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Abstract

Electrospun nanofiber materials, with the advantages of large specific surface area, small pore size, high porosity, good
channel connectivity, and ease of functional modification, have been widely used in various fields including environmental
governance, safety protection, and tissue engineering. With the development of functional fiber materials, the construction
of three-dimensional (3D) fiber materials with stable structures has become a critical challenge to expanding application
and improving the performance of electrospun fibers. In recent years, researchers have carried out a lot of studies on the
3D reconstruction of electrospun fiber membranes and direct electrospinning of fiber sponges. Specifically, a variety of 3D
fibrous sponges were constructed by the 3D reconstruction of electrospun fiber membranes, including embedded hydrogels,
3D printing, gas-foaming, and freeze-drying methods. Meanwhile, the direct electrospinning methods of 3D fibrous sponges
have also been successfully developed, which are mainly divided into layer-by-layer stacking, liquid-assisted collection, 3D
template collection, particle leaching, and humidity field regulation. Moreover, the applications of these fibrous sponges in
many fields have been explored, such as sound absorption, warmth retention, thermal insulation, air filtration, adsorption/
separation, and tissue engineering. These research works provide new ideas and methods for the fabrication of 3D fiber
materials. Herein, the electrospinning technology and principle were briefly introduced, the representative progress of 3D
fiber sponges in recent years was summarized, and their future development prospected.
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Introduction fiber materials with many unique properties, which can
significantly improve the application performance of fiber
materials [7-10]. Broadly speaking, fibers with a diameter

of less than 1 pm can be called nanofibers, the size effect

As an important basic and strategic material, fiber not only
meets the needs of our daily life, but also is widely used

in high-tech fields such as aerospace, environment, and
health care [1-4]. In the development process of fiber, fiber
refinement is one of the important development trends of
fiber materials [5, 6]. When the fiber diameter decreases
from micrometers to nanometers, the size effect and sur-
face effect brought by the diameter refinement will endow
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of nanofibers is very significant, showing many novel char-
acteristics in light, heat, magnetism, electricity, and so on
[11-14]. The preparation techniques of nanofibers mainly
include the stretching method, template synthesis method,
flash-spinning method, islands-in-a-sea method, and electro-
spinning method [15, 16]. Among them, the technical level
of the stretching method and template synthesis method is
still in the stage of laboratory research, suffering from nar-
row raw material range and poor fiber continuity [17]; flash-
spinning and islands-in-a-sea methods have high preparation
efficiency but suffer from wide fiber diameter distribution or
poor controllability of fiber aggregates. Alternatively, elec-
trospinning has become one of the main ways to prepare
nanofiber materials because of its abundant raw materials,
controllable fiber structure, and good scalability of the prep-
aration process [18, 19].
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The schematic diagram of the electrospinning process is
illustrated in Fig. 1a [20]. The spinning solution or melt
is charged and deformed under high-voltage static electric-
ity, and conical droplets are formed at the end of the noz-
zle [21]. When the charge repulsion on the droplet surface
is greater than its surface tension, solution trickles will be
ejected from the droplet surface at a high speed. These jets
will be stretched by electric field force during short-distance
flight and then solidified into fibers along with the volatiliza-
tion of solvent, finally deposited on the receiving device to
form polymer fiber materials [20]. The diameter of the fib-
ers obtained by electrospinning is generally several hundred
nanometers, and the electrospun fiber aggregates have the
characteristics of small pore size, high porosity, and good
fiber continuity, showing broad application prospects in the
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Fig.1 a Schematic diagram of a typical electrospinning device;
Reproduced with permission from Ref. [20]; Copyright 2017, Ameri-
can Chemical Society. Taylor cone in la; Reproduced with permis-
sion from Ref. [36]; Copyright 2004, John Wiley and Sons. b The
formation process of Taylor cone; Reproduced with permission from
Ref. [37]; Copyright 1964, Royal Society of London. ¢ The dynamic
process of PEO droplet forming jet under electric field; d image of
the straight section of the jet illuminated by white light; Reproduced
with permission from Ref. [38]; Copyright 2008, Elsevier. e Sche-
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fields of environmental governance, safety protection, and
tissue engineering [22]. However, traditional electrospun fib-
ers are usually assembled into two-dimensional (2D) fiber
membranes (thickness of less than 100 pm) with anisotropic
structural characteristics, and it is difficult for the fibers to
penetrate and interlace effectively in the direction perpen-
dicular to the deposition plane [23, 24]. They suffer from
poor resilience and ease of peeling between layers, which
greatly affects their practical application in many fields.
Compared with 2D electrospun fiber membrane materials,
the interlaced and interconnected structures endow 3D fiber
materials with good connectivity networks and high spe-
cific surface area [25, 26]. On the one hand, the hierarchi-
cal micro/nanonetworks of 3D fiber materials can achieve
efficient absorption/insulation and selective transport of
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matic diagram of the onset and development of jet instability; Repro-
duced with permission from Ref. [39]; Copyright 2006, American
Chemical Society. f Schematic illustration of (1) axisymmetric insta-
bility and (2) non-axisymmetric instability of a jet under an electric
field; Reproduced with permission from Ref. [40]; Copyright 2001,
Elsevier. g Stereoscopic image of a jet in the unstable section; Repro-
duced with permission from Ref. [39]; Copyright 2006, American
Chemical Society
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continuous media, which can effectively improve the appli-
cation performance in the fields of sound absorption [27,
28], thermal insulation [29, 30], and adsorption separation
[31, 32]. On the other hand, the highly porous structures
of 3D fibrous materials have good adaptability to the cell
proliferation space, which can effectively simulate the extra-
cellular matrix (ECM) environment of biological tissues,
showing great potential in the tissue engineering field [24].
Therefore, the construction of structurally stable 3D fiber
materials has become the key challenge to improving the
performance of current electrospinning fibers.

