
Contents lists available at ScienceDirect

Progress in Materials Science

journal homepage: www.elsevier.com/locate/pmatsci

Three-dimensional monolithic porous structures assembled from
fragmented electrospun nanofiber mats/membranes: Methods,
properties, and applications
Tao Xua, Yichun Dinga, Zhipeng Lianga, Hongli Sunb, Fan Zhenga, Zhengtao Zhua,
Yong Zhaoc,⁎, Hao Fonga,⁎

a Program of Biomedical Engineering, South Dakota School of Mines & Technology, Rapid City, SD 57701, USA
bDepartment of Oral and Maxillofacial Surgery, College of Dentistry and Dental Clinics, University of Iowa, Iowa City, IA 52242, USA
cDepartment of Materials Science & Engineering, University of Delaware, Newark, DE 19716, USA

A R T I C L E I N F O

Keywords:
Electrospinning
Nanofibers
3D monolithic structures
Freeze drying
Thermally induced self-agglomeration

A B S T R A C T

Three-dimensional (3D) monolithic structures (i.e., aerogels/sponges/scaffolds) assembled from
fragmented electrospun nanofiber mats/membranes represent an emerging research topic in the
electrospinning field. Owing to extremely high porosity, as well as excellent structural flexibility
and stability, these 3D nanofibrous structures have attracted significant interests for various
applications. In this review, the preparation of 3D monolithic structures are thoroughly dis-
cussed; and the properties of 3D structures and their various applications in the fields of en-
vironment (e.g., organic compound removal, dye adsorption, and filtration and separation), en-
ergy (e.g., supercapacitor), electronics (e.g., pressure sensor), chemical engineering (e.g., catalyst
support, thermal insulator, and Joule heater), and biomedical engineering (e.g., tissue en-
gineering, hydrogel, and drug delivery) are summarized. Additionally, the future perspectives
and challenges are also presented. It is envisioned that, this review will provide important gui-
dance in designing novel 3D electrospun nanofibrous structures and exploring their potential
applications.

1. Introduction

The technique of electrospinning provides a convenient while versatile approach to make continuous nanofibers of various
materials (e.g., polymer, ceramic, carbon, and composite), and the resulting electrospun nanofibers possess large specific surface area,
high aspect ratio, and good structual/mechanical properties. In recent decades, the electrospinning technique has attracted sig-
nificant interests, primarily owing to its capability to produce fibers with ultrathin diameters (typically hundreds of nanometers) for
many applications including energy, catalysis, sensor, filtration, and tissue engineering [1–9]. The electrospun nanofibers are usually
collected as almost randomly overlaid mats/membranes, which generally behave like two-dimensional (2D) structures in some
applications (such as tissue engineering). Until several years ago, it remained as a technological challenge to fabricate electrospun 3D
nanofibrous structures with tailorable thickness, low density, high porosity, and desired mechanical properties.

Three-dimensional (3D) monolithic porous structures (i.e., aerogels/sponges/scaffolds) assembled from the building blocks such
as ceramics, carbons, metals, and polymers have been extensively investigated due to the appealing properties including low density,
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high porosity, breathability, fast mass transfer rate, morphological/mechanical stability, and special wetting characteristics [10–15].
In the recent years, significant progress on developing electrospun 3D nanofibrous structures have been achieved. Sun and co-workers
summarized the detailed advantages and disadvantages of conventional methods to produce electrospun 3D structures [16,17].
Various methods including solvent bath collection (Fig. 1A) [18], needleless electrospinning (Fig. 1B) [19], electrostatic repulsion
(Fig. 1C) [20], touch-spinning (Fig. 1D) [21], thermally induced phase separation (TIPS) combined with electrospinning (Fig. 1E)
[22], expanded nanofibers (Fig. 1F) [23], gas foaming (Fig. 1G) [24], and template-assisted collection (Fig. 1H) [25] have been
reported to develop electrospun 3D structures with uniform small pores. However, each of these methods has some disadvantages.
For example, (1) the 3D structures prepared by solvent bath collection, needleless electrospinning, and electrostatic repulsion possess
poor mechanical properties, since these cotton-like 3D structures were resulted from random accumulation of nanofibers without
strong binding forces; (2) the pore size of the 3D structures prepared by the methods of TIPS combined with electrospinning,
expanded nanofiber, and gas-foaming is usually very small and the porosity is low, which might not be suitable for cell penetration/
migration; (3) the set-up for touch-spinning is complicated; and (4) the 3D structure made from template-assisted collection is
hollow/tubular shape, which may not behave as 3D substrate in some applications. To improve the pore size and porosity, several
methods including rapid prototyping combined with electrospinning (Fig. 1I) [26], femto-second laser combined with electrospin-
ning (Fig. 1J) [27], direct-writing electrospinning with stabilized jet (Fig. 1K) [28], electrospun nanofibrous yarns (Fig. 1L) [29], and
self-assembly of electrospun nanofibers (Fig. 1M) [30] have been explored. Nevertheless, these methods are time-consuming and the
device set-ups are often complicated; moreover, the mechanical properties and pore structures need further improvements.

Inspired by the conventional assembly of building blocks (e.g., carbon nanotubes and graphene nanosheets) to fabricate functional
aerogels/sponges, Ding’s group [31] reported the 3D electrospun nanofibrous aerogels made from the building blocks of shortened
electrospun nanofibers in 2014, in which homogenized short electrospun nanofibers were used as the building blocks for the con-
struction of 3D structures via freeze-drying approach (as shown in Fig. 2). The obtained 3D nanofibrous structures possessed desired
hierarchal pores and structural flexibility, leading to low density and high porosity. Shortly thereafter (in 2015), Greiner’s group [32]
and our group [33] also reported the fabrication and application of 3D electrospun nanofibrous structures. These reports provided a
simple while efficient method to convert quasi 2D electrospun nanofiber mats/membranes into genuine 3D monolithic porous
structures, thus leading to numerous cutting-edge research activities. Owing to extremely low density, very high porosity, and
excellent structural flexibility/stability, these innovative 3D nanofibrous structures have attracted growing interests for different
applications; hence, it is necessary and crucial to give a comprehensive review about this newly rising topic area.

In this review, we have thoroughly summarized the methods, properties, and applications of these 3D monolithic porous
structures assembled from fragmented electrospun nanofiber mats/membranes. In particular, we have discussed about two ap-
proaches (i.e., freeze drying and TISA methods) for the development of electrospun 3D nanofibrous structures, the unique properties,
and various applications in fields of environment (i.e., organic compound removal, dye adsorption, and filtration and separation),
energy (i.e., supercapacitor), electronic (i.e., pressure sensor), chemical engineering (i.e., catalyst carrier, thermal insulator, and Joule
heater), and biomedical engineering (i.e., tissue engineering scaffold, hydrogel, and drug delivery). Additionally, future perspectives
and challenges are also described. It is envisioned that, this review will provide essential guidance in designing novel 3D electrospun
structures and exploring their potential applications.

2. Methods to assemble 3D monolithic porous structures from fragmented electrospun nanofiber mats/membranes

2.1. Freeze drying method

2.1.1. Formation mechanism
Freeze drying (or lyophilization) is a dehydration process, in which the frozen solvent in a substance sublimes directly from the

solid phase to the gas phase under reduced surrounding pressure (i.e., under vacuum). In 2006, Deville et al. [34] demonstrated that
the physics of ice formation can be used to develop sophisticated porous and layered-hybrid materials. Since then, the freeze drying
technique has been widely adopted to fabricate 3D aerogels/sponges/scaffolds of carbon nanofibers (CNFs) [10], carbon nanotubes
(CNTs) [11], graphene and graphene oxide (GO) [35,36], nanocellulose [37,38], ceramic [39–41], metal [42,43], and biopolymer
[44]. It is important to note that Ding’s group [31] first reported to use fragmented/shortened electrospun nanofiber mats/mem-
branes as the building blocks for making 3D aerogels via freeze drying.

Fig. 3 shows the formation mechanism of interconnected and hierarchically structured pores of 3D aerogel via freeze drying.
During the freezing step, the homogenized/dispersed nanofibers are enriched among the solvent crystals. With the growth of crystals,
the nanofibers are confined among the crystals and become entangled because of the expansion of crystals. Eventually, the nanofibers
are locked into a 3D solid network. In the subsequent drying step, the solidified solvent sublimes, and the electrospun 3D nanofibrous
sponge/aerogel is obtained. The structure of this 3D sponge is a replica of that solidified solvent, and the large pores are determined
by the solidified solvent crystals; while the small pores are resulted from the shortened/fragmented electrospun nanofiber mats/
membranes.

2.1.2. Dispersion medium
A dispersion medium contains shortened nanofibers, dispersion solvent, and binding agent, each of which plays an improtant role

in the formation of 3D structures. Judiciously selecting the dispersion medium is the key to fabricate ideal 3D strucutres for different
applications.

Electrospinning can produce various types of nanofibers including polymer, ceramic, carbon, and composite; in principle, all of

T. Xu, et al. Progress in Materials Science 112 (2020) 100656

2



Fig. 1. Schematic diagrams showing different methods for the fabrication of electrospun 3D structures, including (A) solvent bath collection,
reproduced with permission from (2016) ACS [18], (B) needleless electrospinning, reproduced with permission from (2014) Elsevier [19], (C)
electrostatic repulsion, reproduced with permission from (2016) Elsevier [20], (D) touch-spinning, reproduced with permission from (2015) Wiley
[21], (E) TIPS combined with electrospinning, reproduced with permission from (2013) Elsevier [22], (F) expanded nanofiber, reproduced with
permission from (2016) Wiley [23], (G) Gas foaming, reproduced with permission from (2019) Elsevier [24], (H) Template-assisted collection,
reproduced with permission from (2008) ACS [25], (I) rapid prototyping combined with electrospinning, reproduced with permission from (2014)
RSC [26], (J) femtosecond laser combined with electrospinning, reproduced with permission from (2014) Elsevier [27], (K) direct-writing elec-
trospinning with stabilized jet, reproduced with permission from (2012) ACS [28], (L) electrospun nanofibrous yarns, reproduced with permission
from (2012) Wiley [29], and (M) self-assembly of electrospun nanofibers, reproduced with permission from (2013) RSC [30].
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electrspun nanofibers can be utilized as building blocks to fabricate into 3D structures. For selecting nanofiber materials, the
properties (such as chemical, mechanical, thermal, and surface properties) should be carefully considered upon different applications.
For example, polyacrylonitrile (PAN) [45] has been selected as the nanofiber material for making 3D carbon structures, because PAN
is the most commonly used polymer precursor to produce carbon fibers. Additionally, silica (SiO2) nanofibers [31] and polyimide (PI)
nanofibers [46] have been adopted to make flexible and elastic 3D structures because of their excellent mechanical properties; while
PI nanofibers [47] with outstanding thermal stability has also been chosen for the fabrication of thermal insulation materials. Poly(bis
(benzimidazo)benzophenanthroline-dione) (BBB) [48], a rigid-rod ladder type polymer with aromatic and heterocyclic rings in the
macromolecular backbone, has been selected to prepare high temperature stable, intrinsic flame retardant sponge. Biomass such as
cellulose [49] has been used to develop 3D sponges due to its recyclability and renewability. Biomaterials such as polycaprolactone
(PCL) [33], polylactic acid (PLA) [50], and gelatin [51] have been studied to develop tissue engineering scaffolds, since they are
biocompatible and biodegradable.

To fragment/shorten electrospun nanofiber mats/membranes, a homogenizer such as a high-speed blender is commonly adopted,
while the size of fragmented mats/membranes and the length of shortened nanofibers are primarily determined upon the properties
of different types of nanofibers and mats/membranes, as well as the vigorousness and duration of homogenization process. With the
length of shortened nanofibers in the range from tens to hundreds of micrometers, the assembled 3D structures generally have good
integrity after freeze drying; on the other hand, if the length is merely a few micrometers, it is difficult to make 3D structures with
good morphological integrity/stability. Additionally, the properties of nanofibers are also important on the length of shortened/
fragmented nanofibers. For example, most polymers such as PAN and PI are soft, thus the shortened nanofibers have relatively long
length; while PAN-derived CNFs are relatively brittle, which leads to short nanofibers. As shown in Fig. 4A and B, the average lengths
of the shortened PAN and CNFs are approximately 112.6 µm and 2.2 µm, respectively.

The dispersion solvent/medium for making the resulting suspension has an important impact on the formation of morphologi-
cally/structurally stable 3D structure, and the melting point is a key criterium for selecting the solvent. Water (with the melting point
of 0 °C) is commonly selected as low-cost freeze drying solvent, while other organic solvents such as dioxane (12 °C), DMSO (19 °C),
tert-butanol (~25 °C), and camphene (~50 °C) can also be selected. Although water is a common solvent/medium for freeze drying,
relatively large and non-uniform ice crystals are formed at the slow freezing rate of 0.5–3 °C min−1, resulting in cracks on both outer
and inner surfaces, as well as poor integrity of the 3D structure. The size and uniformity of ice crystals could be appreciably improved
upon adding a small amount of ethanol in the suspension, even though ethanol alone is not a good solvent for freeze drying (due to
low melting point) [46]. Evidently, those organic solvents which are suitable for freeze drying can also be used to adjust the size and

Fig. 2. A schematic representation showing the synthetic steps of fibrous, isotropically bonded elastic reconstructed 3D nanofibrous aerogels
(NFAs). (1) Flexible PAN/BA-a and SiO2 nanofiber membranes are produced by electrospinning. (2) Uniform nanofiber dispersions are fabricated via
high-speed homogenization. (3) Uncrosslinked NFAs are prepared by freeze drying nanofiber dispersions. (4) The resultant FIBER NFAs are prepared
by the crosslinking treatment. Reproduced with permission from (2014) Nature Publishing Group [31].

Fig. 3. Mechanism for the formation of hierarchical cellular structure. Reproduced with permission from (2014) Nature Publishing Group [31].

T. Xu, et al. Progress in Materials Science 112 (2020) 100656

4



uniformity of ice crystals. For example, tert-butanol [31] can be mixed with water to control the volume and/or shape of the frozen
samples, as shown in Fig. 4C.

