a

a

t

c

b

e

e

g

i

t

3

f

t

a

S

h

ed clothes, hats, and gloves manually. During the knitting process, 

he yarns are set as a series of meandering loops and are intercon- 

ected into various patterns, which are commonly divided into two 

ajor categories, i.e., weft knitting and warp knitting. In general, 

he weft knitting patterns exhibit higher flexibility and stretch- 

bility than the warp knitting patterns. In one study, Wu et al. 

rst generated a plied yarn constructed with one PAN electrospun 

Y and one commercial PLA MY and then knitted the plied yarn 

nto a weft knitting pattern, as shown in Fig. 9 D [135] . They fur-

her investigated the cellular behaviors of cells seeded on this weft 

nitting pattern and found that the cells preferred to adhere and 

roliferate on the PAN NYs compared to the PLA MYs. Moreover, 

he cells were found to elongate and align along the fiber ori- 

ntation in the yarn loop, indicating the feasibility of controlling 

he cell growth by adjusting the knitting pattern. In another study, 

u et al. employed PANI-coated PAN NYs to successfully generate 

 tube-like weft knitting structure, as shown in Fig. 9 E, demon- 

trating the potential of this knitted nanotextile for use in smart 

earable textile applications [136] . Currently, no electrospun NYs 

ave been reported to generate the warp knitting pattern because 

he flexibility, abrasive resistance, and tensile strength of the fabri- 
11 
ated electrospun NYs are far behind the fabrication requirements 

f warp knitting techniques. 

With the rapid development of textile techniques, some com- 

lex 3D textile-forming strategies have been explored and imple- 

ented. A 3D textile pattern can be achieved by using automated 

nd programmable machines, which could extremely expand the 

pplications of textile products in the biomedical fields. It is known 

hat all the tissues and organs in the human body present 3D ar- 

hitectures and structures. The development of 3D electrospun NY- 

ased textiles could maintain the unique features originating from 

lectrospun nanofibers and, meanwhile, closely resembling the hi- 

rarchical and anisotropic characteristics of native tissues and or- 

ans. One study reported the fabrication of 3D textile patterns us- 

ng PLLA electrospun NYs [120] . They utilized a noobing technique 

o process three orthogonal sets of NYs into a relatively complex 

D textile structure with multiple layers, as shown in Fig. 9 F, and 

ound that cells could easily penetrate all the layers of the tex- 

ile scaffold and form a 3D cell-textile construction. Another study 

lso developed a 3D multilayered textile pattern using electrospun 

F/PLLA NYs, as shown in Fig. 9 G [137] . Although electrospun NYs 

ave been widely reported for generating different textile patterns, 
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Table 2 

Summarization of various textile-forming methods. 

Textile Method Schematic Merits Demerits 

Weaving Controllable size, structure and 

porosity; 

Strong and anisotropic mechanical 

properties; 

Excellent durability 

Relatively inextensible in the warp 

and weft directions but opposite in 

the other bias directions 

Braiding Excellent hierarchical organization; 

High strength and stiffness along the 

braiding direction; 

Excellent durability 

Lower porosity than woven and 

knitted patterns 

Knitting Controllable size, structure and 

porosity; 

Easily stretchable in all the directions 

Lower Young’s modulus than the 

other types of textiles 

3D textile-forming 

strategy 

3D structure; 

Controllable size and porosity; 

Enhanced mechanical properties along 

the thickness direction compared to 

other 2D textile patterns 

Complex fabrication system 
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remendous effort should still be made for the fabrication of more 

omplex 3D textile patterns. 

. Tissue repair and regeneration applications 

Tissue engineering is currently recognized as a promising 

reatment option for replacing the existing autografts, allografts, 

nd xenografts in regenerative medicine. Biomaterial scaffolds, 

ells, and bioactive ingredients are three key elements in tissue 

ngineering. Among them, biomaterial scaffolds are designed to 

esemble the components, structures, and various properties of 

ative ECM, which promote the cell adhesion, growth, migration, 

roliferation, and differentiation. They also allow neo-tissue forma- 

ion and regeneration with defined structures and functions [101] . 

oth electrospinning and textile forming strategies have attracted 

ntense interest for fabricating fibrous biomaterial scaffolds and 

mplants for diverse tissue engineering applications. Electrospun 

anofibers possess structural similarities to the fibrils in native 

CM. They also present a high surface area for increasing cell- 

aterial adhesion and interaction as well as adjustable chemical, 

hysical, and biological properties for regulating cellular activities, 
12 
emodeling ECM deposition, and facilitating tissue regeneration 

 39 , 138 ]. Unfortunately, most electrospun nanofibers are collected 

n the form of compact meshes, which exhibit unsatisfactory 

caffold thickness and negatively affect the cellular infiltration and 

utrition diffusion [ 135 , 139 ]. In comparison, textile-based scaffolds 

nd grafts are designed and developed using textile technologies, 

hich are more appropriate for resembling the hierarchical and 

nisotropic structures and strain-stiffening properties of native 

issues. Therefore, constructing electrospun NYs and further 

rocessing them into diverse nanofibrous textile structures and 

atterns can combine and integrate the desirable characteristics 

rom both electrospinning and textile fabrication techniques. These 

tructures have been demonstrated to be great candidates for 

pplications in surgical sutures and the repair and regeneration of 

arious tissues, including peripheral nerves, tendons, bones, and 

ardiovascular tissues. 

.1. Surgical sutures 

Surgical sutures are widely used and indispensable medical ma- 

erials for closing wounded tissues and supporting their healing 
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Fig. 9. (A) PLLA electrospun NY-constructed woven nanotextiles with different NY weaving densities. (B) PLLA electrospun NY-constructed braiding nanotextiles with a tube- 

like structure. (C) Solid braiding nanotextiles made from 24 strands of PPDO electrospun NYs. (D) Weft knitting nanotextiles constructed with a plied yarn. The plied yarn 

was composed with one PAN electrospun NY and one PLA MY. (E) PANI-coated PAN electrospun NY-constructed weft knitting nanotextiles with a tube-like structure. (F) 

3D multilayered nanotextiles made from PLLA electrospun NYs. (G) 3D multilayered nanotextiles made from SF/PLLA electrospun NYs. (A) Reprinted with permission from 

Ref. [121] . (B) Reprinted with permission from Ref. [133] . (C) Reprinted with permission from Ref. [134] . (D) Reprinted with permission from Ref. [135] . (E) Reprinted with 

permission from Ref. [136] . (F) Reprinted with permission from Ref. [120] . (G) Reprinted with permission from Ref. [137] . 
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rocess after surgeries in clinics [140] . Among various commer- 

ial sutures, the absorbable synthesized sutures, including PLLA, 

GA, PLGA, PLCL, and PPDO, have aroused more attention than 

he unabsorbable sutures, such as silk, nylon, and polypropylene, 

ue to their higher biocompatibility, controllable degradation rates 

nd mechanical properties, and minimal postoperative treatments. 