Recently, researchers have carried out a lot of studies
on two aspects: the 3D reconstruction of electrospun fiber
membranes and the direct electrospinning of fiber sponges.
They are committed to breaking the inherent layered stack-
ing structure of electrospun fiber materials and building 3D
networks with isotropic fiber distribution in the 3D space.
Specifically, a variety of 3D nanofibrous sponges were con-
structed by embedding in hydrogels, 3D printing method,
gas-foaming method, and freeze-drying method. Moreover,
a series of direct electrospinning methods of fiber sponges
have also been successively developed, including layer-by-
layer stacking, liquid-assisted collection, 3D template collec-
tion, particle leaching, and humidity field regulation. These
works provide novel ideas for the construction of 3D fiber
sponges. On this basis, the representative progress of 3D
fiber materials in recent years was reviewed and an outlook
on their future development was given.

Electrospinning Technique

Electrospinning involves the electrohydrodynamic process,
in which the polymer solution or melt is charged by the
high-voltage electrostatic field and forms a suspended coni-
cal droplet at the end of the nozzle [33]. When the charge
repulsion force of the droplet surface exceeds its surface
tension, the polymer solution trickle will be sprayed at high
speed on the droplet surface, which is referred to as a "jet"
[34]. These jets will undergo high-speed stretching, solvent
volatilization, and solidification in a short distance under
electric field force. Finally, they are deposited on the receiv-
ing plate to obtain fibers. The electrospun fibers possess a
small diameter (generally between a few nanometers and a
few micrometers) and a large specific surface area; and the
fiber sponges have the advantages of small pore size, high
porosity, and good pore connectivity [35].

Principle of Electrospinning
In 1934, Formhals invented the devices for the prepara-

tion of polymer nanofibers by electrostatic field force and
applied for a patent, which is recognized as the beginning
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of electrospinning. A typical electrospinning device is
mainly composed of a high-voltage power supply, a liquid
supply device (including spinning nozzles), and receiving
device (Fig. 1a) [20, 36]. The high voltage power sup-
ply provides a high voltage for generating spinning jets,
and the positive and negative poles of the power supply
are connected with the spinning nozzle and the receiving
device, respectively [41]. When the jet moves in the air, it
is accompanied by solvent volatilization and jet solidifica-
tion, finally depositing on the receiving device to form a
fiber aggregate [42]. There are two main stages from jet
ejection to fiber formation: (1) Jets formation and initial
motion. The spinning solution jets are pulled out at the
spinneret and move along a straight line. (2) Stretching,
thinning, and solidification of jets. After a short distance
of stable stretching, the jet would occur unstable whiplash,
further stretch and refine, and then solidify and deposited
into fibers [43].

Electrospinning is a special case of electrostatic atomi-
zation [44]. In the 1960s, Taylor found that with the
increase of voltage, the charged liquid with a certain vis-
cosity gradually formed a hemispherical pendant droplet
at the end of the capillary in the process of charge-induced
splitting of droplets [37]. With the further accumulation of
the surface charge of the droplet, the hemispherical droplet
would become conical when the charge repulsion was bal-
anced with the surface tension of the polymer solution; and
when the charge repulsion exceeded the surface tension,
liquid jets were ejected from the surface of the suspended
conical polymer droplet, as shown in Fig. 1b. This pendant
conical droplet is called the "Taylor cone". Furthermore,
Taylor analyzed the effects of liquid feeding rate, voltage,
and distance on the jet stability in the dynamic process of
charge-induced splitting of droplets with a certain viscos-
ity, and calculated the half-angle degree of the Taylor cone
when the jet formed was 49.3°. The calculation formula
of critical voltage (V) of jet ejected from the tip of Taylor
cone was [45]:

_ 4H?

2
V=S (m

% - %)(1.307rRT)(0.09) )
where H is the working distance between the spinneret and
the collector, # is the length of the jet, R is the radius of the
nozzle, and T is the surface tension of the solution. For the
electrospinning process, the charged polyoxyethylene oxide
(PEO) liquid with a certain viscosity would form a Taylor
cone at the end of the nozzle, and then jets would be formed
on the surface of the Taylor cone (Fig. 1c, d) [38].