2.1.3. Binding agent
The solid network in a 3D structure composed of shortened nanofibers alone is usually fragile after freeze drying due to lack of

strong bonding/interaction among the shortened nanofibers (i.e., only topological entanglements and weak Van de Waals interactions
are present). Therefore, crosslinking/binding agents are usually added to strengthen 3D structures. The following four methods have
been used for the addition of crosslinking/binding agents: (1) Add the crosslinking agent directly into polymer solution before
electrospinning. For example, BAF-a [31] was added into PAN solution before electrospinning (Fig. 5A1 & A2). (2) Add the binding
agent such as poly(amic acid) (PAA) [47], glutaraldehyde [51], konjac glucomannan (KGM) [52], alginate/Al3+ [53], GO [54], citric
acid [55], or poly(vinyl alcohol) (PVA) [46] into the dispersion solvent during the preparation of nanofiber suspension (which has
been the most commonly adopted method to date). For example, to improve the mechanical integrity and elasticity of 3D regenerated
cellulose (RC) nanofibrous sponge, PVA was used as the binding agent; and it was added into the nanofiber suspension before freeze
drying [46]. During the stabilization at ~230 °C, PVA macromolecules would undergo chemical changes to form dehydrated
structures [56–58], which could conglutinate/bond nanofibers together in the 3D structure (Fig. 5B1 & B2). (3) Use UV crosslinkable
copolymer for making nanofibers. For example, poly(MA-co-MMA-co-MABP) (PMMM) [32] was synthesized from MA, MMA, and
MABP by free radical copolymerization (Fig. 5C1 & C2); thereafter, the PMMM nanofibers in 3D structure would fuse together upon
UV irradiation. Additionally, photo-crosslinkable poly(N-isopropyl acrylamide) (PNIPAM) [59] was also studied to fabricate the
mechanically stabilized sponges. And (4) thermally induced intermolecular condensation [60], in which macromolecules undergo
crosslinking at elevated temperature and further conglutinate the skeleton of PI nanofiber aerogels without using crosslinkers
(Fig. 5D1 & D2). The thermally induced intermolecular condensations would occur uniformly in the entire networks/structures thus
form strong covalent bonding at the interfaces among nanofibers. Recently, PI nanofibers have been conglutinated at their cross-
points via a controllable manner using the solvent-vapor [61], and the resulting aerogels have superelasticity. This method does not
involve chemical crosslinking and/or thermal treatment, thus it can considerably mitigate the morphological and structural varia-
tions.

2.1.4. Modification and functionalization
To provide additional properties to 3D aerogels/sponges, functional fillers can be incorporated into the 3D structures; and the

functionalizations are typically achieved through attaching the fillers to the surfaces of nanofibers. For example, SiO2 nanoparticles

Fig. 4. SEM images showing the shortened electrospun nanofibers of (A) PAN and (B) CNFs. Insets: photos showing the nanofiber dispersed in water.
Reproduced with permission from (2017) RSC [46]. (C) Photograph showing the frozen nanofiber dispersions with different concentrations (wt%) in
tert-butanol. The top values indicating the volume variations (defined as the changes in center height of the relevant frozen cylinders). Reproduced
with permission from (2014) Nature Publishing Group [31].
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[62] were added to achieve super-hydrophobicity of PAN/SiO2 aerogel (Fig. 6A); CNFs [46] (Fig. 6B) and Ag nanowires [63] (Fig. 6C)
were incorporated to improve the electrical conductivity of the sponge; Au nanoparticles [64] were in situ immobilized on the
nanofiber surface (Fig. 6D) and provided the sponge with the good catalytic ability; Halloysite nanotubes (HNTs) [65] were sup-
ported by the nanofibers (Fig. 6E) and the resulting sponge demonstrated high performance as innovative dye adsorbent and catalyst
support. Ketjen carbon nanoparticles [66] (Fig. 6F) were combined with short PI fibers and the fabricated PI-carbon sponges not only
had high mechanical properties but also retained low thermal conductivity even in comparison with pristine PI sponges. Other
functional fillers including nanoporous lignin-based CNFs, magnetic nanoparticles, noble metal nanoparticles, and photocatalytic
nanoparticles are also expected to render 3D structures with specific functions.

In addition to the incorporation of nanofillers, the chemical modification on the surface of nanofibers can also expand the
applications of 3D structures. For example, Duan et al. coated poly(p-xylylene) (PPX) onto sponges by chemical vapour deposition
(CVD, as shown in Fig. 6G1 & 6G2) [67]. PPX is a hydrophobic polymer that is highly suitable for coating applications, because it
possesses advatageous properties including strong adhesion to other materials, excellent chemical resistance, good biocompatibility,
and high thermal stability. Upon varying the coating thickness, PPX modified sponges exhibited tunable properties including density,
water contact angle (i.e., hydrophilicity), solvent resistance, and mechanical properties.

Fig. 5. (A1) The FIBER NFAs had obvious crosslinked 3D fibrous networks with strong bonding among the fibers (A2) FT-IR spectra of uncrosslinked
NFAs and FIBER NFAs. Reproduced with permission from (2014) Nature Publishing Group [31]. (B1) SEM image showing the binding of RC
nanofibers with PVA. (B2) FT-IR spectra acquired from UECS before and after stabilization at ~230 °C. Reproduced with permission from (2018)
Elsevier [49]. (C1) SEM image showing the binding of poly(MA-MMA-MABP). (C2) ATR-IR spectra of poly(MA-MMA-MABP) before and after
crosslinking upon UV irradiation. Reproduced with permission from (2015) Wiley [32]. (D1) SEM images of PINFA bound by thermally induced
intermolecular condensation. (D2) XPS spectrum of PINFAs and un-PINFAs. Reproduced with permission from (2017) RSC [60].

Fig. 6. (A) SEM image of FIBER aerogel, showing the hierarchical cellular fibrous structure and SiO2 NPs. Reproduced with permission from (2015)
ACS [62]. (B) SEM image of the 3D conductive sponge with CNFs-to-PAN/PI of 1:3. Reproduced with permission from (2017) RSC [46]. (C) SEM
image of the PIS/AgNW sponge. Reproduced with permission from (2017) ACS [63]. (D) TEM image of AuNPs (3.56 wt%.) immobilized on a
nanofiber in sponge and the inset showing an individual AuNP. Reproduced with permission from (2016) Wiley [64]. (E) SEM image acquired from
HNTs sponge with the weight ratio of nanofibers-to-HNTs being 1:8. Reproduced with permission from (2019) Elsevier [65]. (F) SEM image of PI-
carbon nanoparticle sponge. Reproduced with permission from (2019) Elsevier [66]. (G1-G2) SEM images showing a sponge coated with 1.0 µm PPX
(G1) and the corresponding cross section (G2). Reproduced with permission from (2016) RSC [67].

T. Xu, et al. Progress in Materials Science 112 (2020) 100656

6



2.2. Thermally induced self-agglomeration (TISA) method

2.2.1. Formation mechanism
Our research group has developed an innovative method (i.e., the TISA method) to assemble shortened/fragmented PCL nanofiber

mats/membranes into 3D scaffolds [33]. Upon submerging the uniformly dispersed short nanofibers and tiny pieces of PCL into a
water bath at a temperature close to the PCL melting point (e.g., 55 °C), these building blocks would spontaneously agglomerate into a
3D structure with interconnected and hierarchical pores; and the subsequent freeze drying would result in the formation of mor-
phologically/structurally stable 3D nanofibrous scaffolds. Rather than using additional binding agents, PCL itself was able to bind/
fuse nanofibers. The formation of PCL 3D nanofibrous agglomerate via the TISA process was recorded by a digital camera with an
interval of 30 s, as shown in Fig. 7. Prior to the thermal treatment (Fig. 7A), short nanofibers and tiny pieces of PCL were uniformly
dispersed in the suspension. Upon submerge of the glass bottle into a water bath at 55 °C for 180 s, the PCL nanofibers gradually self-
agglomerated and formed a stable 3D nanofibrous structure (Fig. 7B–G). This is because the melting point of PCL is 60 °C, and the
surface of PCL nanofibers become soft/sticky at 55 °C. Immediately afterward, the bottle was taken out of the water bath and
submerged in ice water to prevent further shrinkage and/or agglomeration (Fig. 7G). Compared to the scaffolds prepared via the
conventional freeze-drying (ice-template) method, in which the porous structure is generated through the solidified solvent, the
porous structure in the acquired 3D PCL scaffolds is formed upon the random self-agglomeration of shortened nanofibers. Such a
porous structure is similar to that in natural extracellular matrixs (ECMs), thus the 3D scaffolds would be suitable for cell functions
and tissue formation.

2.2.2. Dispersion medium
To make a uniform dispersion of short nanofibers and tiny pieces of PCL and to maintein good control of nanofiber self-ag-

glomeration during the subsequent thermal treatment, gelatin aqueous solution was added into PCL ethanol suspension [33]. If
ethanol alone was used as the medium, the viscosity of suspension system was too low, and there would not be enough physical
resistance in the system during the thermal treatment; as a result, the agglomeration of PCL nanofibers would occur too fast, leading
to very firm/dense agglomerate. Therefore, gelatin was chosen to increase the viscosity of suspension system due to its biological
origin, biodegradability, biocompatibility, and commercial availability; while deionized (DI) water was also added for improving the
solubility of gelatin in the mixture system. After the gelatin and DI water were added to the system, short nanofibers and tiny pieces
of PCL were stabilized by gelatin molecules and could be uniformly dispersed. Although the samples were rinsed with DI water for
several times, some gelatin was still remained on the surface of nanofibers, making the nanofibers and the resulting 3D structures
hydrophilic.

2.2.3. Binding agent
Instead of using additional binding agents, PCL itself works as a binder during the TISA process. PCL is a cost-effective, bio-

compatible, biodegradable, and FDA-approved polymer. Due to low degradation rate, PCL can act as a steady binder to stablize the
3D structure in a long tissue regeneration period. PCL also has good spinnability and the ability to blend with various polymers.
Besides, owing to the low glass-transition temperature (−60 °C) and melting temperature (60 °C), PCL possesses good mechanical
property/elasticity. Upon submerging the shortened PCL nanofibers into a water bath at 55 °C, the nanofibers gradually self-ag-
glomerate and form a stable 3D nanofibrous structure with interconnected and hierarchical pores. In principle, the TISA method
could be applied to various polymer nanofibers, as long as the heat treatment temperature is close to their melting point. However,
the melting temperatures of most polymers are very high (over 160 °C), and the high boiling point solvents are needed to partially
melt/soften the nanofibers. Nevertheless, these solvents are usually hard to be removed completely and the residual solvent may be
toxic to cells. In addition, even if high boiling point solvents are used, shortened nanofibers can self-agglomerate together but cannot

Fig. 7. A series of photographs showing the formation of PCL 3D nanofibrous agglomerate via the TISA process: (A) uniform suspension of short
nanofibers and tiny pieces of PCL before thermal treatment; and the suspension after being heated at 55 °C for (B) 30 s, (C) 60 s, (D) 90 s; (E) 120 s,
and (F) 150 s, respectively; and (G) the obtained agglomerate after thermal treatment for 180 s (note that the bottle was submerged in ice water
immediately thereafter.) Reproduced with permission from (2015) Wiley [33].
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remain stable structure because of their high stiffness/modulus. Hence, blending PCL with other polymers and using it as the binding
agent to fabricate 3D scaffolds is a promising approach to solve the above problem thus to expand the application of TISA method.

To demonstrate the feasibility of using PCL as binding agent to develop 3D scaffolds, electrospun cellulose acetate (CA) scaffold
with PCL as the biodegradable and biocompatible binding agent was successfully fabricated (Fig. 8) [68]. The CA/PCL (mass ratio:
75/25) 3D scaffold did not contain any toxic crosslinking agent. It is morphologically similar to natural ECM thus well suitable for cell
functions and tissue formation. More importantly, all of the polymers which could be blended with PCL can be developed as 3D
scaffolds by the TISA method followed by thermal stabilization, which might considerably expand the application of electrospun 3D
scaffolds to various tissue engineering areas.

2.2.4. Modification and functionalization
In the field of tissue engineering, polymeric biomaterials which possess excellent overall properties/functions are highly desired,

whereas no single available polymer can fulfil all the requirements. Therefore, blending two or more polymers could be a promising
approach to fulfill these demands and to fabricate innovative and highly efficient biomaterials. Through combining adequet polymers
and adjusting their weight ratio, electrospun blend nanofibrous scaffolds can be tailored to possess desired functions. For example,
PCL has been widely used in tissue engineering but has limited cell affinity and/or bioactivity due to its hydrophobicity and lack of
surface cell recognition sites; while blending biologically derived polymers or synthetic polymers with PCL can modulate the
bioactivity, hydrophilicity, degradation rate, and mechanical properties. In our previous work, we modified PCL with more bioactive
PLA and developed 3D PCL/PLA blend (weight ratio: 4/1) nanofibrous scaffolds via the TISA method [50]. The resulting scaffolds had
high porosity (~95.8%) with interconnected and hierarchically structured pores having sizes ranging from sub-micrometers to
~300 μm. Compared to 3D PCL scaffolds, the 3D PCL/PLA blend scaffolds had higher mechanical properties and in vitro bioactivity.
In a follow-up study, the electrospun nanofibrous scaffolds with different weight ratios of PCL/PLA (i.e., 100/0, 60/40, and 20/80)
were fabricated. With the PLA weight ratio increase in 3D PCL/PLA blend scaffolds, the osteogenic differentiation of human me-
senchymal stem cells (hMSCs) was substantially enhanced [69]. To date, various biologically derived polymers (including proteins
[70–72], polysaccharides [73,74], and polyhydroxyalkanoates [75–77]) and synthetic polymers (including polyesters [78–81],
water-soluble polymers [82,83], and conductive polymers [84]) have been blended with PCL for making electrospun polymer blend
nanofibers. It is envisioned that all of these polymers could be fabricated into 3D scaffolds by first making blend nanofibers with PCL
followed by processing via the TISA method; hence, a variety of electrospun 3D nanofibrous scaffolds would be available for various
tissue engineering applications.

PCL and PCL blends could barely meet the requirements for being tissue engineering materials, whereas they are not sufficient to
fully mimic the biological properties of ECM. Functional fillers are able to provide the scaffold with more features that the bioma-
terials themselves do not possess, which could better mimic natural ECM. For example, bioactive inorganics could mimic the natural
bone component. Carbon materials render the scafflds with conductive feature, which would provide electrical stimulation to cardiac,
muscle, and nerve tissues to mimic the electrical signal in the human body. To date, different functional fillers such as bioactive
inorganics [85–87], carbon nanomaterials [88,89], polysaccharides [90,91], nanoclay [92], and metal/metallic oxides [93–95], have
been incorporated into electrospun PCL nanofibers; and these fillers might be able to functionalize electrospun 3D PCL scaffolds.

Cells interact with scaffolds primarily through the surface of scaffold materials, which can be controlled/tailored upon adjusting
the surface chemical properties. Besides incorporating functional fillers directly into the scaffold nanofibers, surface modification is
another effective approach to generate chemical specificity and recognition, which can lead to desired specific intracellular signaling.
In our group, to further improve the scaffold’s bioactivity and promote new bone formation, we functionalized 3D PCL scaffolds with

Fig. 8. SEM images showing typical morphologies of the inner surface (A1-A3) and outer surface (B1-B3) of electrospun CA/PCL scaffold. High
magnification SEM images (A3) and (B3) showing the binding locations. Reproduced with permission from (2018) Elsevier [68].
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hydroxyapatite (HA) (Fig. 9) and BMP2 signaling activator phenamil, which provided a favorable osteogenic niche for bone for-
mation at low doses of BMP2 [96]. We believe that several other surface modification methods on electrospun PCL nanofibers
including surface activation [97,98], chemical grafting [99–101], copolymerization [102–105], and biomimetic modification
[106–111] could also be adopted to modify the electrospun 3D PCL scaffolds.