owever, there are still some obvious limitations existing in these 

ommercial absorbable sutures, which should be fully addressed. 

ne key issue is mismatched fiber morphology and size. These su- 

ures were all made of microfibers with diameters over 10 μm. 

ecently, to address this issue, several studies have been per- 

ormed in innovative directions for employing electrospun NYs 

ith great ECM fibril-mimicking characteristics as surgical sutures. 

rom the perspective of suture composition, several absorbent syn- 

hesized polymers, such as PLGA [141] , PLLA [142] , PPDO [143] , 

nd PCL [144] , were preliminarily investigated to electrospin them 

nto NYs for surgical suture applications. It was found that the 

ingle electrospun NYs exhibited relatively low mechanical prop- 

rties, which could not satisfy the requirements of practical ap- 

lications [141] . One study utilized a multiple twisting technique 

o make 35 strands of NYs ply into one thread, which remark- 

bly increased the mechanical properties of the NY-constructed 

hread [143] . They employed this nanofibrous thread as a suture 
13 
or tendon repair. The results showed that the electrospun nanofi- 

rous suture exhibited negligible immunogenicity, and significantly 

igher neovascularization was found in the nanofibrous suture 

han in the commercial microfibrous suture control. Several other 

tudies reported the fabrication of electrospun nanofiber-coverspun 

arns to enhance the mechanical properties of as-generated su- 

ures [ 142 , 144 , 145 ]. 

Another vital issue for the commercial sutures is a lack of nec- 

ssary biological activity and function. The ideal suture should 

ot only provide tissue securement but also promote wound heal- 

ng. Although some effort was placed on exploring surface coat- 

ng techniques to impart commercial sutures with drug-releasing 

unctions, some key problems still remain. The application of elec- 

rospun NYs as surgical sutures can address these problems well. 

or example, a variety of bioactive materials, such as curcumin 

 142 , 144 , 145 ], vascular endothelial growth factor (VEGF) [142] , ace-

lofenac [145] , insulin [145] , antimicrobial additives containing ce- 

azolin [148] , and silver nanoparticles [149] , and biofunctional ma- 

erials, i.e, carbon quantum dots [150] , were incorporated into the 

anofibers in NYs to exert predetermined biological functions dur- 

ng electrospinning. A schematic explanation about the release of 

eparin from electrospun NYs is shown in Fig. 10 A [142] . The 

rowth factors and drugs exhibited sustained release behaviors 
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Fig. 10. Design and development of some representative drug-loaded electrospinning-based yarns for surgical suture application. (A) Schematic of the mechanisms of hep- 

arin release from electrospun heparin/PLLA nanofiber-coated PA6 microfibers coverspun yarns. (B) The cumulative release test of TGF- β1 from electrospun TGF- β1/PLGA 

nanofiber-coated PLGA microfibers coverspun yarns. (C) H&E staining of skin tissues sutured by using electrospun PLLA NYs and curcumin-loaded electrospun PLLA NYs for 

21 days. (A) Reprinted with permission from Ref. [142] . (B) Reprinted with permission from Ref. [146] . (C) Reprinted with permission from Ref [147] . 
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hen incorporated within electrospun NYs. For instance, Fig. 10 B 

hows the release behavior of transforming growth factor- β1 (TGF- 

1) from electrospun TGF- β1/PLGA nanofiber-coated PLGA mi- 

rofibers coverspun yarns [146] . Moreover, another study demon- 

trated curcumin-loaded PLLA electrospun NYs as skin sutures 

147] , which exhibited a sustained release behavior with enhanced 

ntibacterial and antiplatelet properties and improved cell migra- 

ion and interaction in vitro as well as reduced inflammation and 

ncreased healing promotion performance in vivo, as shown in 

ig. 10 C. 

.2. Peripheral nerves 

Native peripheral nerves exhibit a hierarchical cable-like struc- 

ure, as shown in Fig. 11 A [ 153 , 154 ]. Motor or sensory axons are

rapped in a myelin sheath formed by Schwann cells (SCs) and 

urrounded by a layer of connective tissue (i.e., endoneurium). 

ultiple endoneurium-wrapped axons are bundled together with 

 layer of connective tissue (i.e., perineurium) to generate a se- 

ies of fascicles, which are then grouped together with a layer of 

onnective tissue (i.e., epineurium) into a nerve trunk. The periph- 

ral nerve has a certain regeneration capacity. If a nerve injury 
14 
ap (for humans) is less than 5 mm, an end-to-end coaptation is 

equired to suture the two broken ends of the nerve trunk in a 

ension-free manner. For a larger defect gap, a nerve graft should 

e adopted to bridge the gap to assist in the nerve regeneration. A 

ube-like nerve graft, called a nerve guidance conduit (NGC), which 

an prevent the ingrowth of scar tissues and provide a relatively 

losed and concentrated environment for regeneration, is recog- 

ized as an effective structure for repairing the damaged nerves. 

urrently, most nerve grafts approved by the US Food and Drug 

dministration (FDA) are tube-like structures, such as Neurotube®, 

euroflex TM , and Neuragen® [155] . Unfortunately, the repair out- 

omes of these NGCs are unsatisfactory for large nerve defects, and 

hey are not suggested to be utilized for nerve gaps over 30 mm in 

linics [ 156 , 157 ]. The unsatisfactory efficacy is most probably due 

o the lack of ideal topographical and biological cues within the 

umen of the NGCs. 

A variety of intraluminal filling materials, such as fibers, 

ponges, and hydrogels, are designed to improve the intralumi- 

al microenvironment of NGCs, but a satisfactory regeneration 

reatment effect has still not been achieved. Most recently, the 

ossibility of employing electrospun NYs as NGC fillers has been 

xtensively explored. Compared to other filling materials, the elec- 
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Fig. 11. Design and development of electrospun NYs and their potential applications as intraluminal fillings for peripheral nerve cell culture and tissue repair. (A) Schematic 

of peripheral nerve tissue. (B) Construction of three-column scaffolds made of conductive PCL/SF/CNT NYs and two layers of MeGel and alginate hydrogels. (a) The cross- 

sectional illustration of multiple nerve fascicles; (b) Schematic of the generation of three-column scaffolds. (c) Photograph (i), fluorescence image (ii), and 3D review image 