When the jet is ejected from the Taylor cone, it would
be stretched, thinned, split into finer jets, and finally solidi-
fied into polymer fibers. The flight process of jets can be
divided into the stable motion zone and unstable motion
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zone, as shown in Fig. le [39]. In the jet stability zone,
assuming that the distance from the end of the nozzle to
the end of the stable jet is L, the current on the jet is deter-
mined by its resistance, which is mainly composed of the
conventional resistance and the resistance generated by
the flow of charge in the fluid. The former is related to
the charge distribution of the liquid surface; when the jet
leaves the tip of the nozzle, the charge on the jet surface
is transported along with its mass, and the resistance is
controlled by the surface charge and flow rate. When the
resistance changes from a region dominated by conven-
tional resistance to a region dominated by charge flow, the
distance is exactly L, which can be expressed by Eq. (2)
[46]:
4kQ?

L= JQ,Z(RSQ—#) @)
where Ry= (20Q/TkpE)', Q is the flow rate, o is the sur-
face charge of the jet, k is the dimensionless conductivity,
E is the electric field intensity, / is the current in the jet, p
is the liquid density, and r, is the initial radius of the jet. By
spinning poly(hydroxybutyrate-co-valerate) and cellulose
solution, the researchers found that the formula was in good
agreement with the experimental results [46]. After passing
through a short-distance stable region, the jet will enter the
unstable region because of the existence of the external elec-
tric field and the surface charge of the jets. This instability
propagates along the axial direction of the jet and expands
continuously, which depends on parameters such as the flow
velocity, radius, and surface charge of the jet. Instability
includes axisymmetric instability and non-axisymmetric
instability. The characteristic of axisymmetric instability
is that the axial centerline of the jet does not change but
changes in the radial direction. The non-axisymmetric insta-
bility is just the opposite, that is, it changes along the axial
direction of the jet and does not change in the radial direc-
tion (Fig. 1f) [40]. In the unstable region, the jet is further
stretched after unstable high-speed movement and finally
solidifies into fibers with a diameter of several nanometers
to several micrometers with the rapid volatilization of the
solvent (Fig. 1g) [39].

Influencing Factors of Electrospun Fibrous Sponges

All the polymer properties, solution properties, processing
parameters, and environmental parameters have impacts on
the structures of fiber sponges [47-49], these influencing
factors are often related and affect each other. The effects
of these factors on the morphology and structure of elec-
trospun fiber sponges are briefly discussed below. Polymer
molecular weight is a significant parameter influencing elec-
trospun fiber sponges, to be able to prepare fiber sponges, the

polymer must have a certain molecular weight and the cor-
responding solution possess a certain viscosity, otherwise, it
is an electrostatic atomization process, and only aerosols or
polymer microspheres can be obtained. In addition, the die-
lectric properties of the polymer have a great impact on the
fluffy properties of electrospun fiber sponges (Fig. 2a). Chen
et al. found that the negatively charged polymers (cellulose
acetate butyrate (CAB), polymethyl methacrylate (PMMA),
and polystyrene (PS)) could be spun into fluffy spongy struc-
tures better than positively charged polymers (poly(; -lactic
acid) (PLLA)) under high-voltage electric fields (Fig. 2b)
[50]. This is because all the surfaces of electrospun CAB,
PMMA, and PS fibers carried negative charges, while the
surfaces of PLLA were positively charged. Due to the dif-
ferences in the polymer properties, the jets were polarized
by the induction of a high-voltage electrostatic field during
the electrospinning process, resulting in different types of
charges on the fiber surface. Since a positive high voltage
was applied during spinning, the needle tip was positively
charged, which attracted the negatively charged primary fib-
ers to accumulate towards the needle tip, while the fibers
carrying the same negative charge tended to repel each other
when deposited on the receiving device. The synergistic
effect of these two forces resulted in the formation of loose
and fluffy fiber sponges in a short time (Fig. 2c).

The main function of the solvent in the spinning solu-
tion is to unravel the entanglement between the polymer
molecular chains. The physical properties of the solvent
have a great impact on the electrospinning process, and
then affect the fiber structure of electrospun sponges [51].
Lv et al. investigated the influence of solvent types (NV,N-
dimethylformamide (DMF), tetrahydrofuran (THF), and
DMF-THF mixture) and ratios on the morphology of PS fib-
ers [52]. When the solvent was DMF, since the vapor pres-
sure of water (2.34 kPa, 20 °C) is greater than that of DMF
(0.36 kPa, 20 °C), a solid PS shell layer was first precipitated
by non-solvent of water on the jet surface (Fig. 2d). The shell
trapped DMF inside and slowed its evaporation rate, water
vapor continuously entered the PS-DMF phase through the
shell, resulting in rapid phase separation and forming pores
inside the fiber. During the penetration of water vapor into
the jet, a small portion of the DMF was extruded from the
fibers, leaving visible pores on the surface (Fig. 2e). When
the solvent was THF, the vapor pressure of THF (19.07 kPa,
20 °C) is higher than that of water. The interface between jet
and air was saturated by THF, which hindered the formation
of the shell and prevented the water vapor from penetrating
the jet and phase separation to form internal pores. Evap-
oration of THF cooled the surrounding environment, and
water vapor condensed at the interface between jet and air.
Meantime, the charges on the jet surface were polarized and
attracted the agglomerated tiny drops of water, which formed
pores on the fiber's surface after drying (Fig. 2f). When the
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Fig.2 a Structural formulae of PMMA, PS, and PLLA and charge
of the resulting fiber sponges after 0.5 h of electrospinning; b Dense
fibrous membranes obtained by electrospinning of positively charged
polymer fibers; ¢ Fluffy fibrous sponge obtained by electrospinning of
negatively charged polymer fibers; Reproduced with permission from
Ref. [50]; Copyright 2019, Royal Society of Chemistry. d Schematic
diagram of the phase separation process of PS spinning jets with sol-
vents of DMF and THF during flight; Scanning electron microscopy