3. Properties of 3D monolithic structures assembled from fragmented electrospun nanofiber mats/membranes

3.1. Density and porosity

3D structures assembled from fragmented electrospun nanofiber mats/membranes usually possess ultralow density and extremely
high porosity, which can be tuned by controlling the amount of nanofibers. The ultralight feature (i.e., density below 10 mg cm−3)
could be readily achieved in most electrospun 3D structures. Further modification of 3D structures such as incorporation of nano-
particles [62] or nanofiber surface coating [67] would result in the increase of density (up to tens of mg cm−3). To date, the lightest
electrospun 3D structure with the density of 0.12 mg cm−3 and porosity of 99.992% was obtained by Ding’s group [31]. As illustrated
in Fig. 10, the isotropically bonded elastic reconstructed nanofibrous aerogels (i.e., FIBER NFAs) with density of 0.12 mg cm−3 can
easily stand on the tip of feather and even float on cold air.

The density and porosity have direct impacts on mechanical properties. The porous structure is also responsible for many unique

Fig. 9. SEM images showing the representative morphologies of external surface (A–C) and internal section (D–F) of PCL scaffolds coated with HA.
Reproduced with permission from (2017) Elsevier [96].

Fig. 10. (A) An electrospun aerogel/sponge (ρ = 0.12 mg cm−3) stands on the tip of dyed feathers. (B) Photographs demonstrating that the
ultralight aerogel can float on cold air. Reproduced with permission from (2014) Nature Publishing Group [31].
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properties, resulting in various applications. For example, the excellent thermal insulation of PI sponge [47] could be attributed to the
high porosity of 3D structure/sponge filled with air. In PAN/PI/CNFs sponge based pressure sensor [46], the response of resistance
change under compression strain is contributed by the hierarchical porous structure; in specific, the large pores lead to large de-
formation, wide strain range, large resistance change, and high sensitivity. Low density and high porosity lead to high absorption
capacity [49]. In tissue engineering area, high porosity provides more space/volume for cell growth [33].

3.2. Morphology and pore structures

Owing to simplicity of the assembly process and the facile availability of electrospun nanofibers, the shapes of 3D structures can
be controlled and the fabrication is possible to be scaled up. As illustrated in Fig. 11A, integrated FIBER NFAs with desired shapes
were readily prepared and the FIBER NFAs can be easily scaled up by simply using a large shaping mold. During the freeze drying
process, the dispersed nanofibers were enriched and entrapped among the solvent crystals. The structure of 3D architecture was a
replica of that of the solidified solvent, and the size distribution of large pores was determined by the size of solvent crystals. The
assembly of shortened electrospun nanofibers, on the other hand, resulted in small pores. Different magnificaton SEM images in
Fig. 11B–D were acquired from a typical FIBER NFAs with the density of 9.6 mg cm−3. The cellular architecture showed an open-cell
architecture with major cellular pores (10–30 μm) and these cells were interconnected with each other by triangular junctions
(Fig. 11B), which consisted of numerous minor cellular pores with sizes of 1–2 μm (Fig. 11C & D). The dimensions of relevant
structures were shown in Fig. 11E.

The large pores can be tuned by controlling the freezing rate. In our group, we investigated the effects of freezing rate to pore
structures [46]. During the freezing process, fast cooling rate would lead to rapid homogenous nucleation process that could generate
many nuclei; and small crystals were then grown in the sample. As a result, the 3D structure/sponge formed by fast freezing had small
pores (< 2 µm) and narrow pore size distribution, whereas the 3D sponge formed by slow freezing had hierarchical pores combining
large pores (~100 µm) and small pores (< 2 µm). Adlhart’s group [112] also studied the effect of freezing conditions on these
structures and found the similar results. By increasing the freezing-front velocity from 2 to 200 µm s−1, the pore size was decreased
from 123 to 9.5 µm (Fig. 12).

3.3. Surface wettability

The surface wettability of electrospun 3D structures could be adjusted through surface modification. For example, the hydrophilic
surface could be achieved by coating gelatin on hydrophobic PCL [33] and PCL/PLA scaffolds [50]; note that high hydrophilicity of a
scaffold is crucial for the tissue engineering application. On the other hand, superhydrophobicity could be obtained through surface
modifications such as incorporation of SiO2 nanoparticles (Fig. 13A) [62], PPX CVD coating (Fig. 13B) [67], and silane CVD coating
(Fig. 13C) [113]. In our group, thermal stabilization at 230 °C was applied to convert electrospun 3D cellulose sponge from hy-
drophilic to hydrophobic (Fig. 13D) [49]; and these hydrophobic/superhydrophobic 3D structures demonstrated excellent capability
for the absorption of organic solvent/oil. It is noteworthy that the chemical modifications often require precisely controlled con-
ditions and expensive chemicals, while the thermal stabilization is an cost-effective approach for surface modification.

3.4. Specific surface area

The reported 3D structures generally have low BET specific surface areas, primarily due to lack of porous structures within
nanofibers. For example, Duan et al. reported the specific surface area of 2.66 m2 g−1 for a sponge with density of 3.75 mg cm−3 [32].
The BET specific surface area can be increased through chemical threatments of nanofibers. For example, Kim and co-workers [114]
reported a microporous organic polymer sponge with core-shell structure (PVASi@TEDB-NH2), which was fabricated via

Fig. 11. (A) Photograph of FIBER NFAs with various shapes. (B–D) The microscopic architecture of FIBER NFAs at different magnifications, showing
the hierarchical cellular fibrous structure. (E) Schematic representation of the dimensions of relevant structures. Reproduced with permission from
(2014) Nature Publishing Group [31].
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Sonogashira-Hagihara coupling reaction of 2,5-dibromoaniline and 1,3,5-triethynylbenzene (TEDB) in a uniform suspension of PVASi
nanofibers. The modified sponge displayed a combination of type I and IV isotherms, indicating the existence of micropores and
mesopores. Such PVASi@TEDB-NH2 sponges exhibited an average BET specific surface area of 447 m2 g−1. In general, chemical (e.g.,

Fig. 12. (A) Effect of freezing conditions on sponge microstructure. Slow freezing-front velocities provide the largest pore diameters, while the
sponges’ apparent density remained constant within 8.7 ± 0.1 mg mL−1. (B) SEM images show cross-sections of respective sponges at the center
height of 7.5 mm obtained with different vf. Reproduced with permission from (2016) Wiley [112].

Fig. 13. (A) Water contact angle of the FIBER aerogels/sponge with increasing SiO2 NPs concentrations. Reproduced with permission from (2015)
ACS [62]. (B) Water contact angle as a function of the PPX coating thickness of sponges 1, 2, 4, and 5. Reproduced with permission from (2016) RSC
[67]. (C) Water contact angle of the amphiphilic cross-linked pullulan/PVA aerogel and the hydrophobic silylated aerogel. Reproduced with
permission from (2017) Wiley [113]. (D) Water contact angle of ultralight electrospun cellulose sponge stabilized under different temperatures.
Reproduced with permission from (2018) Elsevier [49].
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using reagents such as NaOH, KOH, and H3PO4), thermal (e.g., through carbonization of electrospun blends including polymer and
inorganic salts), and other (e.g., using oxidizing gases, plasma treatment, and acid corrosion) treatments could be applied to activate
electrospun nanofibers and to acquire micropores and mesopores, and the resulting structurs/sponges might be highly desired for
supercapacitor and/or adsorption applications.

3.5. Mechanical properties

Even though electrospun nanofibers are soft/weak, the resulting 3D monolithic porous structures could be mechanically robust;
this is due to the support of flexible nanofibers, durable nanofiber binding, and porous structure. Elastic nanofibers such as SiO2 and
PI are usually applied to improve the integrity and elasticity of 3D structures. For example, Si et al. [52] developed super-elastic
carbonaceous nanofibrous aerogels (CNFAs) with an ordered honeycomb-like structure using konjac glucomannan and flexible SiO2
nanofibers. The CNFAs exhibited robust mechanical properties, and the structure could endure large compressive deformations
without cracks, similar to honeycomb-structured materials. As shown in Fig. 14A, three obvious regions including an elastic linear
region (ε < 20%), a plateau region (20% < ε < 60%), and a densification region (ε > 60%) were observed; additionally, these
CNFAs had the Poisson’s ratio close to zero when compressed in one direction (Fig. 14B), owing to the inversion of the nanofibrous
cell wall (Fig. 14C). Furthermore, the CNFAs exhibited relatively minor plastic deformations (~4.3%) after 1000 compressive cycles
at the 50% strain.

PI nanofibers were selected for providing the elasticity to PAN/PI/CNFs sponge in our group [46]. The resulting conductive
sponge was mechanically robust and possessed superior stability when being used as a compressive strain sensor. Jiang et al. [47] also
reported a neat PI nanofiber sponge, which showed excellent compressive strength and super flexibility after being compressed for
10,000 times. However, these reported 3D structures/sponges only had excellent mechanical properties under compression strain;

Fig. 14. (A) Compressive stress (σ) vs. compressive strain (ε) curves for CNFAs along the loading direction. Insets showing the profiles of the CNFAs
during a compressing cycle (ε = 80%). (B) The Poisson’s ratio of the CNFAs as a function of increasing compressive strain to 80%. Inset: SEM
observations of the CNFAs under cycled compression and release, focusing on a small piece (< 1 mm). (C) Schematic representation showing the
inversion of nanofibrous cell walls with compressive strain. Reproduced with permission from (2016) Wiley. [52]
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while their performances under the tensile/stretching strain are upon further improvement. The thermally induced intermolecular
condensation (at 500 °C) has recently been applied to make electrospun PI nanofiber aerogel (PINFAs), and the resulting aerogel
could be stretched with the elongation and stress at break values being 11.5% and 13 kPa, respectively [60]. The excellent me-
chanical performance can be attributed to rigid macromolecular chain, as well as physical entanglements and chemical crosslinkings
among the nanofibers.

It is important to note that electrospun nanofibers are the main component in the 3D structures/sponges/aerogels/scaffolds
discussed in this review. Besides, shortened nanofibers can also be added into traditional aerogels/sponges, acting as the reinforcing
fillers (rather than the main component) [115–118]. For example, PAN nanofibers and GO nanosheets have been incorporated into
resorcinol-formaldehyde to produce 3D aerogels with high structural stability and strength [116]; and cellulose acetate nanofibers
have been added in GO aerogels to prevent the GO sheets from over-stacking and to improve the connectivity of cell walls [117].
Intriguingly, the PI aerogel could be reinforced by using PI nanofibers as the fillers [118]; the short PI nanofibers improved the
strength/toughness of PI aerogel by dissipating the applied stress along the pore walls and nanofibers via mechanical interlocking
effect, leading to a 2-fold improvement on compressive modulus than neat PI aerogel.

3.6. Electrical properties

Conductive 3D structures can be prepared by using precursor nanofibers as building blocks (followed by carbonization) or by
mixing with conductive component/filler. For example, synthetic polymers such as PAN and PI, or biomass such as konjac gluco-
mannan (KGM) are commonly used precursors to fabricate carbonaceous materials; 3D carbonaceous aerogels/sponges assembled
from PAN/SiO2 [31], SiO2/KGM [52], PAN/PI [45], and PAN/GO [54] have been prepared and studied for pressure sensing and
energy storage.

However, the electrical conductivity of these carbon structures is determined upon the carbonization process and is difficult to be
precisely controlled/adjusted. Recently, our group has reported a general approach to prepare the mechanically robust 3D nanofi-
brous sponge with tunable conductivity [46]. The key is to use carbonized nanofibers and other polymer nanofibers as the building
blocks for the preparation of 3D conductive sponge. The sponge contains short electrospun carbon nanofibers (ECNFs), which act as
the conductive component and are randomly mixed with electrospun PAN and PI nanofibers. By adjusting the amount of ECNFs, the
conductivity of the 3D sponge can be precisely tailored, as shown in Fig. 15. The prepared 3D sponge is an ideal candidate for highly
sensitive pressure sensor. In another study, Jiang et al. [119] investigated the electrical conductivity of porous sponge containing a
double network of Ag nanowires and PI. The stress-responsive and highly flexible sponge showed the electric conductivity from 170
to 16660 S m−1 depending on the applied stress, and the sponge could be used for the fabrication of efficient Joule heater.

3.7. Thermal properties

The thermal properties of 3D structures are determined by the properties of electrospun nanofibers. For example, SiO2 nanofibers
were used to prevent the volume shrinkage during thermal treatment [31,62]; they could also serve as the matrix in high-temperature
carbon aerogel [52], and could be used to make fire-resistant ceramic nanofibrous aerogel [120]. Recently, Jiang et al. [47] have
developed thermally insulating elastic sponges by using PI as high-temperature stable polymer. The sponges exhibited initial de-
gradation above 400 °C and 500 °C in air and nitrogen, respectively (Fig. 16A). Compared to the SG and SGPPX samples (polyacrylate
based sponges without and with PPX coating, respectively), PISG-50 (PI sponge with the density of 10.1 mg cm−3) remained stable
under 300 °C for 0.5 h (Fig. 16B). The PI sponge (PISG-50) exhibited the low thermal conductivity of 0.026 W mK−1 (similar to air)
without compression, which was due to the high specific pore volume (98.3 cm3 g−1) of the sponge. In the compressed status, the
thermal conductivity of PISG-50 slightly increased and the thermal diffusivity decreased. Si et al. [120] fabricated super-elastic
lamellar-structured ceramic nanofibrous aerogels (CNFAs) through combination of electrospun SiO2 nanofibers with aluminobor-
osilicate matrices. The CNFAs with the density of 10 mg cm−3 showed a low thermal conductivity of 0.025 W mK−1, which was very
close to that of air under ambient conditions (0.023 W mK−1). When the density of the CNFAs decreased to 0.5 mg cm−3, the thermal

Fig. 15. (A) Resistance values of 3D conductive sponges with different CNFs to PAN/PI ratios. (B) Resistance variations of the 3D conductive
sponges under different compressive strains. Reproduced with permission from (2017) RSC [46].
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conductivity slightly increased to 0.032 W mK−1 due to the increase of pore size.