(iii) of as-prepared three-column scaffolds. The NYs were stained with a red color and the hydrogel shells were stained with red, green, and blue colors. (C)Phenotypic char- 

acterization of MSCs seeded on electrospun PPDO/CNT NYs and cultured under growth medium (GM), chemical induction (CI), electrical stimulation (ES), or a combination 

of CI and ES by using immunofluorescent staining and RT-PCR techniques. Bars that do not share letters are significantly different from each other, p < 0.05. (D) Illustration 

of the regenerative process using a multiple technique-integrated synergistic strategy containing conductive NYs, bioactive ingredients, and MSC-SCs to reconnect a large 

nerve gap. (A) Reprinted with permission from Ref. [151] . (B) Reprinted with permission from Ref. [152] . (C) Reprinted with permission from Ref. [131] . 
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h

rospun NYs can better resemble the fascicle structures of native 

eripheral nerves, and the internal nanofibers of electrospun NYs 

an better replicate the size scale and longitudinal alignment of 

xons in fascicles [112] . Moreover, a bundle of electrospun NYs 

eems more like a natural nerve trunk. One study found that 

Cs cultured on the PLLA electrospun NYs presented a better 

pread morphology and proliferation rate than those cultured on 

lectrospun PLLA nanofiber mats [158] . Biological cues have been 

ombined with topographical guidance to improve the biological 

roperties of electrospun NYs. Some bioactive polymers, includ- 

ng laminin [159] and MeGel [112] , were utilized to construct 

lectrospun NYs, which were found to significantly increase the 

iological activities of SCs. For example, MeGel was incorpo- 

ated with PLGA to develop MeGel/PLGA nanofiber-coated PLLA 

icrofiber yarns, which were demonstrated to notably promote 

ellular adhesion, migration, and proliferation as well as pheno- 

ypic maintenance [112] . In particular, a test was conducted to 

imulate in vivo cell migration after nerve injury, and it was found 

hat the SCs migrated about 20 mm along the longitudinal axis of 

eGel/PLGA/PLLA coverspun yarns after 14 days of culture. 

Electrochemical cues have also been applied to integrate with 

he topographical cues provided by the electrospun NYs. For exam- 

le, one study coated electrospun PCL NYs with polypyrrole (PPy) 

o form conductive NYs by in situ chemical polymerization, and 

t was demonstrated that the improved conductivity positively af- 

ected the growth and proliferation of SCs [160] . Another study 

abricated conductive PCL/SF/CNTs NYs and further coated them 

ith two layers of MeGel and alginate hydrogels to form three- 

olumn scaffolds, as shown in Fig. 11 B [152] . The inner aligned NYs

ere demonstrated to guide the alignment and extension of neu- 

ites, and, meanwhile, the outer hydrogel shell was demonstrated 

o provide an epineurium-mimicking environment that protected 

he organization of nerve cells. In another study, CNTs were in- 

orporated into PPDO nanofibers to generate conductive electro- 

pun NYs, and it was demonstrated that increasing the CNT con- 

s

15 
ent could effectively promote the phenotypic maintenance of SCs 

131] . This study also found that electrical stimulation notably 

ncreased the differentiation capacity of mesenchymal stem cells 

MSCs) into SC-like cells on the CNT/PPDO electrospun NYs, as 

hown in Fig. 11 C. Importantly, the synergistic effects of chemical 

nduction and electrical stimulation remarkably promoted the mat- 

ration of SC-like cells and the secretion of multiple nerve growth 

actors. Moreover, Gopalakrishnan-Prema et al. fabricated several 

ifferent types of NGCs by applying electrospun NYs with textile 

raiding techniques [161] . Electrospun PLLA NYs were braided with 

Py-coated PLLA NYs, copper wires, or platinum wires to gener- 

te conductive NGCs. The braided platinum wires and electrospun 

LLA NY NGCs exhibited improved bio-tolerability, enhanced neu- 

ite outgrowth, increased length of dorsal root ganglion compared 

o the braided NGCs made of other materials. 

Unfortunately, all the existing studies have stayed at the in vitro 

evel up until now. A tremendous effort should be made to speed 

p in vivo investigation and further clinical trials. Fig. 11 D shows 

redicted regenerative mechanisms using multiple strategies to re- 

onnect large nerve gaps. Conductive NYs loaded with cells, such 

s MSC-derived SC-like cells (MSC-SCs), and/or bioactive ingredi- 

nts, such as various drugs, cytokines, and nucleic acids, can be 

mployed as intraluminal filling materials and can exert synergis- 

ic effects. Conductive NYs can provide physical and electrochem- 

cal cues to guide the migration of autologous cells and directed 

egrowth of axons. They can also be utilized as carriers for loading 

ioactive ingredients and cells. Under the synergistic functions of 

ultiple cues, ideal regenerative outcomes and functional recovery 

re expected. 

.3. Tendon 

Tendon tissue is a dense connective tissue that presents a 

ierarchical fibrous organization along its longitudinal axis, as 

hown in Fig. 12 A. This consists mainly of tropocollagen molecules 



S. Wu, T. Dong, Y. Li et al. Applied Materials Today 27 (2022) 101473 

Fig. 12. Electrospun NYs and their biotextiles for promoting tenogenic differentiation and tendon regeneration. (A) Schematic of tendon tissue. (B) Comparative analysis of 

randomly electrospun PCL nanofiber mats, aligned nanofiber mats, and woven textile scaffolds made of electrospun PCL NYs and commercial PLA MYs. (a) Illustration of 

three different scaffolds; (b) Phenotypic characterization of MSCs seeded on the three different scaffolds by using immunofluorescent staining and RT-PCR techniques. Bars 

that do not share letters are significantly different from each other, p < 0.05. (C) In vivo analysis of tenocyte-loaded, braided mPCL-nCOL-bFGF textile scaffolds after in vitro 

dynamic stimulation for Achille’s tendon reconstruction. (a) Photographs of the whole surgical procedure; (b) Photographs of harvested scaffold-tissue samples after 6 and 

12 weeks of implantation; (c) Images of H&E staining, immunohistochemical staining, and Masson’s trichrome (MT) staining of harvested scaffold-tissue samples after 6 and 

12 weeks of implantation. (B) Reprinted with permission from Ref. [139] . (C) Reprinted with permission from Ref. [168] . 
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 ∼1.5 nm in diameter), fibrils (50–500 nm in diameter), fibers 

10–50 μm in diameters), and fascicles (50–400 μm in diame- 

er) [ 162 , 163 ]. It has become clear that the replication of the hi-

rarchical fibrous architecture of native tendon tissues is of sig- 

ificant importance for the design of scaffolds and grafts in ten- 

on tissue engineering. More than 100 scientific papers have been 

ublished that report the exploration of electrospinning techniques 

o fabricate nanofibrous mats for tendon regeneration. Electro- 

pun nanofibrous mats have been demonstrated to remarkably 

romote cellular adhesion, growth, proliferation, and migration as 

ell as tenogenic differentiation. However, electrospun nanofibrous 

ats generally present low mechanical properties that cannot ful- 

ll the rigorous mechanical requirements of native tendon tis- 

ues. Therefore, it is critical to develop some innovative strategies 

or improving the structures and mechanical properties of electro- 

pun mats while maintaining their nanofiber characteristics. Sev- 

ral studies modified the typical electrospinning methods to fab- 

icate mats made of aligned electrospun NYs and randomly dis- 

ributed nanofibers, which exhibited relatively higher porosities 

nd larger pore sizes than the typical random and aligned elec- 

rospun nanofiber mats, resulting in a higher cell proliferation rate 

 164 , 165 ]. Unfortunately, the mechanical properties of these mats 

ere still low, and were even lower than typical electrospun mats. 