solvent was a mixture of DMF and THEF, the PS shell with
high mechanical strength would be formed on the surface
to withstand the attack of water vapor without generating
some holes on the surface. Then, water vapor penetrated
the mixed solvent to cause phase separation to form internal
pores, and condensed water accumulated on the fiber sur-
face due to evaporative cooling and charge effect. Although
the shell layer can block the violent evaporation of THF,
PS-THF solution would remain eject and precipitate into
nanopillars at some weak points after encountering surface
water droplets (Fig. 2g).

During the electrospinning process, process parameters
such as spinning voltage, feeding speed, receiving distance,
and environmental conditions would have important impacts
on the obtained fiber sponges [54, 55]. These factors often
have a certain correlation, and environmental humidity has the
greatest impact on the fluffy structure of fiber sponges [56].
Cao et al. constructed a three-phase diagram of the PS/DMF/
water system through cloud point titration [53]. As shown in
Fig. 2h, the volatilization of solvent during the spinning pro-
cess under a low-RH environment made the system smoothly
cross the binodal curve into the unstable region, and the phase
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(SEM) image of PS fiber prepared with solvents of e DMF, f THF,
and g DMF-THF mixture at a relative humidity (RH) of 42%; Repro-
duced with permission from Ref. [52]; Copyright 2013, American
Chemical Society. h Ternary phase diagram of PS-DMF-water sys-
tem; Surface and cross-section SEM of electrospun PS fiber sponges
under different RH of i 40%, j 60%, and k 80%; Reproduced with per-
mission from Ref. [53]; Copyright 2019, American Chemical Society

separation speed was slow. On the contrary, in a high-RH envi-
ronment, the proportion of non-solvent water in the system
would greatly increase due to the abundant water vapor in the
environment, resulting in the rapid entry of the entire solution
into the unstable region and rapid phase separation. Mean-
while, the RH during spinning has a great influence on the
morphology of electrospun PS fibers. When the RH was low,
a compact fiber membrane with beaded fibers was obtained
(Fig. 2i). With the increase in the RH during spinning, the
beads on the fibers gradually decreased and fiber aggregate
became fluffy (Fig. 2j). When the RH of the spinning environ-
ment reached 80%, a fluffy fiber sponge with relatively uni-
form fibers could be obtained (Fig. 2k). Meantime, the fiber
diameter increased with the increase of RH during spinning.

3D Reconstruction of Electrospun Fiber
Membranes

3D reconstruction of electrospun fiber membranes includes
the homogeneous dispersion and 3D reconstruction of 2D
fiber membranes or by special post-processing of electrospun
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fibers [25]. At present, the 3D reconstruction methods of
electrospun fiber membranes mainly include embedding in
hydrogels, 3D printing, gas-foaming, and freeze-drying.

Embedded in Hydrogels

Recently, various types of fibrous sponges have been devel-
oped through different composite methods to embed electro-
spun nanofibers into conventional hydrogels [57, 58], which
is a simple method to prepare composite fiber sponges by
bonding electrospun fiber membranes with hydrogels. Com-
posite sponges with different structures and applications can
be prepared by adjusting the stacking method and the types
of nanofibers and hydrogels. As shown in Fig. 3a, electro-
spun poly(; -lactide) (PLA) fiber mesh was impregnated with
hydrogel precursor solutions of poly(lactide-co-ethylene

a
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(2) hydrogel precursor solution
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Fig.3 a Schematic diagram of the preparation of fiber sponge
obtained by embedding fiber membrane into hydrogel precursor solu-
tion; Reproduced with permission from Ref. [59]; Copyright 2010,
Elsevier. b Schematic diagram of electrospinning collected with
tubular receiving device and wicking in hydrogel precursor; ¢ Elec-
trospun nanofibrous tubes before and after wicking hydrogel; d Image

(4) multi-layer laminate

Alginate wrapped on the
nanofiber surface

. crosslinking
—_—

oxide fumarate) (PLEOF) and hydroxyapatite (HAP) [59],
which were then stacked together and compressed. Finally,
the multi-layer coating was cross-linked to obtain PLA
nanofiber sponges. The tightly bound structure between the
nanofibers and the hydrogel endowed the composite sponge
with significantly higher Young's modulus than pure PLEOF
hydrogel, and the composite sponge showed a promising
application prospect in osteogenic differentiation. Further-
more, Poly(caprolactam) nanofiber tubes were prepared by
electrospinning nanofibers onto rotating aluminum rods,
which were then immersed in a hydrogel precursor solu-
tion, followed by cross-linking to obtain nanofiber sponges
(Fig. 3b) [60]. A variety of fiber sponges with different
shapes can be prepared by manipulating the type of poly-
mer and the inner diameter/shape of the fiber tubes (Fig. 3c).
Figure 3d demonstrates that cavity walls of fiber sponge