3.8. Biocompatibility and biodegradability

For the application of 3D structures in tissue engineering and drug delivery, the nanofibers used to make these structures need to
be biocompatible and biodegradable. To date, PCL [33], PCL/PLA [50], gelatin/PLA [121], poly(L-lactic acid-co-ε-caprolactone)/silk
fibroin [122], and PLGA/collagen/gelatin [123] have been reported to fabricate 3D tissue engineering scaffolds. For example, the cell
viabilities of hMSCs on electrospun PCL-3D and PCL/PLA-3D scaffolds were quantitatively measured by MTS assay after culturing for
1 and 3 days [50]. As shown in Fig. 17A, both scaffolds exhibited similar cell viabilities after 1 day of culture; on day 3, the cell
viability on PCL/PLA-3D scaffolds was moderately but significantly higher than that on PCL-3D scaffolds (P < 0.05). In addition to
cell viabilities, hMSCs morphologies on PCL-3D and PCL/PLA-3D scaffolds were investigated after culturing for 16 h. As shown in
Fig. 17B1 and B2, cells adhered and spread well with a typical fibroblastic morphology on both types of scaffolds, indicating the good
biocompatibility.

4. Applications of 3D monolithic porous structures assembled from fragmented electrospun nanofiber mats/membranes

4.1. Environment

4.1.1. Organic compound removal
3D absorbent materials with superior capacity for selective absorption/removal of organic compounds (e.g., oils and organic

solvents) are urgently needed to resolve the oil spillage and industry organic solvent discharge [124–127]. Electrospun 3D nanofi-
brous structures have been explored as innovative materials for the absorption of organic compounds. For example, SiO2 nano-
particles were incorporated into 3D electrospun PAN nanofibrous aerogels; and the resulting 3D PAN/SiO2 hybrid aerogels showed
superhydrophobic/superoleophilic feature, which could effectively separate surfactant-stabilized oil droplets from an aqueous
emulsion with high flux value (up to 8140 ± 220 L·m−2·h−1) and excellent separation efficiency [62]. Another exampe, Deuber and
co-workers [113] developed hierarchically structured and ultralight pullulan/PVA aerogels, in which silane coating was used to
convert the hydrophilic aerogel to be hydrophobic; the resulting sponge allowed the selective separation of organic liquids based on

Fig. 16. (A) TGA curves of PI sponge (sample PISG-50). (B) Photographs showing thermal resistance of sponges SG, PISG-50, and SG-PPX at room
temperature (Top) and 300 °C (Bottom) for 0.5 h. Reproduced with permission from (2017) ACS [47].

Fig. 17. (A) hMSCs viabilities on PCL-3D and PCL/PLA-3D scaffolds after culturing for 1 and 3 days. hMSCs morphologies on (B1) PCL-3D and (B2)
PCL/PLA-3D scaffolds after culturing for 16 h. Note that PCL-3D scaffolds are included as control samples. Data are expressed as mean ± SD
(n = 3). Fluorescence micrographs of chondrocytes seeded on 3DS-2 (modified gelatin/PLA scaffold crosslinked with hyaluronic acid (HA)) for
7 days. Live and dead cells dyed green and red, respectively. Reproduced with permission from (2017) Elsevier [50].
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their different relative dielectric constants. In 2017, Lu et al. [128] reported the direct fabrication of highly hydrophobic (i.e.,
superoleophilic) and chemically crosslinked poly(vinyl alcohol-co-ethylene) (EVOH) nanofiber aerogels without any hydrophobic
modification. The obtained crosslinked EVOH aerogels showed excellent absorption capacity values (ranging from 45 to 102 times of
their own weights) to various oils and organic solvents.

As first reported by Greiner and co-workers [67], poly(p-xylylene) could be utilized to modify ultralight electrospun sponges
through chemical vapor deposition; and the resulting sponges showed substantial improvements on compression strength, water
contact angle, and solvent resistance. Interestingly, upon absorption of organic solvents, these sponges could be turned into me-
chanically stable gel-like materials (i.e., spongy gels) (Fig. 18A1 & A2) [129]. The appearance of such spongy gels is similar to classic
organogels. Typically, organogels are formed by a bottom-up process (Fig. 18B1); while the spongy gels are formed through a top-
down approach (Fig. 18B2), providing various advantages for the properties, reproducibility, and stability.

Although these 3D aerogels/sponges exhibited promising capability to absorb organic compounds, the usages of expensive
modifying agents, organic solvents, and complicated processes are the major limitations; additionally, all of the above-described
electrospun 3D nanofibrous structures were made from synthetic polymers derived from non-renewable petroleum resources.
Recently, our group has made ultralight electrospun cellulose sponge (UECS) from regenerated cellulose nanofiber mat/membrane
via freeze drying and thermal stabilization [49]. Compared to chemical modifications, which often require the precisely controlled
conditions and expensive chemicals, thermal stabilization at 230 °C provides a substantially more convenient and cost-effective
approach to convert cellulose from hydrophilic to hydrophobic, thus making cellulose available for more applications. The prepared
UECS demonstrated superior absorption capacity (Fig. 19A) to organic compounds due to high porosity (99.57%), low density
(6.45 mg cm−3), and desired surface hydrophobicity (with water contact angle of ~141.2°). Furthermore, upon absorption of an
organic compound, the morphologically stable UECS organic gel could be acquired. Therefore, the developed UECS might be a
promising type of environmental friendly 3D nanofibrous materials for high-performance adsorption/separation of organic com-
pounds from aqueous systems (Fig. 19B & C); and the resulting UECS absorbed with organic compounds could be utilized for various
applications related to organic gels.

4.1.2. Dye adsorption
Synthetic dyes are widely used in various fields, while their discharge into environment leads to severe problems. Dye adsorption

treatment has been proven to be an effective method because of simple process and low energy consumption [130]. Kim et al. [114]
developed a microporous organic polymer nanofiber sponge (PVASi@TEDB-NH2) with the average BET surface area of 447 m2 g−1.
When the PVASi@TEDB-NH2 was compressed and released in an aqueous methylene blue (MB) solution, the dye adsorption occurred

Fig. 18. A sponge made of electrospun fibers with the mass of 0.03 g (A1) and the sponge after uptaking 30 g of mineral oil (A2). A schematic
showing the formation of organogels by the action of organogelators on liquids (B1) and by soaking electrospun fiber sponges with liquids (B2).
Reproduced with permission from (2017) Wiley [129].

Fig. 19. (A) volume-based absorption capacities of UECS on different organic compounds. Photographs showing the separation performance of
UECS on organic compounds. (B) Removing pump oil from the surface of water. (C) Collecting chloroform (containing the dye of Sudan I) from the
bottom of water. Reproduced with permission from (2018) Elsevier [49].
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rapidly (Fig. 20A). In addition, the dye adsorbed PVASi@TEDB-NH2 could be reused upon simple regeneration through the Soxhlet
extraction with methanol (Fig. 20B). PVASi@TEDB-NH2 could also be used as syringe filter because of its monolithic and com-
pressible characteristics. As shown in Fig. 20C, PVASi@TEDB-NH2 was fit into a syringe and the blue MB solution turned colorless
after filtration. Mousavi et al. [131] developed ultralight and robust 3D nanofiber sponges from shortened pullulan/PVA/polyacrylic
acid nanofibers. Their results demonstrated that these 3D sponges were promising adsorbents for cationic dyes owing to high ad-
sorption capacity (~383 mg g−1) and reusability, and the adsorption process could be defined by the Langmuir isotherm model. It
was intriguing that the dye adsorption by 3D sponges was 4 times faster than that by as-electrospun nanofiber mat/membrane. When
used in a continuous process as the deep-bed filter, the pressure drop through the 3D sponge was reduced by a factor of 40 while
maintaining equal adsorption performance as for the nanofiber membrane.

Functionalized electrospun nanofibers have also been demonstrated as highly efficient, environmentally friendly, and cost-ef-
fective adsorbents for rear earth elements [132,133]. For example, Wang et al. [134] developed water-rich and super-elastic 3D
nanofiber hydrogels from electrospun sodium alginate/polyacrylamide nanofibers via freeze-drying followed by chemical cross-
linking with pyromellitic dianhydride. The prepared 3D nanofiber hydrogels with abundant carboxyl groups exhibited superior
adsorption capacity for lanthanide ions (Ln3+) and excellent reusability. Moreover, benefiting from the typical 4f transition lumi-
nescence feature, the resulting Ln3+ hydrogels possessed outstanding photo-luminescent property, suggesting great potentials for
different applications (such as luminescent patterning and underwater fluorescent devices).

4.1.3. Filtration and separation
Particulate matter (PM) pollution has caused severe harmfulness to human health, and effectively removal of PM becomes a

critical demand nowadays. Qian et al. [60] developed hierarchically structured porous polyimide nanofibrous aerogels (PINFAs) by
utilizing electrospun PI nanofibers as building blocks. The aerogels possessed ultralow density, super-elasticity, high-temperature
stability, low thermal conductivity, and excellent performance on PM2.5 filtration. As shown in Fig. 21A & B, the filtration efficiencies
of PINFAs, 3M 9001 particulate respirator, and electrospun PI nanofiber membranes (PINFMs) with the same area and mass were
99.9%, 71.1%, and 99.9%, respectively; whereas the pressure drop of PINFAs (177 Pa) was far below that of PINFMs (1460 Pa), due
to the large differences in porosity. The long-term filtration efficiency of PINFAs was investigated by operating under the mass
concentration of PM2.5 above 200 µg m−3 for 22 h at the velocity of 0.25 m s−1. The acquired filtration efficiency was above 99.9%,
and the calculated sorption dynamics was approximately 4.3 µg g−1 s−1. As shown in Fig. 21C & D, the hierarchically structured
porous framework was well retained after long-term use; while a large number of particles were attached on the nanofibers. Because
of high thermal stability, the PINFAs were suitable for filtration of high-temperature industrial gas and automobile exhaust.

In another study, Deuber et al. [135] explored the potential of ultralight nanofiber aerogels (NFAs) for particle/aerosol filtration.
The NFAs had a tunable hierarchical cellular open pore structure, and high filtration efficiencies (up to 99.999%) at the most
penetrating particle size. Upon tailoring the porosity of NFAs, the authors were able to adjust the number of permeated particles and
the pressure drop. These NFAs acted as an innovative type of deep-bed filters, and they were capable of handling high dust loadings
without any indication of performance loss or increase in the pressure drop. When the face velocity of air was increased from 0.75 to
6 cm s−1, the filtration efficiency still remained high. Compared to commercial NFM particle filters, the NFAs had significant
improvements on the pressure drop with the filtration time as well as the susceptibility against high face velocity of air.

The purification/separation of proteins are essential to biotechnology and pharmaceutical industries. Electrospun 3D nanofiber
structures were developed for highly efficient and cost-effective purification/separation of proteins. For example, Fu and co-workers
[136] developed the carboxylated monolithic aerogels consisting of flexible electrospun ceramic nanofibers that were surface-
wrapped with functional polymers. Benefitting from these advantageous features such as unique cellular structure, outstanding
underwater super-elasticity and compressive fatigue resistance, their ion-exchange nanofibrous aerogels (IENFAs) showed syn-
chronously promoted static (2.9 × 103 mg g−1) and dynamic (1.7 × 103 mg g−1) lysozyme adsorption capacities and improved
buffer flux (2.17 × 104 L m−2h−1, gravity driven), as well as outstanding performance stability and regenerability. Impressively, the
IENFA-packed column was able to directly and continuously separate lysozyme from egg white solely driven by gravity (Fig. 22). In
another study, the authors from the same group [137] developed phosphorylated nanofibrous aerogels (PNFAs) by combining
electrospinning, cryogenically induced phase separation, and in situ phosphorylation modification for large-capacity and high-
throughput protein separation. The preparation of such aerogels represents a new approach for the development of next-generation
nanofibrous aerogel-based chromatographic media, which would be used for various bioseparation applications.

Fig. 20. (A) Photograph showing aqueous MB solutions before (left) and after (right) adsorption. (B) Results of PVASi@TEDB-NH2 for MB ad-
sorption by the compression and release process. (C) Sequential photographs showing the filtration process using the PVASi@TEDB-NH2 syringe
filter. Reproduced with permission from (2017) Elsevier [114].
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4.2. Energy and electronics

4.2.1. Supercapacitor
Supercapacitors are important electrochemical energy storage devices. The capacitance of supercapacitors mainly comes from the

Fig. 21. Removal of PM2.5 by PINFAs. (A) Conparison of filtration efficiency and pressure drop for PINFAs, 3 M, and PINFMs. (B) Number con-
centrations of PM2.5 before and after filtration. Note that the number concentration of PM2.5 after filtration by PINFMs was too low to be presented.
(C & D) SEM images showing PINFAs after long-term filtration of PM2.5. Reproduced with permission from (2017) RSC [60].

Fig. 22. (A) Photographs showing the continuous lysozyme separation and extraction by employing the IENFA-packed column. (B) Dynamic elution
curves of the IENFA-packed column after extracted lysozyme form egg white. Insets displaying the corresponding SDS-polyacrylamide gel elec-
trophoresis (PAGE) analysis of the obtained elution. (C) Various prepacked IENFA-flled chromatography columns. (D) Photographs showing the
direct application of the IENFA-packed column on the ÄKTA pure 100 chromatographic system. (E) The obtained ÄKTA chromatogram of the 1 mL
prepacked IENFAs’ column at a processing rate of 150 mL h−1. Reproduced with permission from (2019) Wiley [136].
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surface charge separation at the electrode/electrolyte interface (i.e., electrochemical double layered capacitive behavior) and surface
Faradic redox reactions (i.e., pseudocapacitive behavior). It is known that carbon/graphite materials have excellent electrochemical
double-layered capacitive behavior, while transition metal oxides, conductive polymers, and carbon materials doped with hetero-
atoms exhibit pseudocapacitive behavior [138–140]. Owing to the advantages of large internal surface area, small pore size, light
weight, good electrical conductivity, high thermal/chemical stability, and outstanding mechanical properties, the carbon-containing
3D nanostructures including carbon nanofibers sponge [10], carbon nanotube networks [11], and graphene aerogels [35] have been
considered as the most promising electrode materials for supercapacitors. The interconnected architecture not only shortens the
transport distances for ions but also provides the continuous pathways (thus allowing for fast electron transport).