Employing various textile forming techniques to process elec- 

rospun NYs into predetermined textile patterns provides a more 

ppropriate strategy for addressing the drawbacks of electrospun 

anofiber mats. Electrospun NYs are interwoven into woven nan- 
16 
textiles to explore their potential in engineered tendon scaffold 

pplications. The existing studies demonstrated that the woven 

anotextiles exhibited controllable pore sizes, porosities, and me- 

hanical and biological properties by adjusting the yarn weaving 

ensities [ 139 , 166 ]. The woven nanotextiles were found to signif- 

cantly enhance the tenogenic differentiation of stem cells, com- 

ared to the typical random and aligned electrospun nanofiber 

ats, by significantly increasing the gene expression levels of 

enocyte-related markers, as shown in Fig. 12 B. Biological cues 

ave also been integrated with the topographical guidance pro- 

ided by electrospun NYs to promote the cellular activities of 

endon-associated cells. For example, thymosin beta-4 (T β4) was 

ncapsulated into electrospun NYs, and they exhibited a sustained 

rug release profile for nearly one month and presented an ad- 

itive effect on the promotion of the tenogenesis of stem cells 

111] . Mechanical stimulation was also applied to accelerate the 

enogenic differentiation of stem cells seeded on the electrospun 

Ys [167] . In addition, the mechanical stimulation has been inte- 

rated with the topographical cues of electrospun NY-based wo- 

en nanotextiles and a cellular coculture of human tenocytes and 

uman umbilical vein endothelial cells to remarkably enhance the 

enogenesis of stem cells [139] . 

The textile patterns fabricated by different textile-forming 

echniques dramatically affect the structures and mechanical prop- 

rties of textile scaffolds, even if the same yarns are utilized. A 

ultiple twist method has been utilized to ply 16 strands of single 

lectrospun NYs into a thread with high mechanical performance 
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hat was more suitable for tendon regeneration applications than 

lectrospun nanofiber mats [169] . A braiding technique was em- 

loyed to generate braided nanotextiles from electrospun NYs, 

hich exhibited notably enhanced tensile and suture-retention 

trengths and significantly promoted the tenogenic differentiation 

f stem cells compared to the aligned electrospun nanofiber mats 

170] . In another study, basic fibroblast growth factor (bFGF) was 

oaded into electrospun PCL-micro/collagen-nano hybrid yarns 

mPCL-nCOL-bFGF), and they were further fabricated into braided 

extile patterns for Achilles’ tendon reconstruction [168] . It was 

ound that the tenocyte-seeded mPCL-nCol-bFGF scaffolds signif- 

cantly enhanced the regeneration of tendon tissues in a rabbit 

chilles tendon defect model after in vitro dynamic stimulation, 

s shown in Fig. 12 C. A textile knitting technique was also utilized 

or generating NY-based tendon scaffolds. For instance, electrospun 

anofiber coverspun yarns, employing microfibers as the core 

nd electrospun nanofibers as the sheath, were first fabricated 

nd then processed into knitted textile patterns [171] . An in vivo 

tudy using a rabbit patellar tendon defect model showed that 

he knitted textile scaffolds dramatically promoted the remodeling 

nd regeneration process for neo-tissues. 

.4. Bone 

Electrospun NYs and their nanotextiles also represent poten- 

ial scaffolds for bone tissue engineering applications, originat- 

ng from their ECM nanofibril-mimicking structures and controlled 

orosities. One study fabricated electrospun PLCL NYs, chopped 

hem into short forms, and then encapsulated the short NYs into 

ype I collagen hydrogels [172] . The NY-enhanced hydrogels sig- 

ificantly promoted the osteogenic differentiation of stem cells 

ompared to hydrogels only. Importantly, the NY-enhanced hydro- 

el system was easily injected through a 16-gauge needle, which 

ighlighted its potential as an injectable bone scaffold. In another 

tudy, electrospun SF/PLLA NYs were processed into textile pat- 

erns with 3D structures, which exhibited great mechanical per- 

ormance, with a breaking strength of 180.4 MPa and a Young’s 

odulus of 417.6 MPa [173] . A rabbit femoral condyle model ex- 

eriment demonstrated that the 3D electrospun NY-based textile 

caffolds significantly promoted the regeneration of new bone tis- 

ues. 

Unlike other soft tissues, such as tendons and nerves, the 

CM of bone tissue is composed of both organic (mainly type I 

ollagen) and mineralized inorganic components. Along with type 

 collagen fibrils, the native bone ECM contains abundant hydrox- 

apatite (Ca 10 (PO 4 ) 6 (OH) 2, HAp) (an inorganic material, > 70% of 

ry tissue weight), which remarkably influences the structure and 

roperties of the bone ECM [174] . Therefore, various inorganic 

omponents were integrated into electrospun NY-based scaffolds 

o better resemble the complex organic-inorganic features and 

unctions of natural bone ECM. For example, HAp particles were 

eposited on electrospun SF/PLCL NY-constructed scaffolds through 

 post-modification process, and they exhibited improved cellular 

dhesion, proliferation, and infiltration [175] . In another study, a 

ost-soaking method was employed to deposit HA nanoparticles 

nto a 3D electrospun SF/PLLA NY-based textile scaffold, which 

as demonstrated to significantly improve cellular attachment and 

roliferation and to notably increase the osteogenic differentiation 

f stem cells [176] . It should be noticed that one study reported 

he development of electrospun PLLA NY-reinforced HAp/gelatin 

omposite scaffolds and demonstrated that the scaffolds could 

otably promote the bone formation in a rabbit mandibular bone 

efect model [177] The regenerated bone tissues possessed a 

ompressive strength that was almost similar to the native rabbit 

andible. Moreover, a similar electrospun NY-enhanced scaffold 
17 
as demonstrated to increase the formation of a mature lamellar 

one in a rat femoral segmental defect model [178] . 