(5) pressure and crosslinking

3. NFHs NFHs with water

content of 99.8 wt%

of nanofiber tube and SEM image of the tube wall; Reproduced with
permission from Ref. [60]; Copyright 2015, Elsevier. e Schematic
diagram of the preparation process and optical photos of alginate/
SiO, nanofibrous sponge; Reproduced with permission from Ref.
[61]; Copyright 2017, John Wiley and Sons
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exhibited nanofiber network structures, thus endowing it
with good mass transfer property. Due to the good biocom-
patibility of hydrogels and the good mechanical strength of
nanofiber membranes, the resulting materials showed good
application prospects in the field of cell encapsulation.

In addition, poly(e-caprolactone) (PCL)/hydrogel com-
posite sponges were obtained by mixing electrospun nanofib-
ers with poly(ethylene glycol)-diacrylate hydrogel macromo-
lecular monomer and following UV crosslinking [62]. The
composite sponge could simulate the natural ECM struc-
ture, had significant mechanical properties to be injected,
and possessed a suitable practical macroscale for relevant
clinical tissues, enhancing the biological response of adult
stem cells. Recently, a novel porous nanofibrous sponge
with ultra-high water content was fabricated by embedding
homogeneously dispersed nanofibers in a hydrogel precur-
sor [61]. First, flexible SiO, nanofibers were prepared by
sol—gel electrospinning, which were dispersed in an alginate
aqueous solution to prepare homogeneous nanofiber/algi-
nate dispersion. The dispersion was then freeze-dried in the
metal mold and cross-linked by AI** ions to obtain nanofiber
sponges (Fig. 3e). The sponge had zero Poisson's ratio, good
durability, rapid resilience (800% min™"), injectability, and
shape memory, making it promising for minimally invasive
surgery.

3D Printing Method

3D printing is a promising technology that can precisely
regulate the shape and porosity of materials [63], but most
3D printing materials lack fibrous surface structure, which
limits their application in tissue engineering and other fields.
Combining electrospinning technology with 3D printing
technology can prepare fibrous sponges with controllable
shape and porosity. Mo et al. convert the electrospun gelatin/
poly(lactic-co-glycolic acid) (PLGA) fiber membranes into
short fiber powder by homogeneous dispersion and evapora-
tion drying, and 3D printing ink was obtained by adding the
fiber powder into hyaluronic acid (HA) and PEO solution
following with stirring (Fig. 4a) [64]. Then, the mechani-
cal properties of the 3D printing sponge were improved by
freeze-drying and cross-linking, and sponges could recover
their original shape after absorbing water, showing good
shape memory properties (Fig. 4b). Moreover, their feasibil-
ity of tissue regeneration was further evaluated by cartilage
regeneration models in vitro and in vivo. On this basis, the
introduction of decellularized ECM into the fiber printing
ink endowed the sponge scaffold with better biocompat-
ibility [65]. Owing to the composite advantages of fibrous
structure, good elasticity, and biocompatibility, the compos-
ite sponge could significantly repair the cartilage defects of
rabbits. In addition, a variety of composite sponges were
prepared by combining electrospun fibers and 3D printing
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scaffolds [66—68], which were used in the fields of cartilage
differentiation, neural scaffolds, and bone tissue repair.
Recently, Zhang et al. developed the stable jet electro-
spinning (SJES) method based on ordinary solution electro-
spinning [69], which eliminated or suppressed the bending
instability of spinning jets by changing the viscoelasticity
of polymer solution, thereby forming stable polymer solu-
tion jets (Fig. 4c). The PLLA/PEO fiber scaffold with 3D
patterns could be directly printed by integrating SJES with
a programmable translation stage (Fig. 4d, e), which offered
an ordered microenvironment to cell culture. On this basis,
silk fibroin (SF)/PEO fiber scaffolds with orientation char-
acteristics were further printed [70]. The highly oriented
arrangement of the fibers endowed the sponge with good
mechanical properties and cell affinity, which provides a
basis for the research on anisotropic tissue regeneration.