Lai et al. [45] developed an interesting type of carbon aerogel with unique cellular structure, consisting of 1D carbon nanofibers
derived from oxidized PAN (o-PAN) and 2D carbon sheets originated from PI (Fig. 23A1). The o-PAN/PI (oPP) carbon aerogel with
interconnected architecture demonstrated low density (Fig. 23A2) while improved mechanical strength (Fig. 23A3), and it could act
as an ideal template for in situ growth of MnO2 nanosheets to obtain oPP@MnO2 hybrid carbon aerogel (Fig. 23B). The oPP-33.3@
MnO2-2h hybrid carbon aerogel showed the rectangular CV curve with the largest proportions (Fig. 23C1), indicating excellent rate
stability. The oPP@MnO2 aerogel possessed extraordinary electrochemical characteristics with maximum specific capacitance of
1066 F g−1, which was close to the theoretical value of MnO2 (1370 F g−1). Additionally, the oPP-33.3@MnO2-2h hybrid carbon
aerogel had the high capacitance of 113.2 F g−1 at the scan rate of 200 mV s−1 (Fig. 23C2), and it also had the high retention of
92.4% after 5000 cycles (Fig. 23C3), indicating the outstanding long cycling stability. The successful fabrication of oPP carbon
aerogels have broadened the scope of traditional electrospun membranes to 3D aerogels, providing a new strategy for the con-
struction of nanofiber-based materials in energy storage application. In another study from the same group, Huang et al. [54] reported
an efficient surface-induced co-assembly strategy to prepare graphene/carbon nanofiber (CNF) composite aerogels (GCA) with
hierarchical structures by utilizing graphene flakes as cross-linkers. Owing to the largely increased surface area and charge-transfer
efficiency derived from the firm interconnections among graphene flakes and CNFs, the prepared GCA demonstrated prominent
capacitive performance as supercapacitor electrode.

To further improve the performance of electrospun 3D structures as supercapacitor electrode materials is to make suitable pores in
the electrospun carbon nanofibers through chemical/physical activation. The activation process is able to result in the formation of
nanopores and mesopores in nanofibers, which are desired for supercapacitor applications. In specific, nanopores would lead to high
specific surface area thus benefit the large capacitance, while mesopores would provide enhanced electrolyte penetration for high
power density [141]. Another approach is to develop electrospun 3D structures from transition metal oxide/sulfide nanofibers and
conducting polymer nanofibers. Zhang et al. [142] developed 3D highly conductive and elastic electrospun PAN/PVP based CNFs

Fig. 23. (A1) A typical SEM image acquired from oPP-33.3 carbon aerogel, (A2) a photograph of oPP-33.3 carbon aerogel standing on a dandelion,
and (A3) stress tolerance comparison between oPP-0 and oPP-33.3 carbon aerogels. (B) TEM image of oPP-33.3@MnO2-2 h hybrid carbon aerogel.
Electrochemical test results on the positive electrodes in an electrolyte of 1.0 M Na2SO4 using a three-electrode system: (C1) CV curves for oPP-
33.3@MnO2-x h hybrid carbon aerogels at the scan rate of 50 mV s−1 (where × = 0.5, 1, 2, and 4, respectively); (C2) rate stability of oPP-33.3@
MnO2-x h hybrid carbon aerogels at various scan rates; (C3) cycling stability of oPP-33.3@MnO2-x h hybrid carbon aerogels at the scan rate of
50 mV s−1. Reproduced with permission from (2017) RSC [45].
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aerogel (PVP as a solder to weld adjacent nanofibers) by freeze drying, carbonization, and CO2 activation for supercapacitor anode
material. During the CO2 activation at 900 °C, a fraction of carbon was burned off in the presence of CO2 at the high temperature,
resulting a high specific surface area of 437.2 m2 g−1. The activated 3D anode material exhibited a high specific capacitance of 300 F
g−1 at 0.3 A g−1. Furthermore, the CNF surfaces were decorated by carbon nanotubes (CNTs) with the catalyst of metallic Co NPs,
which were oxidized in situ to Co3O4 nanoparticles. The CNF-CNT-Co3O4 hybrid aerogel as a hierarchical cathode showed a high
specific capacitance of 2376 F g−1 at 1 A g−1. By assembling the activated CNF aerogel as anode and the hybrid aerogel as cathode,
the asymmetric supercapacitor exhibited a considerably high energy density of 48.1 W h kg−1 at 780.2 W kg−1.

4.2.2. Pressure sensor
Development of lightweight, flexible, and wearable sensors for biomedical applications (e.g., electronic skins, real-time healthcare

monitoring devices, prosthetics, and soft robotics) have attracted great interests [143-147]. Tactile pressure sensor, an essential
sensory component for mapping of mechanical stimuli, measures the change of electric characteristics such as resistivity in response
to mechanical force/deformation. 3D porous and conductive materials such as conductive aerogel/sponge of carbon nanotube
[148,149] and graphene [150,151] have been recently studied as pressure sensors. However, these 3D materials typically possess
either large (tens of micrometers) or small (several micrometers or smaller) pores but not both, whereas the hierarchical structures
that process wide pore size distributions from small to large pores are desired for wide strain range strain/pressure sensors. Recently,
Si et al. [52] developed super-elastic and pressure-sensitive carbonaceous nanofibrous aerogels with honeycomb-like structure
through the combination of sustainable konjac glucomannan biomass and flexible SiO2 nanofibers. The aerogels could sense dynamic
pressure with a wide pressure range and high sensitivity, which enabled real pressure signals (e.g., human blood pulses) to be
monitored in situ. In another study, the polyimide-derived carbon nanofiber aerogels with high fatigue resistance and excellent
flexibility were made by using the designed “fiber gluing” [152], and the resulting aerogels exhibited high performances as piezo-
resistive stress sensors. Nevertheless, the conductivities of these aerogels were determined by carbonization process, and might not be
precisely controlled/adjusted. In the case of compressive strain sensor, very high conductivity could lead to small change of con-
ductivity thus low sensitivity during the sensing application.

We have reported a new method to prepare highly porous 3D sponges with tunable conductivity for making tactile pressure
sensors [46]. The PAN and PI nanofibers provided mechanical resilience for the 3D conductive sponge, while the CNFs provided
tunable electric conductivity. Upon varying the amounts of CNFs, the resistance of the 3D nanofibrous sponge could be readily
tailored from ~260 kΩ to ~200 Ω. Under compressive strain, the resulting sensors based on these sponges had high sensitivity over a
wide range of compressive strain (Fig. 24A1 & A2) as well as superior durability and stability (Fig. 24B). The tactile pressure sensor
array (Fig. 24C1-C3) of electrospun 3D conductive sponge represented the state-of-art applications of these materials, indicating that
these 3D conductive sponges might be promising materials in the design of highly sensitive tactile sensing devices. Furthermore, this
method provides a new approach for the design of 3D porous materials with a variety of properties by incorporating functional

Fig. 24. (A1-A2) △R/R0 changes (A1) and gauge factor variations (A2) of 3D conductive sponges under different compressive strains. (B) The
resistance change of the 3D conductive sponge (the sample with the CNFs-to-PAN/PI ratio of 1 to 3) under continuous compression and release
between 50% and 0% strains for 10,000 s. (C1) Schematic of a proof-of-concept matrix of the sensor array, containing 5 pixel × 5 pixel pressure
sensor units. (C2) Photograph of the sensor array with a battery placed on top. (C3) 2D mapping of the resistance changes corresponding to the
pressure applied by the battery on the sensor array. Reproduced with permission from (2017) RSC [46].
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materials and fragmented nanofibers as building blocks.

4.3. Chemical engineering

4.3.1. Catalyst carrier
The development of heterogeneous catalysts based on metal nanoparticles has attracted intensive attention, due to the increasing

selectivity and catalytic activity by controlling pore size and particle characteristics [153]. Unfortunately, metal nanoparticles have a
tendency to agglomerate, and further form large particles with low catalyst efficiency. To prevent/mitigate the aggregation and
improve the catalysis efficiency, metal nanoparticles are usually dispersed and attached to robust supports with high specific surface
areas. Duan et al. [64] immobilized gold nanoparticles (AuNPs) in a sponge made of short electrospun nanofibers (Fig. 25A), and the
AuNPs were uniformly distributted and immobilized on the nanofiber surface (Fig. 25B). The resulting Au-sponge showed very low
densities around 7 mg cm−3 (corresponding to the pore volume at about 150 mL g−1), low surface area, and very low amount of
AuNPs in the range of 0.29–3.56 wt%; and it had surprisingly high reaction rates at the extremely low gold amount (Fig. 25C), which
was discerned as an extremely efficient catalyst (i.e., even superior to other systems with dispersed AuNPs). The Au-sponge could also
be reused up to five cycles for new reductions and thereby provided a sustainable catalyst design.

4.3.2. Thermal insulator and Joule heater
Thermally insulating sponges with tunable density, high thermal and mechanical stability, and desired elasticity are required for

demanding applications. Jiang et al. [47] fabricated hierarchically structured sponges with bimodal interconnected pores, high
porosity (> 99%), and tunable densities (between 7.6 and 10.1 mg cm−3) by using PI as high temperature stable polymer and PAA as
binder. To achieve high mechanical stability without sacrificing thermal properties, the “self-gluing” method was applied to bind the
nanofibrous network skeleton of PI. The sponges with the density of 10.1 mg cm−3 showed low thermal conductivity of 0.026 W
mK−1 and thermal diffusivity of 1.009 mm2 s−1 (Fig. 26A). The sponges were compressible for at least 10,000 cycles and demon-
strated good thermal insulation at high compressions. As shown in Fig. 26B, a hot iron plate (~376 °C) can be held on hand with the
assistance of the PI sponge, and the gradient distribution of temperature from the plate to the sponge was observed when putting the
PI sponge on the heating plate (~400 °C) (Fig. 26C & D). This superior thermal insulation made the PI sponges an ideal candidate for
various high temperature applications (e.g., firefighter protector, high-temperature filtration, sensors, and catalyst carrier for high-
temperature reactions). In a follow-up study, Jiang et al. [119] developed the stress-responsive and electrically conductive nano-
composite sponges made of short electrospun PI nanofibers and Ag nanowires (AgNWs). The PI/Ag sponge possessed high electrical
conductivity due to the excellent conductivity of AgNWs. The electrical conductivity of the sponge was increased upon compression,
which was attributed to the percolation increase of AgNWs. Hence, the sponges could be applied directly as electrodes as well as very
efficient Joule heaters. The heating and cooling rates were very fast, and that the maximum temperature reached by electric heating
depended on the compressive strain. The PI/Ag sponge is expected to result in a new area for 3D sponge based conductive devices.

Ceramic sponges are ideal materials for thermal insulation, owing to their low thermal conductivity and good heat resistance
performance. However, the development of flexible and super-elastic ceramic sponge is still a technological challenge, because the
micro-architectural cellular structures made of traditional nanoceramics and nanoceramic composites are typically brittle [154]. To
solve this problem, Si et al. [120] developed a scalable strategy to fabricate super-elastic ceramic nanofibrous aerogels (CNFAs)
through combining SiO2 nanofibers with aluminoborosilicate matrices. The resulting CNFAs had temperature-invariant super-elas-
ticity, robust fire resistance, and thermal insulation performance. In a follow-up study, Dou et al. [155] developed a hierarchically
structured silica nanofibrous aerogel by using electrospun SiO2 nanofibers and SiO2 nanoparticle aerogels as the building materials
and SiO2 sol as the high-temperature nanoglue. The acquired ceramic nanofibrous aerogel exhibited ultralow thermal conductivity
(23.27 mW m−1 K−1) and temperature-invariant super-elasticity from −196 to 1100 °C, making it ideal for thermal insulation
applications.

Fig. 25. (A) Photograph of the sponges with different amount of AuNPs; (B1-B3) TEM images of different amounts of AuNPs immobilized on
nanofibers of the sponges (B1) 0.29 wt%, (B2) 0.65 wt%, and (B3) 3.56 wt%. (C) Pseudo-first-order plot of ln(C/C0) versus time and the corre-
sponding rate constant values for the reduction of 4-nitrophenol by Au-sponges. Reproduced with permission from (2016) Wiley [64].
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4.4. Biomedical engineering

4.4.1. Tissue engineering scaffold
4.4.1.1. Bone tissue engineering scaffold. The worldwide incidence of bone disorders and conditions remains a significant clinical
challenge. The engineered bone tissue has been considered as an alternative treatment strategy to replace autogenous and allogenous
bone grafts [156,157]. In a natural bone tissue, the extracellular matrix (ECM) composed of organic collagen nanofibers and
inorganic nano-hydroxyapatite provides structural support for cells and regulates a variety of cell functions, such as assembling cells,
as well as regulating cell growth and cell-cell communication [158]. Therefore, the tissue engineering scaffolds have been extensively
studied to mimic the critical features of natural ECMs, including chemical composition, structural organization, and mechanical
properties [159,160]. However, the traditional electrospinning technique has the difficulty in directly producing clinically relevant
3D nanofibrous scaffolds with desired structural properties. To address this challenge, we have developed an innovative technique of
thermally induced (nanofiber) self-agglomeration (TISA), a process by which as-electrospun PCL nanofiber membranes/mats can be
converted into 3D electrospun PCL nanofibrous structures/scaffolds with interconnected macroporous structures [33]. Ensuing in
vitro and in vivo data indicated that these novel scaffolds possess excellent capability to support BMP2-induced osteogenic
differentiation and bone formation; however, only limited new bone was identified in the surrounding area of scaffolds.
Consequently, our another work explored to improve the bioactivity of PCL scaffolds through introducing polylactic acid (PLA),
the PCL/PLA-3D scaffolds demonstrated the substantially improved mechanical properties and bioactivity [50]. Although the PCL/
PLA-3D scaffolds significantly promoted more osteogenic differentiation in vitro and new bone formation in vivo than PCL-3D
scaffolds, the bone forming ability of the blend scaffolds are still limited and not able to completely heal the critical-sized bone defect
even after the addition of rhBMP2. These results suggest that the biomimicking functionalizations/characteristics of these synthetic
biopolymers (i.e., PCL and PLA) have to be enhanced to create more bone-forming favorable microenvironment for improving the
signaling activity of BMP2 and bone regeneration.