.5. Cardiovascular system 

Electrospun NYs and NY-constructed nanotextiles have also be 

xplored for potential use in the repair and regeneration of the 

ardiovascular system, including vascular, cardiac, and heart valve 

eaflet tissues. The blood vessel is a long, tube-like structure that 

s mainly constructed of three complicated layers, i.e., intima, me- 

ia, and adventitia [179] . Endothelial cells, smooth muscle cells, 

nd fibroblasts are three main cell phenotypes in vascular tis- 

ues. Electrospun NYs have been demonstrated to improve the ad- 

esion, elongation, proliferation [ 180 , 181 ], and angiogenic activity 

182] of endothelial cells. The electrospun NYs could also support 

he differentiation of stem cells into smooth muscle cell-like phe- 

otypes [135] . Several commercial FDA-approved textile vascular 

rafts, such as Gelsoft and Gelweave, have been utilized to re- 

lace diseased aortic vessels and have played key roles in saving 

atients’ lives [ 183 , 184 ]. In comparison to large aortic vessels, the 

epair of small blood vessels, with diameters less than 6 mm (for 

umans), remains a huge clinical challenge due to their tiny struc- 

ures and complications after surgery. Most recently, one study de- 

eloped an electrospun NY with a hollow structure for use as a 

ascular scaffold [185] . The wall thickness and outer diameter of 

he hollow NY scaffold were 156 ± 26.5 μm and 1.1 ± 0.15 mm, 

espectively. The hollow NY scaffold effectively supported the at- 

achment and proliferation of endothelial cells in vitro , which is 

otentially valuable for the repair of small blood vessels. 

The textile techniques also offer unique advantages for better 

imicking the directional cellular alignment and anisotropic me- 

hanical properties of cardiac tissues in the heart. In one study, 

onductive electrospun NYs were first fabricated and then inter- 

oven into a woven pattern [42] . After that, one or multiple layers 

f woven fabric were integrated into a hydrogel system to engi- 

eer the anisotropy of 3D cardiac tissues. Researchers also seeded 

ardiomyocytes onto the woven nanotextiles and incorporated en- 

othelial cells within the hydrogel to successfully achieve the en- 

othelialization of engineered myocardium. In another study, a 

ombined use of a woven nanotextile and a hydrogel was con- 

ucted to construct a nanotextile-enhanced hydrogel scaffold to 

ngineer the anisotropic structure and properties of valvular tis- 

ues [186] . The composite scaffold exhibited mechanical proper- 

ies similar to native valvular tissues and was found to support the 

rowth and phenotypic maintenance of human aortic valve inter- 

titial cells (HAVICs). Importantly, the composite scaffold could ef- 

ectively inhibit the calcification of diseased HAVICs, which allows 

t to be potentially feasible as a living replacement for diseased 

alves. 

. Wearable textile devices and bioelectronics 

Conductive fibrous yarns and textiles, which can be seamlessly 

ntegrated into everyday textile products, offer higher flexibility, 

tretchability, and breathability than solid and non-fibrous materi- 

ls [ 4 , 187 ]. Among various fibrous assemblies, highly flexible and 

ightweight electrospun NYs exhibit high surface areas and en- 

anced conductivity, making them more appropriate candidates as 

he next generation of smart wearable devices and bioelectron- 

cs for monitoring, diagnosing, and managing medical conditions. 

he design and construction of conductive NYs with high flexibil- 

ty and electrical performances are essential for nanofibrous tex- 

ile bioelectronics. The material selection, referring to the matrix 

aterial and conductive materials, plays a key role in determin- 

ng the physical properties of the fabricated devices. Three main 

ategories of conductive materials, including conductive polymers, 



S. Wu, T. Dong, Y. Li et al. Applied Materials Today 27 (2022) 101473 

Table 3 

Summarization of electrical performances and stretchabilities of some representative conductive or piezoelectric electrospun NYs. 

Materials Conductivity or Piezoelectric voltage constant Stretchability Ref 

PANi/PVP 4.1 × 10 −2 S/m / [190] 

PANi/PAN 1.3 k Ω /m ∼20% [191] 

PANi/PCL 600 k Ω /m / [192] 

Fe 3 O 4 /PANi/PAN 0.091-0.629 S/m / [193] 

PA6; 

MWCNT/PA6 

1 × 10 −13 S/m; 

2.4 × 10 −6 S/m 

/; 

/ 

[98] 

PA6; 

SWCNT/PA6 

1 × 10 −13 S/m; 

3 × 10 −5 S/m 

< 61% [194] 

MWCNT-coated PA66 20 S/m ∼125% [195] 

MWCNT-coated PAN 0.28 S/m > 10% [196] 

Graphene/PAN / 119% [197] 

PAN-based carbon; 

Graphene/PAN-based carbon 

7700 S/m; 

16500 S/m 

/; 

/ 

[198] 

Graphene/PAN-based carbon 6644 S/m 0.5% [199] 

PAN-based Carbon; 

PMMA-based Carbon; 

Copper nanoparticles/Carbon 

20634 S/m; 

27181 S/m; 

47213 S/m 

/; 

/; 

/ 

[200] 

MWCNT/SWCNT coated PU 1300 S/m 1200% [201] 

MXene flakes coated nylon; 

MXene flakes coated PU 

1.2 × 10 5 S/m; 

7800 S/m 

43%; 

263% 

[188] 

Silver nanowire/PU 40 k Ω /m 500% [202] 

PPDO; 

CNT/PPDO 

1.73 × 10 −8 S/m; 

3.52 × 10 −4 S/m 

64%; 

53% 

[131] 

PVDF 0.4323 mVm/N / [203] 

PVDF-TrFE 0.412 mVm/N / [189] 

PVDF-TrFE / 65% [204] 
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arbon nanomaterials, and metal nanomaterials, have been exten- 

ively investigated and utilized to fabricate conductive electrospun 

Ys. Table 3 summarizes the electrical performance and stretch- 

bility of some representative conductive or piezoelectric electro- 

pun NYs. It was found that, compared to conductive polymers, the 

ntroduction of carbon nanomaterials, including multiwalled CNTs 

MWCNTs), single-walled CNTs (SWCNTs), graphene, and MXene 

akes, can significantly increase the conductivity of electrospun 

Ys. In addition, compared to the directed addition technique, the 

urface coating method is more beneficial for generating electro- 

pun NYs with high conductivity. For instance, electrospun nylon 

Ys coated with MXene exhibited a high electrical conductivity 

up to 1.2 × 10 5 S/m) [188] . Moreover, some piezoelectric poly- 

ers, including PVDF and PVDF-TrFE, were utilized to impart elec- 

rospun NYs with piezoelectric properties. For example, one study 

eveloped electrospun PVDF-TrFE NYs that exhibited a piezoelec- 

ric potential and a piezoelectric voltage constant of 500 mV and 

.412 mVm/N, respectively [189] . It should be also noticed that 

hoosing a yarn matrix material with a high elasticity, such as PU, 

an impart the final fabricated conductive NYs with a high stretch- 

bility, which is especially meaningful for the parts of textiles un- 

ergoing frequent, large deformations during various daily move- 

ents. Tremendous effort should be made to further improve the 

onductivity or piezoelectricity of electrospun NYs while providing 

hem with high stretchability, comfortability, structural stability, 

nd reproducibility in the future. This section reviews the state-of- 

he-art applications of conductive or piezoelectric electrospun NYs 

n diverse wearable textile bioelectronics, including harvesters and 

torage systems, actuators, and sensors, as well as advanced face 

asks. 