Gas-Foaming Method

The preparation of fiber sponge by the gas-foaming method
is in situ generated bubbles in the fiber membrane through
chemical reaction or adding inert gas, thus the tightly packed
2D nanofiber membrane can be reassembled into a fluffy 3D
fiber sponge [71-73]. It is a convenient and quick method
to use the chemical blowing agent sodium borohydride
(NaBH,) to release hydrogen [74—76]. Kim et al. carried
out gas-foaming on a variety of electrospun fiber membranes
(PCL, Nylon-6, cellulose acetate (CA), and polyvinylidene
fluoride (PVDF)), and studied the matching relationship
between the polymer polarity and the solvent of NaBH, [77].
In the process of gas foaming, hydrogen trapped in porous
fibrous membranes applied pressure on nearby fibers and
rearranged the fibers into sponge structures. In addition, by
changing the shape of the fiber membrane or using a custom-
made rectangular foaming mold, PCL and polyacrylonitrile
(PAN) fiber-based sponges with a tubular shape or precise
thickness could be prepared [78—83]. On this basis, to pre-
cisely control the shape of the 3D scaffold, He et al. first
prepared a hemispherical mold with a 3D printer, cut the
2D electrospun membrane into a circle, and put it into the
mold together with the NaBH, particles (Fig. 5a) [84]. After
foaming, the fiber membrane was directly restructured into
a hemispherical fiber sponge (Fig. 5b, ¢). The shape of fiber
sponges could be precisely controlled by changing the type
of mold. Subsequently, the cells were inoculated on the fiber
sponges by 3D bioprinting, and the cells encapsulated in the
hydrogel gradually migrated back to the fiber sponges, pro-
viding a feasible strategy for the possible deposition of cells
on the 3D scaffolds. In addition, the SF/PLA fiber sponge
obtained by gas foaming was implanted into a pre-prepared
chitosan catheter, and the resulting composite 3D scaffold
could be used for nerve tissue repair [75].
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Fig.4 a Schematic diagram of the preparation of 3D printed fiber
scaffolds; b the fiber scaffolds could quickly return to their original
shape after absorbing water; reproduced with permission from Ref.
[64]; Copyright 2019, Elsevier. (c) Schematic diagram of a stable

Since using NaBH, as a blowing agent require to dissolve
in water generating hydrogen, it may have side reactions
with polymers or encapsulating substances, and is limited to
water-insoluble materials. In contrast, carbon dioxide (CO,)
has become a good foaming agent because of its non-toxic,
non-flammable, and low cost. Xie et al. expanded the elec-
trospun PCL nanofiber membrane into a 3D sponge scaf-
fold by decompressing the subcritical CO,, and the thick-
ness of the 3D sponge could be customized by increasing
the expansion times and processing time [86]. The fluores-
cent dye coumarin 6 and antibacterial peptide LL-37 were

Ty Py oy g

jet printing device; (d) programming pattern for printing electro-
spun fibers; (e) the printed 3D structural fiber sponge with a size of
5 x 5 cm?; Reproduced with permission from Ref. [69]; Copyright
2015, IOP Publishing

further introduced into the fiber, endowing the fiber sponge
with good fluorescence and antibacterial activity. Mi et al.
proposed a new method to prepare fluffy fiber sponges by
using the difference in CO, solubility of water and etha-
nol (Fig. 5d) [85]. First, the electrospun PCL fibers were
deposited in a 70% ethanol bath, the obtain wet nanofibers
were transferred to a dry ice/ethanol bath, and then placed
in a room temperature water bath. Many bubbles escaped
as CO, evaporated, resulting in a fluffy fiber sponge with a
porosity of up to 95.3%, much higher than that of a 2D fiber
membrane (Fig. Se, f). Further introducing roughness into
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Fig.5 a Schematic diagram of hemispherical 3D scaffold prepared
by hydrogen escape method; b optical and ¢ SEM images of the pre-
pared hemispherical scaffolds; Reproduced with permission from
Ref. [84]; Copyright 2018, Elsevier. d Schematic diagram of the

the fiber surface increased the cell adhesion and infiltration
properties of the material, which has great potential in tissue
engineering. Besides, the improved CO, escape method can
also be extended to other polymer sponges.

Freeze-Drying Method

Although the above methods have realized the preparation
of 3D nanofiber materials, they usually require the assis-
tance of other methods, and it is difficult to effectively con-
trol the structural characteristics such as the microstructure
and pore size. Alternatively, freeze-drying is a commonly
used method for preparing aerogels, which generates pores
through freezing ice crystals and can effectively retain
the pore structure with the sublimation of the dispersion
medium during the drying process [87-91]. The resulted
fibrous sponges have controllable sizes/shapes and micro-
structures [32, 92, 93]. Recently, Si et al. first proposed a
3D fiber network reconstruction method combining electro-
spinning nanofibers with freeze-drying technology, further
preparing isotropically 3D nanofiber sponges with tightly
bonded fibers [94]. The preparation process of nanofiber
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preparation of 3D PCL fiber sponge by CO, escape method; e optical
and f SEM images of 3D fiber scaffold; Reproduced with permission
from Ref. [85]; Copyright 2019, Elsevier

sponges mainly included electrospinning, homogeneous
dispersion, freeze-drying, and in-situ crosslinking (Fig. 6a).
Firstly, electrospun PAN/benzoxazine (BA-a) and SiO, fiber
membranes were cut into pieces and then added to the dis-
persing solvent, and the fiber dispersion was obtained by
high-speed shearing with a homogenizer. Then, the disper-
sion was injected into the mold for freezing for 10-30 min,
which was transferred to a freeze-drying machine after the
dispersion was completely frozen, and fiber aggregates were
obtained after 24 h of freeze-drying. Subsequently, stable 3D
fiber networks were formed by heating and producing adhe-
sive structures among the fibers, resulting in ultralight and
superelastic nanofiber sponges. The freeze-drying method
endowed the nanofiber sponges with unique hierarchical
network structures (Fig. 6b—e): large pores with an aperture
of 10-30 pm and small pores with an aperture of 1-2 pm.
The prepared 3D fiber sponges possessed controllable shape/
size and good structural tunability, and their minimum bulk
density was only 0.12 mg cm™ with porosity as high as
99.992%. This unique bonded network structure endowed
the fiber sponge with good mechanical properties, exhibit-
ing good application performance in the fields of thermal,
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Fig.6 a Schematic diagram of the preparation of PAN/SiO, nanofi-
brous sponges by freeze-drying method; b macroscopic optical
photos and c—e microscopic hierarchical SEM images of PAN/SiO,
nanofibrous sponges; Reproduced with permission from Ref. [94];
Copyright 2014, Springer Nature. f Photo showing the ultralight char-
acteristic of carbonaceous nanofiber sponge and g its microscopic