In our up-to-date work, we investigated the capabilities of 3D PCL nanofibrous scaffolds modified with mineral-mimicking hy-
droxyapatite (HA) in combination with BMP2 activator phenamil and their effects on osteogenesis in vitro and bone formation in vivo
[96]. Bone-like HA is a commonly adopted and well tested modification for bone tissue engineering scaffolds, as it mimics the
biphasic structure of natural bone [161], and has shown to positively impact BMP2 signaling via improved release kinetics and new
bone formation in rats/mice [162,163]. Another strategy for improving BMP2 signaling is activating the endogenous BMP signaling
pathway by using small molecules such as phenamil to act as the synergizing agent, which can reduce the required dosage thus be
cost-effective [164–166]. We, therefore, hypothesized that functionalization of 3D PCL nanofibrous scaffolds with bone-like HA and
BMP2 signaling activator phenamil will provide a favorable osteogenic niche for bone formation at low dose of BMP2. Compared to
PCL-3D scaffolds, PCL/HA-3D scaffolds demonstrated synergistically enhanced osteogenic differentiation capabilities of C2C12 cells
with phenamil. It is important to note that in vivo studies showed this synergism was able to generate significantly increased new
bone in an ectopic mouse model (Fig. 27), suggesting that the PCL/HA-3D scaffold could act as a favorable synthetic extracellular

Fig. 26. (A) Thermal conductivity and thermal diffusivity of PISG-50 at different compression strain. Infrared (IR) camera images showing the
thermal insulation of PI sponge: (B) A hot iron plate (~376 °C) was hold on hand with the assistance of the PI sponge, and the PI sponge with
thickness of (C) 1.8 and (D) 3.0 cm on the heating plate (~400 °C). Insets showing the normal photos for the IR camera images. The sample size was
1.8 × 2.5 × 3.0 cm3. Reproduced with permission from (2017) ACS [47].
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matrix for bone regeneration.
Other groups also studied electrospun 3D scaffolds for bone tissue engineering. For example, Weng et al. [123] developed ul-

tralight 3D hybrid nanofiber aerogels from shortened electrospun PLGA-collagen-gelatin nanofibers and electrospun bioactive glass
nanofibers co-doped with Sr and Cu, followed by loading the resulting 3D aerogels with heptaglutamate E7 domain specifc BMP2.
The nanofiber aerogels were surgically implanted into critical-sized defects created in rat calvariae. The hybrid aerogel exhibited
sustained release of E7-BMP2 peptide from the degradable hybrid aerogels, which significantly improved bone healing and defect
closure over 8 weeks in comparison to unfilled defects. Moreover, histopathology data revealed a near complete nanofiber aerogel
degradation along with improved vascularization of the regenerated tissue. In another study, Wang et al. [167] developed a bio-
mimetic 3D ceramic fibrous scaffold with self-ftting capability and tailorable gradation by assembly of intrinsically rigid and
structurally flexible electrospun SiO2 nanofibers with chitosan as bonding agent (SiO2 NF-CS) via freezing drying. The super-elastic
SiO2 NF-CS scaffolds self-fitted to mandibular defects in rabbits, and promoted bone formation in rat calvarial defect. Furthermore,
the SiO2 NF-CS scaffolds with gradient in SiO2 nanofbers had functional consequences, leading to a gradient in stiffness and hMSC
differentiation into chondrocytes and osteoblasts spatially. The researchers from the same group [168] also developed flexibile
bioactive glass (SiO2–CaO) nanofibers and further assembled them into 3D fibrous scaffolds by using chitosan as linker. Upon im-
plantation, the elastic fibrous scaffolds self-deployed and fitted into the irregularly shaped bone defects. Notably, the 85SiO2–15CaO/
chitosan scaffolds demonstrated substantial promotion of bone regrowth and vascularization in the osteoporotic calvarial defect in a
rat model.

4.4.1.2. Cartilage tissue engineering scaffold. Cartilage possesses low capacity for spontaneous healing and is extremely difficult to
repair due to the avascular nature of the tissue. The treatment of cartilage injury, degeneration, and defects represent a critical
clinical challenge, while none of currently available cartilage treatments can provide a satisfiable solution [169,170]. Recently,
cartilage tissue engineering has been demonstrated to have tremendous clinical potential. Chen et al. [121] developed a porous 3D

Fig. 27. (A1–A4) Radiographic examination of ossicles after harvesting from mice after 4 weeks. BMP2 only group (A1), BMP2 + HA group (A2),
phenamil + HA group (A3), and BMP2/phenamil + HA group (A4) were all imaged, and mean intensity value of scaffolds was quantified (B). Data
are expressed as mean ± SD (n = 4). (C1–C4) H&E staining of retrieved ossicles after 4 weeks implantation in vivo. BMP2 only group (C1),
BMP2 + HA group (C2), phenamil + HA group (C3), and BMP2/phenamil + HA group (C4) area of new bone was measured by ImageJ software
(D). Reproduced with permission from (2017) Elsevier [96].
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scaffold (3DS-1) assembled from shortened electrospun gelatin/PLA nanofibers for cartilage tissue regeneration. Additionally, the
modified scaffold (3DS-2) crosslinked with hyaluronic acid (HA) was also fabricated to further enhance the repairing effect of
cartilage. Both 3DS-1 and 3DS-2 scaffolds showed superabsorbent property and elastic property in the wet state. Chondrocytes were
cultured on these 3D scaffolds, and both types of scaffolds demonstrated excellent cytocompatibility. Subsequently, the 3D scaffolds
were applied to an in vivo cartilage regeneration study on rabbits by using an articular cartilage injury model. As shown in Fig. 28, the
in vivo study revealed that the 3DS-2 scaffold could facilitate the repair of cartilage; hence, the developed 3D nanofibrous scaffold
(3DS-2) would be promising for the cartilage tissue engineering application.

Structurally and functionally biomimetic tissue engineering scaffold is crucial to cartilage regeneration and cartilage defect repair.
To improve the biological function of 3D electrospun scaffolds, Li et al. [171] developed the 3D composite biomimetic scaffolds by
combining shortened electrospun gelatin-PCL nanofibers (NF) with decellularized cartilage extracellular matrix (DCECM). The na-
nofibers with the biomimetic microarchitecture of native cartilage served as skeleton and provided excellent mechanical properties,
while the DCECM provided the biological micro-environment for the induction of cell response and promoted chondrocyte pro-
liferation and early maturation of cartilages. In vivo results demonstarted that the composite nanofiber/DCECM scaffolds yielded
better cartilage repair outcomes than those of the non-treated group and NF scaffolds group.

4.4.1.3. Nerve tissue engineering scaffold. Peripheral nerve injury is a common clinical problem. Nerve tissue engineering scaffold, also
known as nerve guidance conduit with a cylindrical tube shape, represents a promising strategy to guide cells proliferation and
facilitate axons extension of injured neural tissues in three dimensions, thus improving the functional recovery in peripheral nerve
injury [172]. Artificial electrospun nanofiber nerve guides have attracted significant attention in bridging nerve gaps and associated
peripheral nerve regeneration, owing to high surface area, flexibility, and porous structure [173]. Sun et al. [122] developed
nanofiber sponges with abundant macropores, high porosity, and superior compressive strength by electrospinning and freeze-drying.
Poly(L-lactic acid-co-ε-caprolactone)/silk fibroin (PLCL/SF) nanofiber sponges were used as filler to prepare 3D nanofiber sponge-
containing (NS-containing) nerve guidance conduit (NGC). Compared to hollow NGC, the NS-containing NGC enhanced the
proliferation of Schwann cells (SCs) due to the macroporous structure, and SCs infiltrated into the nanofiber sponges. Subsequently,
the NS-containing NGC was implanted in a rat sciatic nerve defect model for evaluation in vivo (Fig. 29A). It was observed that the
defect nerve was successfully bridged and regenerated upon implantation of the autologous nerve and NGCs for both 4 and 12 weeks
(Fig. 29B). To prove the nerve function recovery of NGCs groups, the triceps surae muscles (TSM) of the defect nerve’s target organ
was sectioned for Masson staining. The images (Fig. 29C1) and quantitative analysis (Fig. 29C2) demonstrated that more collagen
was deposited in hollow NGC group than NS-containing NGC, i.e., the more serious loss of nerve function in hollow NGC which led to
more severe myophagism and the greater amount of collagen enrichment, indicating the NS-containing NGC group performed better
in nerve function recovery than the hollow NGC group. Moreover, the results of histological and morphological analyses, three
indexes’ immuno-histochemistry, and two indexes’ immunofluorescence all indicated good nerve regeneration of NS-containing NGC

Fig. 28. Macroscopic images (A1, A2, and A3) of the cartilage joints from three groups at 12 weeks after surgery. Histological analysis of cartilage
defect area from three groups at 12 weeks after surgery, stained with Safranin O-fast green (B1, B2, and B3) and H&E (C1, C2, and C3). Arrows and
dotted lines indicating the defect sites. OC: original cartilage tissue. RC: repaired cartilage tissue. Reproduced with permission from (2017) ACS
[121].
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as well, compared with hollow NGC. These results revealed that the NS-containing NGC had great potential in the application of
peripheral nerve repair.

4.4.2. Hydrogel
Hydrogels are high water-containing hydrated networks with promising features including environmental friendliness, bio-

compatibility, anti-biofouling behavior, and responsiveness to external stimuli. Due to these distinguishing features, hydrogels have
been widely applied as tissue engineering scaffolds and drug delivery vehicles [174–177]. However, in the ultrahigh-water-content
region (above 97 wt%), the hydrogels usually become brittle and have small recoverable deformation due to high water contents and
fragile networks in the fully swollen state. To address this issue, Si and co-workers [53] developed super-elastic, cellular-structured
nanofibrous hydrogels (NFHs) by combining alginate and flexible SiO2 nanofibers (Fig. 30A), in which naturally abundant and
sustainable alginate was assembled into 3D elastic bulk NFHs. The resulting NFHs had ultrahigh water content (Fig. 30B), complete
recovery from 80% strain, zero Poisson’s ratio, shape memory behavior, injectability, and elastic-responsive conductivity. This study
provided new insights for the design and development of multifunctional hydrogels. In another study, Jiang et al. [59] developed
highly stable 3D PNIPAM sponges with temperature-dependent water uptake and release ability. These thermal responsive sponges
can be used as smart water containers for the absorption and release of water upon changes in temperature. The sponges absorb high
amounts of water (~7000%) at temperatures below the lower critical solution temperature (LCST) of PNIPAM and can release more
than 80% of the absorbed water above the LCST in less than 2 min. Such spongy materials are very promising for water management,
smart textiles, catalysis, and biomedical applications.

The innovative nanofiber-based hydrogels developed by the combination of traditional hydrogels and electrospun nanofibers have
shown great potential in various research fields, because these hydrogels possess the superhydrophilicity, high water-holding ca-
pacity, good biocompatibility, enhanced mechanical strength, and excellent structural tunability. More information on nanofiber-
based hydrogels has been provided in the recently published review paper from Ding’s group [178].

Fig. 29. (A) Schematic illustration of transplanting NS-containing NGC into SD rat sciatic nerve defect model. Insets: cross-section SEM images of
NS-containing NGC in low (left) and high (right) resolution. (B) The gross observation of sciatic nerve after surgical procedures at week 0, and the
regenerated sciatic nerve after implantation for 4 and 12 weeks (the scale bar = 10 mm, which marked the nerve defect site). (C1) Masson staining
images of TSMs (experimental side) and (C2) statistical results of collagen positive area percentage after implantation for 4 and 12 weeks.
Reproduced with permission from (2017) ACS [122].
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4.4.3. Drug delivery
In the field of drug delivery, achieving high drug loading capacity and controlling drug delivery are two main challenges. Duan

et al. [179] developed polymeric macroporous sponges with very high pore volume and large porosity as a new type of drug carrier
(Fig. 31A). Owing to the high pore volume (285 and 166 cm3 g−1 for the sponges with densities being 3.5 and 6.0 mg cm−3, re-
spectively), the sponges had very high drug loading capacities with respective values of 1870 ± 114 and 2697 ± 73 mg g−1, which
are substantially higher than the meso and microporous drug carriers (< 1500 mg g−1). To control the release profiles, an additional
poly(p-xylylene) (PPX) coating was made by chemical vapor deposition on the drug-loaded sponge. Accordingly, artemisone (ART)
release in the aqueous medium could be controlled by tailoring the density of the sponge and the thickness of the PPX coating
(Fig. 31B). These 3D polymeric sponges would be highly beneficial as drug carriers for the programmed drug releasing to treat
chronic diseases.

5. Concluding remarks and perspectives

In this review, we have systematically discussed the innovative strategies for the assembly of electrospun 3D nanofibrous
structures/scaffolds/areogels, as well as their unique properties and various applications (summarized in Tables 1 & 2). Owing to the
extremely high porosity, as well as the excellent structural flexibility and stability, these 3D nanofibrous structures have attracted
significant interests for different applications, including environment (e.g., organic compound removal, dye adsorption, and filtration
and separation), energy (e.g., supercapacitor), electronics (e.g., pressure sensor), chemical engineering (e.g., catalyst support, thermal
insulator, and Joule heater), and biomedical engineering (e.g., tissue engineering, hydrogel, and drug delivery). Nevertheless, this
new topic area is still in the early stage; and further studies need to be carried out. In specific, future directions such as applying new
materials, acquiring desired properties, and exploring high-value applications are suggested, as summarized below.

Thus far, numerous materials can be electrospun into nanofibers, while only a few have been assembled into 3D structures.
Therefore, the primary future direction is to apply new materials into the 3D structures. For example, biologically derived polymers
or synthetic polymers are feasible to be fabricated into the 3D tissue engineering scaffolds, while the biomass (e.g., lignin) based 3D
carbon nanofibrous structures are expected to be applied in environment and energy-related applications.

Another future direction is the development of new properties in 3D structures. For example, some innovative properties can be
acquired through various modification and functionalization methods such as surface grafting (e.g., surface-initiated controlled

Fig. 30. (A) Schematic showing the synthetic steps. (1) Homogenized alginate/nanofiber dispersions were prepared through high-speed homo-
genization. (2) The dispersions were freeze-dried into alginate/nanofiber composite aerogels. (3) The resulting NFHs were fabricated by Al3+

crosslinking. (B) Photograph showing the water retention capacity of the NFHs. A sample of squashed and dried NFH of ~10 mg could hold ~5 g of
water. Reproduced with permission from (2017) Wiley [53].

Fig. 31. (A) Schematic drawing for the ART release from porous sponge carrier. (B1 and B2) Cross-sectional SEM images of as-prepared sponge SG6
after loading with ART. (C) In vitro ART release from the ART powder and from sponges with different densities (3.5 and 6 mg cm−3) and PPX
coating thickness (0, 88, 150, 423, and 1000 nm). Reproduced with permission from (2017) ACS [179].

T. Xu, et al. Progress in Materials Science 112 (2020) 100656

25



Ta
bl
e
1

Fa
br
ic
at
io
n
pa
ra
m
et
er
s
an
d
ap
pl
ic
at
io
ns

of
3D

st
ru
ct
ur
es
as
se
m
bl
ed

fr
om

fr
ag
m
en
te
d
el
ec
tr
os
pu
n
na
no
fib
er
m
at
s/
m
em

br
an
es
.

M
et
ho
d

N
an
ofi
be
r
m
at
er
ia
l

Bi
nd
in
g
ag
en
t

D
is
pe
rs
in
g
liq
ui
d

Pr
oc
es
si
ng

te
m
pe
ra
tu
re

Po
st
pr
oc
es
si
ng

A
pp
lic
at
io
n

Re
f.