.1. Harvesters and storage systems 

Conductive electrospun NYs and nanotextiles have been ex- 

lored as potential candidates for smart wearable bio-energy 

arvesting devices that can covert small-scale biological energy 

rom human motion into renewable electrical power. Electro- 

pun NYs with great piezoelectric properties have been utilized 

o harvest the energy from the cyclic compression forces of 
18 
uman physical movement [123] . Electrospun PVDF nanofibers 

ere coated onto silver deposited nylon microfibers to obtain an 

lectrospun nanofiber coverspun yarn-based nanogenerator [205] . 

he as-fabricated piezoelectric yarn nanogenerator exhibited a 

ean peak voltage, mean peak current, and power density of 

.52 V, 18.76 nA, and 5.54 μW/cm 

3 , respectively, under a cyclic 

ompression of 0.02 MPa at 1.85 Hz. More importantly, the yarn 

anogenerator was demonstrated to possess excellent property 

etention, even after 50,0 0 0 cycles. In another study, PVDF and 

AN hybrid nanofibers were also coated onto a silver wire to gen- 

rate an electrospun NY-based nanogenerator that could generate 

igh electrical outputs of 40.8 V and 0.705 μA/cm 

2 once applied 

ith a cyclic compression of 5 N at 2.5 Hz [206] . Most recently, a

riboelectric nanogenerator with a plain woven pattern was gen- 

rated by interweaving electrospun PVDF-TrFE nanofiber-coated 

tainless-steel wire yarns with electrospun PA66 nanofiber-coated 

tainless-steel wire yarns [207] . The working mechanisms are 

hown in Fig. 13 A. An external material, such as a rubber film, 

otton fabric, or polyester fabric, is put in contact with the as- 

enerated nanogenerator by the action of an external applied 

orce. The triboelectrification between the external material and 

anogenerator will impart the PA66 and PVDF-TrFE nanofibers 

ith opposite charges. An electrical potential difference will 

e generated between PA66 nanofibers and PVDF-TrFE nanofibers 

hen the external material starts to pull away from nanogenerator. 

he electrons will flow from the inner electrode of the PVDF-TrFE 

anofibers to the inner electrode of the PA66 nanofibers. An 

lectrostatic equilibrium state, without a flow of electrons, will 

e reached when the maximum separation distance is reached 

etween the external material and nanogenerator. After that, the 

xternal material starts to move towards the nanogenerator under 

he action of the external applied force, breaking the electrostatic 

quilibrium state and allowing the electrons to flow from the inner 

lectrode of the PA66 nanofibers back to the inner electrode of the 

VDF-TrFE nanofibers. Once the external material gets in contact 

ith the nanogenerator again, a new cycle will start. Therefore, 

n alternating current can be periodically produced from the 

nteraction of the external material and nanogenerator. This nano- 

enerator exhibited a maximum instantaneous power density of 
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Fig. 13. Electropinning yarn-based wearable nanogenerator, supercapacitor, and electrochemical actuator. (A) Schematic illustration of the working principles of a NY-based 

triboelectric nanogenerator. (B) Fabrication and applications of a strong electrochemical actuator. (a) Schematic of the fabrication process; (b) SEM image of the CNT yarn; 

(c) SEM image of electrospun PVDF-HFP nanofiber-coated CNT coverspun yarn; (d) SEM image of a twisted coverspun yarn; (e) SEM image of a self-plied yarn using two 

twisted coverspun yarns; (g) Photograph of an obtained yarn muscle wrapped on a mandrel; (h) A dumbbell was lifted by the yarn muscle when a 4 V voltage was applied; 

(i) The grasping and releasing of a object with the weight of 56 mg by yarn-made grippers when a 4 V voltage was periodly applied. (A) Reprinted with permission from 

Ref. [207] . (B) Reprinted with permission from Ref. [208] . 
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3 mW/m 

2 and could light up 58 light-emitting diodes at the 

ame time, indicating a big step for the use of biomechanical 

nergy harvesting using electrospun NY-based nanogenerators. 

The design and construction of flexible, yarn-shaped super- 

apacitors are of remarkabe importance to realize the minia- 

urization and wearability of supercapacitors, which have been 

idely explored as innovative electrical storage devices for sup- 

lying electrical power for smart wearable electronics. Conductive 

lectrospun NYs have been widely fabricated for use as the 

lectrodes of yarn-shaped supercapacitors [ 43 , 209–211 ]. In one 

tudy, graphene oxide (GO) nanosheets and electrospun PAN-GO 

anofibers were utilized to coat Ni-deposited cotton yarn, and 

he as-fabricated coverspun yarns were further deposited with 

Py, as the capacitor electrodes, and then accompanied with 
19 
VA/H 2 SO 4 electrolytes to obtain a yarn-like supercapacitors [209] . 

he specific capacitance and energy density of this yarn-like su- 

ercapacitor were found to be 28.34 mF/cm 

2 and 3.98 μWh/cm 

2 , 

espectively. The yarn supercapacitor also exhibited a high ca- 

acitance retention and reached 90.2% after 10 0 0 voltammetry 

ycles. The capacitance properties were relatively low. In another 

tudy, electrospun PAN nanofiber-coated carbon microfiber cov- 

rspun yarns were first developed, and a conductive polymer, 

Py, was deposited onto the surface of coverspun yarns [43] . 

he PPy/PAN/Carbon yarns were then employed as electrodes 

o construct a yarn-shaped supercapacitor with the assembling 

f PVA/LiCl/H 3 PO 4 gel electrolytes. The specific capacitance and 

nergy density of this yarn-like supercapacitor were found to be 

53 mF/cm 

2 and 247 μW/cm 

2 , respectively. The yarn supercapac- 
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tor also exhibited a high capacitance retention and reached 82% 

fter 20 0 0 voltammetry cycles. Most interestingly, one study also 

eported the use of electrospun nanofiber-coated microfiber cover- 

pun yarns with great photoactive characteristics to harvest solar 

nergy with a 15.7% power conversion efficiency. The photoactive 

arns were processed into a 30.5 mm × 30.5 mm woven pattern, 

hich could generate a power density of 1.26 mW/cm 

2 under the 

xposure of one man-made sun (10 0 0 W/m 

2 ) [212] . 