acoustic, electrical, and oil-water separation. Subsequently,
various electrospun polymeric, ceramic, and hybrid fiber
sponges were successfully constructed by the freeze-drying
method [28, 29, 31, 95-105].

On this basis, carbonaceous nanofibrous sponges with
adjustable density and shape were prepared by the freeze-
drying method using biomass material konjac glucoman-
nan as the carbon source and flexible SiO, nanofibers as
the skeleton (Fig. 6f) [106]. The obtained sponges have
stable cellular structures, and the fibers on the cavity walls
are tightly entangled into dense packing states (Fig. 6g),
thereby greatly improving the structural stability and
mechanical properties of sponges. The hierarchical net-
work structures endowed sponges with ultralight (only
0.14 mg cm™), super-elasticity (plastic deformation of
4.3% after 1000 compressions), and high-pressure sens-
ing sensitivity. The above-mentioned sponges have good
compression properties, but almost no bending proper-
ties due to the weaker binding force between the short
fibers. To further improve the comprehensive mechanical
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SEM image; Reproduced with permission from Ref. [106]; Copyright
2016, John Wiley and Sons. h Macroscopic and i microscopic SEM
images of graphene entangled flexible ceramic nanofiber sponge;
Reproduced with permission from Ref. [107]; Copyright 2021,
Springer Nature

properties of sponges, bendable and superelastic ceramic
nanofiber sponges were constructed by in situ entangling
graphene network on the ceramic nanofibers via the direc-
tional freeze-drying method (Fig. 6h) [107]. The obtained
nanofibrous sponge integrated open macropores, closed-
cell walls, and stable entanglement networks (Fig. 6i).
On the premise of no chemical cross-linking, the bending
and compression performance of sponges were greatly
improved through simple physical entanglement, which
could be bent 1000 times without structural damage.
Meanwhile, the sponges also had good broadband sound
absorption performance (noise reduction coefficient up to
0.56). In addition, owing to the scalability of electrospin-
ning technology, some nature-inspired electrospun fiber
materials were successfully developed [108], and on this
basis, biomimetic nanofibrous sponges were prepared by
integrating electrospinning and freeze-drying technique
[109]. The obtained electrospun fiber materials show good
application prospects in the fields of biosensors and tissue
engineering.
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Direct Electrospinning of Fibrous Sponges

The above 3D reconstruction method has successfully pre-
pared a series of fiber sponges, but most of them need the
assistance of other equipment or methods in addition to elec-
trospinning; thus the preparation process is complicated and
the industrial development of materials is limited by com-
plex equipment and methods. In recent years, researchers
have also developed fiber sponges with various structures
by direct electrospinning, including layer-by-layer stacking
method, liquid-assisted collection method, 3D template col-
lection method, particle leaching method, and humidity field
regulation method.

Layer-By-Layer Stacking

Stacking the fiber membrane in a certain order by multi-
layer electrospinning technology is one of the common

C
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Fig. 7 a Cross-sectional SEM images of the PCL micro/nanocompos-
ite fiber sponge prepared by alternating electrospinning; Reproduced
with permission from Ref. [111]; Copyright 2006, American Chemi-
cal Society. b SEM image of multi-layer structured CA fiber sponge;
Reproduced with permission from Ref. [112]; Copyright 2006, Else-
vier. ¢ Composite scaffolds containing PCL microfibers and nanofib-
ers were constructed by alternant DPMD and electrospinning; d mac-
roscopic pictures and (e) microscopic SEM images of the PCL micro/
nanofiber sponge with a size of 9 x 9 x 3.5 mm?; Reproduced with
permission from Ref. [118]; Copyright 2008, Elsevier. f Schematic
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methods to prepare 3D fiber sponges [23]. 3D PCL fiber
sponges with alternating microfibers and nanofibers were
prepared by different spinning solutions or by an improved
electrospinning device with double parallel spinnerets,
which could be used for the culture of different kinds of cells
[110]. Moreover, by adjusting the properties of the spinning
solution and processing parameters, the researchers also suc-
cessfully prepared 3D CA sponges with three layers of dif-
ferent structures (Fig. 7a, b) [111, 112]. The combination of
electrospinning and other spinning technologies is another
method to prepare 3D fiber sponges with layer-by-layer
stacking [113-117]. By combining alternant direct polymer
melt deposition (DPMD) technology with electrospinning
technology, functional 3D fiber scaffolds have been prepared
[118]. As shown in Fig. 7c, the microfiber layer was pre-
pared by the DPMD method, and then electrospun PLLA/
collagen nanofibers were deposited on the microfiber layer
to obtain a fibrous sponge (Fig. 7d). This sponge was com-
posed of PLLA microfiber layers with a fiber diameter of