Fr
ee
ze

dr
yi
ng
-

D
in
g’
s
gr
ou
p

PA
N
&
Si
O
2

BA
F-
a

W
at
er
/t
er
t-b
ut
an
ol

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

Cr
os
sl
in
ki
ng

at
24
0
°C
,a
nd

ca
lc
in
at
io
n
at
85
0
°C

Th
er
m
al
in
su
la
tio
n,
so
un
d

ab
so
rp
tio
n,
oi
l-w

at
er
se
pa
ra
tio
n

[3
1]

PA
N
,S
iO

2,
&
Si
O
2
N
Ps

BA
F-
a

Ca
m
ph
en
e

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

N
on
e

O
il/
w
at
er
em

ul
si
on
s
se
pa
ra
tio
n

[6
2]

Si
O
2

KG
M

W
at
er

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

D
ea
ce
ty
la
tio
n
of
KG

M
at
90

°C
,

an
d
ca
lc
in
at
io
n
at
85
0
°C

Pr
es
su
re
se
ns
or

[5
2]

Si
O
2

A
lg
in
at
e/
A
l3
+

W
at
er

D
ry
ic
e/
ac
et
on
e

(−
77

°C
)

Io
ni
c
cr
os
sl
in
ki
ng

in
m
et
al
lic

ca
tio
ns

so
lu
tio
n

Pr
es
su
re
se
ns
or

[5
3]

Si
O
2

A
lu
m
in
ob
or
os
ili
ca
te

W
at
er
w
ith

po
ly
ac
ry
la
m
id
e

D
ry
ic
e/
ac
et
on
e

(−
77

°C
)

Ca
lc
in
at
io
n
at
90
0
°C

Th
er
m
al
in
su
la
tio
n

[1
20
]

Si
O
2

PV
A
/C
itr
ic
ac
id

W
at
er

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

Cr
os
sl
in
ki
ng

at
12
0
°C

Pr
ot
ei
n
se
pa
ra
tio
n

[1
36
]

Si
O
2
na
no
fib
er
s
&
N
Ps

Si
O
2
so
l

W
at
er
(P
EO

)
Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

Ca
lc
in
ed

at
70
0
°C

Th
er
m
al
in
su
la
tio
n

[1
55
]

Si
O
2

Ch
ito
sa
n
an
d
gl
ut
ar
al
de
hy
de

W
at
er

−
80

°C
G
lu
ta
ra
ld
eh
yd
e
cr
os
sl
in
ki
ng

Bo
ne

tis
su
e
en
gi
ne
er
in
g

[1
67
]

Si
O
2/
Po
ly
ph
os
ph
or
ic
ac
id

(P
PA

)
Et
hy
le
ne
-v
in
yl
al
co
ho
l

co
po
ly
m
er
s
(E
VO

H
)

te
rt
-B
ut
an
ol
/w

at
er

N
ot
re
po
rt
ed

Th
er
m
al
cr
os
sl
in
ki
ng

/p
ho
sp
ho
ry
la
tio
n

Pr
ot
ei
n
se
pa
ra
tio
n

[1
37
]

Si
O
2-
Ca
O

Ch
ito
sa
n
an
d
gl
ut
ar
al
de
hy
de

W
at
er

−
80

°C
G
lu
ta
ra
ld
eh
yd
e
cr
os
sl
in
ki
ng

O
st
eo
po
ro
tic

bo
ne

re
ge
ne
ra
tio
n

[1
68
]

G
re
in
er
’s
gr
ou
p

PM
M
M
/P
A
N

U
V
cr
os
s-
lin
ki
ng

D
io
xa
ne

N
ot
re
po
rt
ed

N
on
e

O
il
ab
so
rp
tio
n,
ce
ll
cu
ltu
re

[3
2]

PM
M
M
/P
A
N

U
V
cr
os
s-
lin
ki
ng

D
io
xa
ne

N
ot
re
po
rt
ed

PP
X
CV

D
co
at
in
g

Se
pa
ra
tio
n,
he
at
in
su
la
tio
n

[6
7]

Po
ly
(2
VP
-c
o-
M
A
BP
)/
PM

M
M
/

PA
N

U
V
cr
os
s-
lin
ki
ng

D
io
xa
ne

−
20

°C
A
u
im
m
ob
ili
za
tio
n

Ca
ta
ly
st
ca
rr
ie
r

[6
4]

PM
M
M
/P
A
N

U
V
cr
os
s-
lin
ki
ng

D
io
xa
ne

N
ot
re
po
rt
ed

PP
X
CV

D
co
at
in
g

Sp
on
gy

ge
l

[1
29
]

PM
M
M
/P
A
N

U
V
cr
os
s-
lin
ki
ng

D
io
xa
ne

N
ot
re
po
rt
ed

D
ru
g
lo
ad
in
g
an
d
PP
X
co
at
in
g

D
ru
g
ca
rr
ie
rs

[1
79
]

PI
PA

A
D
io
xa
ne
/D
M
SO

−
20

°C
Th
er
m
al
im
id
iz
at
io
n

Th
er
m
al
in
su
la
to
r

[4
7]

PI
&
A
g
na
no
w
ir
es

PA
A

D
io
xa
ne
/D
M
SO

−
20

°C
In
co
rp
or
at
io
n
of
A
g
na
no
w
ir
es

Jo
ul
e
he
at
er
s

[6
3]

PN
IP
A
M

PN
IP
A
M

D
io
xa
ne

−
20

°C
U
V
cr
os
s-
lin
ki
ng

W
at
er
ab
so
rp
tio
n

[5
9]

BB
B

PV
A

D
io
xa
ne

N
ot
re
po
rt
ed

H
ea
t
tr
ea
tm
en
t
at
50
0
°C

Fl
am

e
re
ta
rd
an
t

[4
8]

PI
&
Ke
tje
n
ca
rb
on

bl
ac
k

na
no
pa
rt
ic
le
s

PA
A

D
io
xa
ne

N
ot
re
po
rt
ed

Th
er
m
al
im
id
iz
at
io
n

Th
er
m
al
in
su
la
to
r

[6
6]

Li
u’
s
gr
ou
p

PA
N

G
O

W
at
er

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

Ca
rb
on
iz
at
io
n
at
85
0
°C
,M

oS
e 2

En
er
gy

st
or
ag
e/
co
nv
er
si
on

[5
4]

PA
N

PA
A

W
at
er

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

Ca
rb
on
iz
at
io
n
at
85
0
°C
,M

nO
2

Su
pe
rc
ap
ac
ito
r

[4
5]

PI
PA

A
W
at
er

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

Th
er
m
al
im
id
iz
at
io
n

Th
er
m
al
in
su
la
to
r

[1
18
]

(c
on
tin
ue
d
on

ne
xt

pa
ge
)

T. Xu, et al. Progress in Materials Science 112 (2020) 100656

26



Ta
bl
e
1
(c
on
tin
ue
d)

M
et
ho
d

N
an
ofi
be
r
m
at
er
ia
l

Bi
nd
in
g
ag
en
t

D
is
pe
rs
in
g
liq
ui
d

Pr
oc
es
si
ng

te
m
pe
ra
tu
re

Po
st
pr
oc
es
si
ng

A
pp
lic
at
io
n

Re
f.

M
o’
s
gr
ou
p

G
el
at
in
/P
LA

G
lu
ta
ra
ld
eh
yd
e

te
rt
-B
ut
an
ol

−
80

°C
N
on
e

Ti
ss
ue

en
gi
ne
er
in
g

[5
1]

G
el
at
in
/P
LA

G
el
at
in
/P
LA

bl
en
d

te
rt
-B
ut
an
ol

−
20

°C
Th
er
m
al
cr
os
sl
in
ki
ng

at
19
0
°C

Ca
rt
ila
ge

tis
su
e
en
gi
ne
er
in
g

[1
21
]

PL
CL
/S
ilk

fib
ro
in

G
lu
ta
ra
ld
eh
yd
e

te
rt
-B
ut
an
ol

N
ot
re
po
rt
ed

N
on
e

N
er
ve

tis
su
e
en
gi
ne
er
in
g

[1
22
]

A
dl
ha
rt
’s
gr
ou
p

Pu
llu
la
n/
PV
A

PV
A

D
io
xa
ne

−
80

°C
Th
er
m
al
cr
os
sl
in
ki
ng
,C
VD

co
at
in
g

Li
qu
id
ab
so
rp
tio
n

[1
13
]

Pu
llu
la
n/
PV
A

PV
A

D
io
xa
ne

−
80

°C
Th
er
m
al
cr
os
sl
in
ki
ng

Pa
rt
ic
le
fil
te
rs

[1
35
]

Pu
llu
la
n/
PV
A
/P
A
A

PV
A
/P
A
A

D
io
xa
ne

N
ot
re
po
rt
ed

Th
er
m
al
cr
os
sl
in
ki
ng

D
ye

ad
so
rp
tio
n

[1
31
]

Ch
an
g’
s
gr
ou
p

PV
A
Si

TE
D
B-
N
H
2

To
lu
en
e/
D
IP
EA

Po
ly
m
er
iz
at
io
n
at
80

°C
fo
r
24

h
So
xh
le
t
ex
tr
ac
tio
n
an
d
va
cu
um

dr
y

D
ye

ad
so
rp
tio
n

[1
14
]

Xu
’s
gr
ou
p

PI
N
on
e

D
io
xa
ne

−
4
°C

Th
er
m
al
cr
os
s-
lin
ki
ng

Pa
rt
ic
ul
at
e
ai
r
fil
te
rs

[6
0]

Xi
e’
s
gr
ou
p

PL
G
A
-C
ol
la
ge
n-
ge
la
tin

PL
G
A

W
at
er

−
80

°C
Th
er
m
al
tr
ea
tm
en
t

Bo
ne

tis
su
e
en
gi
ne
er
in
g

[1
23
]

W
an
g’
s
gr
ou
p

SA
/P
A
M

PM
D
A

A
ce
tic

ac
id

−
20

°C
Ch
em

ic
al
cr
os
sl
in
ki
ng

Io
n
ad
so
rp
tio
n

[1
34
]

PL
A
/r
eg
en
er
at
ed

ce
llu
lo
se
(R
C)

Ci
tr
ic
ac
id

te
rt
-B
ut
an
ol
/w

at
er

−
20

°C
Th
er
m
al
tr
ea
tm
en
t

Bi
om

in
er
al
iz
at
io
n

[5
5]

D
en
g’
s
gr
ou
p

PI
N
on
e

W
at
er
/t
er
t-b
ut
an
ol

−
20

°C
,−

80
°C

an
d

−
19
6
°C

So
lv
en
t-v
ap
ou
r

Pa
rt
ic
le
or

ae
ro
so
lfi

ltr
at
io
n

[6
1]

Zh
an
g’
s
gr
ou
p

PI
PA

A
na
no
pa
rt
ic
le
s

te
rt
-B
ut
an
ol
/w

at
er

−
10

°C
Th
er
m
al
im
id
iz
at
io
n
an
d

ca
rb
on
iz
at
io
n

Pi
ez
or
es
is
tiv
e
st
re
ss
se
ns
or
s

[1
52
]

G
u’
gr
ou
p

G
el
at
in
/P
CL

de
ce
llu
la
ri
ze
d
ca
rt
ila
ge

EC
M

te
rt
-B
ut
an
ol
(1
.5
%
w
/

v)
−
20

°C
Cr
os
s-
lin
ki
ng

in
an

et
ha
no
l

so
lu
tio
n

Ca
rt
ila
ge

tis
su
e
en
gi
ne
er
in
g

[1
71
]

Yu
PA

N
/p
ol
yv
in
yl
py
rr
ol
id
on
e

(P
VP
)

PV
P

te
rt
-B
ut
an
ol
/w

at
er

−
80

°C
Pr
e-
ox
id
at
io
n,
ca
rb
on
iz
at
io
n
an
d

CO
2
ac
tiv
at
io
n

Su
pe
rc
ap
ac
ito
r

[1
41
]

Fo
ng
’s
gr
ou
p

PA
N
,P
I,
&
CN

Fs
PV
A

W
at
er
/e
th
an
ol

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

Th
er
m
al
st
ab
ili
za
tio
n
at
23
0
°C

Pr
es
su
re
se
ns
or

[4
6]

RC
PV
A

W
at
er
/e
th
an
ol

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

Th
er
m
al
st
ab
ili
za
tio
n
at
23
0
°C

O
rg
an
ic
co
m
po
un
ds

ab
so
rp
tio
n

[4
9]

PA
N
,P
I,
&
H
N
Ts

PV
A

W
at
er
/e
th
an
ol

Li
qu
id
ni
tr
og
en

(−
19
6
°C
)

Th
er
m
al
st
ab
ili
za
tio
n
at
23
0
°C

D
ye

ad
so
rb
en
t
an
d
ca
ta
ly
st

su
pp
or
t

[6
5]

TI
SA
-F
on
g’
s
gr
ou
p

PC
L

PC
L

W
at
er
/e
th
an
ol
/g
el
at
in

55
°C

N
/A

Bo
ne

tis
su
e
en
gi
ne
er
in
g

[3
3]

PC
L/
PL
A
(8
0/
20
,w

t./
w
t.)

PC
L

W
at
er
/e
th
an
ol
/g
el
at
in

54
°C

N
/A

Bo
ne

tis
su
e
en
gi
ne
er
in
g

[5
0]

PC
L/
PL
A
(d
iff
er
en
t
w
t.
ra
tio
s)

PC
L

W
at
er
/e
th
an
ol
/g
el
at
in

52
–6
5
°C

Th
er
m
al
st
ab
ili
za
tio
n

Bo
ne

tis
su
e
en
gi
ne
er
in
g

[6
9]

PC
L
&
H
A

PC
L

W
at
er
/e
th
an
ol
/g
el
at
in

55
°C

Fu
nc
tio
na
liz
at
io
n
w
ith

H
A
an
d

ph
en
am

il
Bo
ne

tis
su
e
en
gi
ne
er
in
g

[9
6]

CA
/P
CL

PC
L

W
at
er
/e
th
an
ol

75
°C

Th
er
m
al
st
ab
ili
za
tio
n

D
ru
g
de
liv
er
y
an
d
tis
su
e

en
gi
ne
er
in
g

[6
8]

T. Xu, et al. Progress in Materials Science 112 (2020) 100656

27



Ta
bl
e
2

Pr
op
er
tie
s
of
3D

st
ru
ct
ur
es
as
se
m
bl
ed

fr
om

fr
ag
m
en
te
d
el
ec
tr
os
pu
n
na
no
fib
er
m
at
s/
m
em

br
an
es
.

M
et
ho
d

N
an
ofi
be
r
m
at
er
ia
l

D
en
si
ty
(m
g

cm
−
3 )

Po
ro
si
ty
(%
)

Po
re
si
ze

(μ
m
)

BE
T
(m

2
g−

1 )
St
re
ss
@
50
%
(k
Pa
)

&
cy
cl
es

Th
er
m
al
co
nd
uc
tiv
ity

(W
m
K−

1 )
El
ec
tr
ic
al

co
nd
uc
tiv
ity

(S
cm

−
1 )

W
at
er
co
nt
ac
t

an
gl
e
(°
)

Re
f.