.2. Actuators 

The native muscle myofibril-like structure and high specific sur- 

ace area of conductive electrospun NYs make them potentially 

antastic candidates for bio-actuators and artificial muscle appli- 

ations [ 213–215 ]. Conductive PANi was coated onto the surface 

f electrospun PU yarns to construct an electromechanical actua- 

or, which exhibited an actuating strain of 1.65% and an actuat- 

ng strength of 2.263 MPa [216] . In comparison, the PPy-coated 

lectrospun SF yarns exhibited a relatively lower actuating strain 

f 0.9% and a relatively lower actuating strength of 70 kPa under 

yclic electrical stimuli [217] . Most recently, one study developed a 

obust electrochemical actuator based on electrospun NYs, and the 

chematic illustration of fabrication process is shown in Fig. 13 B 

208] . A carbon nanotube yarn was coated with one layer of elec- 

rospun PVDF-HFP nanofibers, and this was further processed into 

wisted yarns. The two twisted yarns were processed into a com- 

lex coiled structure and cut in the middle to generate two coiled 

arns, which were both soaked in an imidazolium ionic liquid 

EMIBF 4 ) solution to generate a yarn-based actuator. The actua- 

or could generate a high actuating stress of 10.8 MPa, which was 

oughly 31 times that of the native skeletal muscles. Moreover, an 

rtificial muscle made of three yarn actuators could lift a dumbbell 

f 10 g once a stimulated voltage of 4 V was applied. 

.3. Sensors 

Conductive electrospun NYs are assuredly ideal materials for 

onstructing wearable strain and pressure sensors for monitor- 

ng diverse human activities due to their high electric proper- 

ies and great flexibility. Many effort s have been devoted to con- 

truct conductive NYs and their fabrics for wearable strain sensors 

 188 , 218 ]. One study developed a strain sensor by putting electro- 

pun PU nanofibers on CNT-loaded PET microfibers and found that 

he gauge factors (GFs) in the strain ranges of 0%–15%, 15%–29%, 

nd 29%–44% were 46.4, 353, and 980, respectively. The electro- 

pun NY-based strain sensor could effectively monitor various real- 

ime human activities, as shown in Fig. 14 A [47] . Another study 

rst obtained a PAN electrospun NY, twisted it into a helical struc- 

ure, and further processed it into a helical carbon NY using a car- 

onization process to generate a strain sensor. This sensor showed 

 potential in detecting the small strains and exhibited a GF of 37.3 

o the tiny strain of 0.1%, which was demonstrated for monitoring 

ifferent subtle human activities [219] . 

Besides various resistivity sensors, capacitance sensors based on 

lectrospun NYs have also been widely explored [ 221 –223 ]. For ex- 

mple, one study electrospun one layer of GO/PU nanofibers onto 

i-coated cotton yarns and further interlaced the GO/PU/Ni/cotton 

arns into a capacitive sensor with a textile weaving structure 

222] . The nanotextile senor presented a wide sensing range of 0–

 N, a low detection limit of 0.001 N, and a fast response time ( <

0 ms). Importantly, it could detect various subtle tactile changes. 

n order to maintain the excellent strain sensing properties, some 

tudies showed that the composite technique was of significant 

mportance for improving the durability and stability of the elec- 

rospun NY-based sensor [ 201 , 220 ]. For example, one study fabri- 

ated helical CNT/PU NYs with ultra stretchability and stability, as 
20 
hown in Fig. 14 B [220] . The NY-based sensor presented an excel- 

ent recoverability within the tensile strain of 900%. 

.4. Advanced face masks in the COVID-19 pandemic 

An unpredicted outbreak of COVID-19 caused by SARS-CoV-2 

as become a global public healthcare crisis. Face masks are one 

iece of essential protective equipment used to effectively pre- 

ent the human-to-human transmission of SARS-CoV-2 by stop- 

ing the spread of virus-containing saliva and respiratory droplets. 

he commercialized face masks are commonly made of three lay- 

rs, i.e., cover layer, filter layer, and sheath layer, as shown in 

ig. 15 A [224] . The cover and sheath layers mainly provide support 

o maintain the whole structure of the face masks and contribute a 

imited filtration efficiency. As a comparison, the core part of face 

asks is the middle filter layer, which supplies the filtering func- 

ion [225] . Currently, the meltblown nonwovens, made of fibers 

ith diameters in the range of 1-10 micrometers, are the main ma- 

erials for the fabrication of the filter layer. However, the large di- 

meter of the filter fibers leads to insufficient filtration efficiency 

or particles and aerosols with sizes less than 0.3 μm. There- 

ore, an electrostatic treatment, such as corona charging and tri- 

ocharging, is an essential process for improving the filtration ef- 

ciency of meltblown nonwoven filters [ 226 , 227 ]. The electrostati- 

ally charged nonwovens can effectively capture the aerosols ( < 0.3 

m) through the electrical attraction. Unfortunately, the charge 

issipation during long-term storage or use will significantly re- 

uce the filtration efficiency of the face masks. Moreover, one 

tudy shows that the filtration efficiency of nonwoven filters sig- 

ificantly dropped after ethanol sterilization treatment due to the 

arge disappearance of the electrostatic charges [228] . All these 

easons make the commercial face masks disposable. The recycla- 

ility of the discarded face masks has become a huge challenge all 

ver the world. 

Electrospun NY-based textiles can serve as the filter layer to 

onstruct self-powered face masks that can potentially solve some 

atal issues of single-use face masks [ 229 , 230 ]. Some polymers 

ith tribo/piezoelectric characteristics, such as PVDF, PVDF-TrFE, 

nd PVDF-HFP, can be fabricated into electrospinning-based NYs 

nd further constructed into textile-shaped filter layers for face 

ask application [ 231 , 232 ]. The tribo/piezoelectric nanotextile fil- 

er layer can generate electrical charges during the breathing pro- 

ess, which can produce strong electrostatic attraction to effec- 

ively block the virus-containing aerosols [ 233 , 234 ]. The schematic 

nd filtration mechanisms of the reusable tribo/piezoelectric 

anotextile-based face masks is shown in Fig. 15 B. Moreover, com- 

ared to the commercial meltblown microfibrous filter, the nanofi- 

rous textile filter presented an obviously decreased fiber diam- 

ter and increased specific surface area, thus resulting in an im- 

roved filtration efficiency [ 235 , 236 ]. In addition, some antiviral 

omponents are more easily encapsulated into the NY-based tex- 

iles during electrospinning (performed at room temperature) than 

uring the meltblown technique, which requires a high spinning 

emperature (usually > 100 °C) [236] . More extensive effort should 

e made to speed up the research and development of reusable 

nd self-powered nanotextile-based face masks. It should be no- 

iced that the same design philosophy also applies to the research 

nd development of new types of protective clothing. 