Fr
ee
ze

dr
yi
ng
-

D
in
g’
s
gr
ou
p

PA
N
an
d
Si
O
2

0.
12
–9
.6

99
.9
92
–9
9.
36

~
20

&
~
1

N
/A

~
7.
5
&
10
00

0.
02
6

0.
25

14
5

[3
1]

PA
N
,S
iO

2,
an
d
Si
O
2
N
Ps

13
.7
6–
29
.9
4

98
.9
4–
97
.6
9

18
.9
4–
4.
16

2.
66
–7
6.
54

~
15

&
10
00

N
/A

N
/A

13
8–
16
2

[6
2]

Si
O
2
an
d
KG

M
5.
2

99
.9

~
20

&
~
1

N
/A

~
4
&
10
00

N
/A

0.
21

N
/A

[5
2]

Si
O
2
an
d
A
lg
in
at
e

N
/A

99
~
20

&
~
1

N
/A

~
6
&
10
00

N
/A

1.
85

H
yd
ro
ph
ili
c

[5
3]

Si
O
2

0.
15

99
.9
93

10
–3
0
&
0.
1–
1

N
/A

~
4
&
50
0

0.
03
2–
0.
02
5

N
/A

N
/A

[1
20
]

Si
O
2
an
d
PV
A

1.
8

98
.4
–9
9.
5

50
–2
00

&
1–
2

N
/A

~
5
&
10
00

N
/A

N
/A

H
yd
ro
ph
ili
c

[1
36
]

Si
O
2
na
no
fib
er
s
&
N
Ps

0.
2

>
99
.9

50
N
/A

~
3
&
10
00

0.
02
3

N
/A

N
/A

[1
55
]

Si
O
2
an
d
Ch
ito
sa
n

N
/A

N
/A

30
–1
40

N
/A

~
6
&
10
,0
00

N
/A

N
/A

H
yd
ro
ph
ili
c

[1
67
]

Si
O
2/
PP
A

17
.5
–2
1.
2

98
.7
5–
98
.8
5

2–
26

N
/A

~
6
&
10
00

N
/A

N
/A

H
yd
ro
ph
ili
c

[1
37
]

Si
O
2-
Ca
O
/c
hi
to
sa
n

25
N
/A

70
–2
20

&
1–
2

N
/A

~
15

&
10
00

N
/A

N
/A

H
yd
ro
ph
ili
c

[1
68
]

G
re
in
er
’s
gr
ou
p

PM
M
M
/P
A
N

2.
72
–9
.1
2

99
.6

30
0–
43
0
&

10
–3
0

2.
66

~
0.
3–
0.
9
&
N
/A

N
/A

N
/A

H
yd
ro
ph
ob
ic

[3
2]

Po
ly
M
M
M
M
/P
A
N
&
PP
X

4.
83
–2
2.
59

N
/A

N
/A

N
/A

0.
81
–1
2.
13

&
10
00

0.
05

N
/A

11
9–
15
6

[6
7]

Po
ly
(2
VP
-c
o-
M
A
BP
)/

PM
M
M
/P
A
N
&
PP
X-
A
u

7
>
99

50
–4
00

&
~
10

N
/A

N
/A

N
/A

N
/A

N
/A

[6
4]

PM
M
M
/P
A
N
&
PP
X

16
.2
&
30
.6

98
.3
&
97
.9

N
/A

N
/A

N
/A

N
/A

N
/A

14
8
&
14
2

[1
29
]

PM
M
M
M
/P
A
N
&
PP
X-

A
rt
em

is
on
e

3.
5
&
6.
0

99
.7
&
99
.5

~
10
0
&
<
10

1
N
/A

N
/A

N
/A

H
yd
ro
ph
ob
ic

[1
79
]

PI
7.
6–
10
.1

99
.4
6–
99
.2
8

73
–1
21

&
<
10

N
/A

1.
15
–2
.2
0
&
10
,0
00

0.
02
6–
0.
03
3

N
/A

N
/A

[4
7]

PI
&
A
g
na
no
w
ir
es

40
.6

98
12
1
&
<
10

N
/A

3.
6
&
10
,0
00

0.
07
–0
.1
03
6

1.
70

N
/A

[6
3]

PN
IP
A
M

4.
10
–2
1.
04

>
98

~
10
–1
00

N
/A

1.
2
×

10
–3

N
/A

N
/A

H
yd
ro
ph
ili
c

[5
9]

BB
B
&
PV
A

2.
9–
13
.9

>
99

10
0
&
5–
10

N
/A

0.
5
&
6

0.
02
8–
0.
03
8

N
/A

14
9.
8

[4
8]

PI
&
Ke
tje
n
ca
rb
on

bl
ac
k

na
no
pa
rt
ic
le
s

12
–2
2

98
–9
9

10
0
&
<
10

N
/A

5.
5
&
50
00

0.
02
8–
0.
03
2

N
/A

H
yd
ro
ph
ob
ic

[6
6]

Li
u’
s
gr
ou
p

PA
N
/G
O

4.
8

N
/A

<
10

N
/A

5
&
30

N
/A

0.
09
26

N
/A

[5
4]

PA
N
/P
A
A

N
/A

N
/A

<
10

N
/A

N
/A

N
/A

N
/A

H
yd
ro
ph
ob
ic

[4
5]

PI
/P
A
A

54
.4

96
.1

50
N
/A

17
0

0.
03
9

N
/A

N
/A

[1
18
]

M
o’
s
gr
ou
p

G
el
at
in
/P
LA

76
.6
–1
38
.8

N
/A

10
0–
50
0
&
20

N
/A

0.
03

&
10
0

N
/A

N
/A

H
yd
ro
ph
ili
c

[5
1]

G
el
at
in
/P
LA

94
.8
&
10
3

N
/A

20
0
&
20

N
/A

40
0

N
/A

N
/A

H
yd
ro
ph
ili
c

[1
21
]

PL
CL
/S
ilk

fib
ro
in

N
/A

88
.8
1

1–
10
0

N
/A

10
&
10
0

N
/A

N
/A

H
yd
ro
ph
ili
c

[1
22
]

(c
on
tin
ue
d
on

ne
xt

pa
ge
)

T. Xu, et al. Progress in Materials Science 112 (2020) 100656

28



Ta
bl
e
2
(c
on
tin
ue
d)

M
et
ho
d

N
an
ofi
be
r
m
at
er
ia
l

D
en
si
ty
(m
g

cm
−
3 )

Po
ro
si
ty
(%
)

Po
re
si
ze

(μ
m
)

BE
T
(m

2
g−

1 )
St
re
ss
@
50
%
(k
Pa
)

&
cy
cl
es

Th
er
m
al
co
nd
uc
tiv
ity

(W
m
K−

1 )
El
ec
tr
ic
al

co
nd
uc
tiv
ity

(S
cm

−
1 )

W
at
er
co
nt
ac
t

an
gl
e
(°
)

Re
f.

A
dl
ha
rt
’s
gr
ou
p

Pu
llu
la
n
&
PV
A

12
.6
4–
92
.2
7

99
.1
3–
93
.6
5

50
–1
00

&
2–
5

N
/A

4.
5
&
50

N
/A

N
/A

13
6

[1
13
]

Pu
llu
la
n
&
PV
A

23
.2
–8
8.
5

98
.4
0–
93
.9
1

50
–1
00

&
2–
5

N
/A

N
/A

N
/A

N
/A

N
/A

[1
35
]

Pu
llu
la
n/
PV
A
/P
A
A

24
.5

98
.2

20
–4
0
&
2–
5

N
/A

N
/A

N
/A

N
/A

H
yd
ro
ph
ili
c

[1
31
]

Ch
an
g’
s
gr
ou
p

PV
A
Si
-N
H
2

30
.4

N
/A

<
10

44
7

30
&
10

N
/A

N
/A

H
yd
ro
ph
ob
ic

[1
14
]

Xu
’s
gr
ou
p

PI
4.
6–
13
.1

99
.0
–9
9.
6

50
–1
00

&
<
1

12
.4

~
1
&
10
00

0.
02
97
–0
.0
31
8

N
/A

N
/A

[6
0]

Xi
e’
s
gr
ou
p

PC
G
&
BG

N
/A

N
/A

30
N
/A

N
/A

N
/A

N
/A

H
yd
ro
ph
ili
c

[1
23
]

W
an
g’
s
gr
ou
p

SA
/P
A
M

50
.6

N
/A

10
–5
0
&
1–
5

N
/A

12
&
10
0

N
/A

N
/A

0
[1
34
]

PL
A
/R
C

32
.5
–3
3.
8

95
.9
–9
6.
1

50
–1
50

&
<
20

N
/A

13
&
10
0

N
/A

N
/A

84
.7
°

[5
5]

D
en
g’
s
gr
ou
p

PI
4.
81

99
.6
6

~
10
0
&
<
10

N
/A

~
2
&
10
0

N
/A

N
/A

N
/A

[6
1]

Zh
an
g’
s
gr
ou
p

PI
6.
6

>
99

1–
3

N
/A

8.
9
&
10
00

0.
02
66
–0
.0
30
4

N
/A

N
/A

[1
52
]

G
u’
gr
ou
p

G
el
at
in
/P
CL

&
de
ce
llu
la
ri
ze
d
ca
rt
ila
ge

EC
M

N
/A

N
/A

20
0–
30
0
&

>
10

N
/A

~
10

N
/A

N
/A

H
yd
ro
ph
ili
c

[1
71
]

Yu
PA

N
/P
VP

14
.8

N
/A

~
5

43
7.
2

80
&
10
0

N
/A

3.
25

N
/A

[1
41
]

Fo
ng
’s
gr
ou
p

PA
N
,P
I,
&
CN

Fs
6.
84
–1
2.
41

99
.4
4–
99
.1
2

~
10
0
&
~
1

N
/A

~
2–
6
&
20
00

N
/A

Tu
na
bl
e
co
nd
uc
tiv
ity

N
/A

[4
6]

RC
6.
45

99
.5
7

~
20

&
2

N
/A

~
2

N
/A

N
/A

14
1.
2

[4
9]

PA
N
,P
I,
&
H
N
Ts

33
.2
–8
8.
4

97
.9
–9
5.
3

~
20

&
2

14
.5
–2
7.
8

N
/A

N
/A

N
/A

H
yd
ro
ph
ili
c

[6
5]

TI
SA
-F
on
g’
s
gr
ou
p

PC
L

41
96
.4

30
0
&
2

N
/A

N
/A

N
/A

N
/A

H
yd
ro
ph
ili
c

[3
3]

PC
L/
PL
A
(8
0/
20
,w

t./
w
t.)

48
95
.8

30
0
&
2

N
/A

N
/A

N
/A

N
/A

H
yd
ro
ph
ili
c

[5
0]

PC
L/
PL
A
(d
iff
er
en
t
w
t.

ra
tio
s)

47
.1
–1
2.
6

95
.9
–9
9

30
0
&
2

N
/A

N
/A

N
/A

N
/A

H
yd
ro
ph
ili
c

[6
9]

PC
L
&
H
A

N
/A

N
/A

30
0
&
2

N
/A

N
/A

N
/A

N
/A

H
yd
ro
ph
ili
c

[9
6]

CA
/P
CL

66
95

10
0
&
2

N
/A

N
/A

N
/A

N
/A

13
6.
5

[6
8]

T. Xu, et al. Progress in Materials Science 112 (2020) 100656

29



radical polymerization), surface coating (e.g., hydrothermal reaction, layer-by-layer self-assembly), incorporating nanofillers (e.g.,
0D, 1D, and 2D nanomaterials) into nanofibers, and attaching nanomaterials on the nanofiber surfaces. Furthermore, developing
specially structured nanofibers such as nanoporous nanofibers, hollow nanofibers, and 3D aligned nanofibers is another effective
approach to provide the 3D structures with innovative properties.

The new applications of electrospun 3D structures need to be explored. For environment application, electrospun 3D structures
are promising candidates for water purification (micro-, ultra-, and nano-filtration) and desalination (e.g., direct solar desalination
[180]). For energy application, the development of electrospun 3D conductive structures as novel electrodes for advanced energy
conversion devices (e.g., batteries, dye-sensitized solar cells, and microbial fuel cells) is promising. For electronics application, such
3D structures might be useful to develop sensors (e.g., biosensor, gas sensor, and optical sensor) and detectors (e.g., SERS detector).
For chemical engineering application, one of the new applications is to use the 3D structures as adsorbents, which could be adopted
for immobilization/adsorption of proteins (e.g., enzyme). Furthermore, the 3D structures might also be applied as sound absorption
materials. For biomedical engineering application, the 3D scaffolds have now been investigated/used in bone, cartilage, and nerve
tissue engineering, and need to be further explored in various other tissue engineering areas, including but not limited to muscle,
skin, myocardium, tendon, ligament, vascular, and dental. It is necessary to note that, although the 3D scaffolds assembled from
electrospun short nanofibers are promising, they may not be suitable for every tissue engineering applications (e.g., wound dressing).
Since the 3D scaffolds consist of short nanofibers that tend to form debris under external pressure, the debris may remain in the
wound, causing inflammation and increasing the risk of infection [24]. Therefore, more studies are needed to explore the potential
application of 3D scaffolds in different tissue engineering areas.

Although electrospun 3D nanofibrous structures with unique properties may lead to exciting opportunities for many innovative
applications, it appears that, how to scale up the productivity to fulfill commercialization requirements might be a challenge. This is
because the difficulties on the electrospinning technology (e.g., large-scale production, precise control of morphological/structural
properties, and environmental/safety concerns) [181] remain as major restrictions; additionally, there are other technological
challenges hindering the industry-scale production of 3D nanofibrous structures. These challenges include (1) the large-scale fab-
rication of morphologically uniform electrospun shortened/fragmented nanofibers and (2) the transfer of freeze drying or TISA
processing methods from laboratory to industrial scale. Additionally, precisely controlling the lengths/sizes of shortened/fragmented
nanofibers is also difficult. Researchers have encountered difficulties in the preparation of uniform nanofibers with diameters below
50 nm, and the fragmentation of electrospun nanofiber mats/membranes into uniform short nanofibers and/or tiny pieces in large
scale is also challenging. Finally, the complexity of post-treatment and/or surface modification/functionalization for electrospun 3D
nanofibrous structures might hinder the productivity as well.

Despite the above difficulties and challenges, researchers and entrepreneurs have been actively seeking to take electrospun
nanofibrous materials from academic research to real-world applications. Thus far, there are at least 20 companies in the world that
manufacture over 50 different types of electrospun nanofiber based products [181]. Owing to superior properties and wide appli-
cations of electrospun 3D nanofibrous structures, it is reasonable to expect that commercial products will become available in the
future.
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