Recently, several groups have also incorporated bioactive com- 

onents or biological sensors within face masks to effectively 

etect SARS-CoV-2. For example, Nguyen and colleagues integrated 

ell-free synthetic circuits, including CRISPR-based tools, into a 

ace mask to detect SARS-CoV-2 [237] . They demonstrated that 

he wearable sensor-integrated face mask could successfully detect 

ARS-CoV-2 from exhaled aerosols at room temperature within 

0 min. The worn face masks are also great resources for collecting 
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Fig. 14. Sensory property analysis of some representative electrospun yarn-based wearable sensors. (A) Detection of various human motions using an electrospun PU/CNT/PET 

coverspun yarn sensor, including (a) finger bending, (b) wrist bending, (c) writing, (d) knee bending, (e) speaking, and (f) Drinking. (B) Detection of different motions using 

a helical CNT/PU NY sensor, including (a) 500% stretching, (b) 180 ° bending, and (c) 720 ° torsion cycles. (d) Photos of LED light during the large-scale stretching process. (e) 

Recording of resistance change with the strain increasing to 100%. (f) Detection of resistance variation under a cyclic tensile loading with 200% strain. (A) Reprinted with 

permission from Ref. [47] . (B) Reprinted with permission from Ref. [220] . 
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nd quantifying exhaled SARS-CoV-2 from hospitalized patients 

ith COVID-19 [ 238 , 239 ]. Several groups have demonstrated that 

anofibers, compared to traditional cottons or microfibers, can 

ore effectively absorb SARS-CoV-2 and significantly increase the 

etection sensitivity [ 240 , 241 ]. Therefore, electrospun NYs and 

heir nanotextiles can not only be used as physical barriers to pas- 

ively filter out the viruses but also have great potential to serve 

s wearable devices to eliminate, detect, and quantify SARS-CoV-2. 

. Concluding remarks and future directions 

For nearly two decades, some remarkable progress has been 

ade in the design and implementation of innovative electrospin- 

ing devices for electrospun NY fabrication. Some tremendous en- 

eavors have been devoted to better understand the mechanisms 

f nanofiber alignment and the formation mechanism of triangular 

pinning cones during the formation process of electrospun NYs. 

 series of continuous modifications based on electro-wet spin- 

ing and conjugate electrospinning have been explored to fabri- 

ate electrospun NYs in a continuous and controllable manner. 
21 
n this basis, more complicated NY structures, including hollow 

Ys, double-layered coverspun NYs, and multilayered coverspun 

Ys, have been successfully produced. Numerous materials, includ- 

ng natural and synthesized polymers, and various functional ad- 

itives, like conductive materials, nanomaterials, and bioactive in- 

redients, have been successfully utilized to construct electrospun 

Ys with predetermined properties and functions. As a result of 

he remarkable characteristics of electrospun NYs, many rapid ad- 

ancements have been made in constructing electrospun NY-based 

iotextiles, and various polymeric electrospun NYs have been pro- 

essed into various 2D woven textiles, knitted and braided pat- 

erns, and even 3D textile patterns. These nanotextiles have been 

emonstrated to possess the unique characteristics of electrospun 

anofibers, including size and surface/interface effects and optical, 

lectrical, mechanical, and biological properties, as well as prede- 

ermined textile structures. 

The existing studies have clearly demonstrated the promising 

otential and possibility of using electrospun NYs and their nan- 

textiles to replace the currently existing MYs and MY-based tex- 

iles for various biomedical applications. However, a necessary step 
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Fig. 15. (A) Structure and filtration mechanisms of commercial face masks. (a) Illustration of the structure of a face mask. (b) Photograph and (c) SEM image of a meltblown 

nonwoven filter layer. SEM analysis after filtration of (d) commercial polypropylene microfiber nonwoven, (e) cellulose diacetate nanofiber nonwoven, and (f) PAN nanofiber 

nonwoven. (g) Schematic of the filtering function of the three different layers in a face mask. (B) Structure and filtration mechanisms of a hypothetical face mask with 

reusable and self-powered characteristics using electrospun NY-based textiles as a filter layer. (A) Reprinted with permission from Refs. [ 224 , 225 ]. 
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hat should be moved forward with is to investigate the electro- 

pun NYs and their nanotextiles in great depth and accelerate their 

linical transformation. It remains very challenging to optimize and 

mprove the compositions, morphologies, structures, and biologi- 

al properties of both electrospun NYs and their nanotextiles. The 

ow mechanics of electrospun NYs is one of the most severe hur- 

les holding back their application in the fabrication of biotextiles. 

lectrospun NYs generally present significantly weaker mechani- 

al properties than the traditional MYs and are unable to meet 

he processing requirements of traditional textile braiding, weav- 

ng, and knitting techniques. Therefore, some more effort should be 

ade on the improvement of the structures and mechanical prop- 

rties of electrospun NYs in the future. For tissue engineered scaf- 

old applications, more preclinical animal models should be uti- 

ized to evaluate the safety and effects of electrospun NY-based 

extile products. Meanwhile, for commercial fabrication and prac- 
22 
ical applications, future effort s should be devoted to the large- 

cale manufacturing of electrospun NYs with high reproducibil- 

ty through simple manipulation procedures. Currently, a major- 

ty of electrospinning-based yarn formation devices were designed 

ased on the needle-like spinneret, which presents a severely low 

anofiber production scale. A needleless spinneret developed for 

onventional electrospinning with a high fiber production scale 

hould be considered for the innovative design of an electrospun 

arn-forming system. Moreover, all of the textile processing equip- 

ent is currently designed and implemented for traditional MYs, 

hich is not necessarily applicable for innovative electrospun NYs 

ue to the obviously different structures and properties of NYs and 

Ys. It is significantly important to explore the design and devel- 

pment of high value-added textile machines that are suitable for 

lectrospun NYs. In summary, several vital issues regarding the op- 

imization of the composition, morphology, structure, and biolog- 
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cal properties; improvement of the production; and speeding up 

f clinical trials of electrospun NYs and NY-based textiles should 

e addressed to serve future commercialization. 
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