e 200 um|

8y

diagram of hybrid electrospinning device; g Macro and h microstruc-
ture of PLGA nano/microfiber composite sponges; Reproduced with
permission from Ref. [119]; Copyright 2010, Elsevier. i Schematic
diagram of the preparation of ZrO,—SiO, nanofiber sponges; Repro-
duced with permission from Ref. [120]; Copyright 2022, Elsevier. j
Lightweight characteristics of ZrO,—SiO, nanofiber sponges; Repro-
duced with permission from Ref. [121]; Copyright 2022, American
Chemical Society. k Lamellar multi-arch structure of ZrO,-Al,O;
nanofiber sponges; Reproduced with permission from Ref. [122];
Copyright 2020, American Chemical Society
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350 pm and nanofiber layers with a fiber diameter of 325 nm
(Fig. 7e). Furthermore, 3D PLGA nano/microfiber sponges
with a thickness of 2-3 cm were prepared by combining
the solution electrospinning technology with the melt elec-
trospinning technology (Fig. 7f, g) [119]. The 3D sponge
was composed of PLGA microfibers (average diameter of
28 pm) and PLGA nanofibers with an average diameter of
530 nm (Fig. 7h). Compared with pure PLGA microfiber
scaffolds, the prepared nano/micro composite fiber scaffolds
have higher adsorption, diffusion, and filtration performance
on human keratinocytes and fibroblasts.

Stacking the nanofiber membranes by post-processing
technology is another method for preparing layer-by-layer
stacking 3D fibrous sponges [123]. For example, the elec-
trospun nanofiber membrane was cut into small pieces, and
fibrin glue or adhesive was injected between the nanofiber
layers to maintain the 3D structure of the sponge [121, 122,
124]. Zhang et al. cut the electrospun ZrO,—SiO, nanofiber
membranes into predetermined sizes and immersed them
in the silica sol, then stacked the fiber membrane layer by
layer, frozen, and freeze-dried for 40 h, and then cross-linked
multilayer fiber sponges were obtained by calcining (Fig. 71,
1) [120, 121]. The material had lamellar multi-arch structures
(Fig. 7k) with compressive strength under 90% strain as
high as 950 kPa, and it had temperature-invariant elasticity
from —196 to 1100 °C [120, 122]. In addition, 3D nanofiber
sponges could also be prepared by electrospinning technol-
ogy assisted by other devices such as mechanical winding
[125, 126].

Liquid-Assisted Collection

Depositing electrospun fibers directly into a collection bath
(water, organic solvent, etc.) can obtain nanofiber sponges
with different structures by using the resistance or traction
of the liquid. Teo et al. deposited electrospun PCL/collagen
fibers in inclined and swirling water flow and preliminar-
ily obtained fiber sponges with a certain fluffy degree and
thickness by using the guidance and dispersion of water
flow (Fig. 8a) [127]. Other researchers have also used simi-
lar methods to obtain 3D nanofiber sponges with different
stacking structures such as rings and spindles. To obtain
3D fiber materials with higher bulkiness and porosity,
organic solvents with lower surface tension (such as ethanol,
methanol, tert-butanol, etc.) were used as receiving baths.
On this basis, researchers have successfully prepared vari-
ous polymer sponges (such as SF [128], polyvinyl alcohol
(PVA) [129], PCL [130, 131], PVDF [132, 133], polyvinyl
acetate [132], PAN [132], PLGA [134], poly(glycolic acid)
[135]) and organic—inorganic composite sponges (such as
PLLA/vaterite composite sponges [136]). Hong et al. pre-
pared 3D PCL micro/nanofiber sponges with controllable
size by depositing electrospun PCL nanofibers in ethanol

(Fig. 8b) [130]. By adjusting the flow rate of ethanol and
spinning process parameters, the width and height of the 3D
fiber structures could be controlled at the centimeter scale
(Fig. 8c). Recently, Kasuga et al. proposed a method for the
preparation of electrospun cotton-like PLLA/siloxane-con-
taining vaterite composites by receiving fibers in an ethanol
bath, and the thickness of the prepared cotton-like sponges
was about 40—50 mm [136], as shown in Fig. 8d. By impreg-
nating the surface of the fiber skeleton, calcium phosphates
could be deposited on the surface of the material (Fig. 8d
inset), which could enhance the adhesion between cells and
promote the regeneration of bone tissue.

To effectively simulate biological tissue, it is necessary to
precisely control the shape and size of sponges. Chakrapani
et al. prepared 3D electrospun PCL/HAP fiber sponges by
a dynamic liquid collector with a mixture of isopropanol
(IPA) and water, and polytetrafluoroethylene-coated mag-
netic balls were installed in a bowl container with a metal
base (Fig. 8e, f) [137]. The composite sponges possessed a
reasonably hierarchical structure suitable for critical defects
in the craniofacial region. Moreover, Zheng et al. received
electrospun PAN nanofibers by using graphene oxide (GO)
dispersions with different concentrations as a collection
bath, followed by freezing and freeze-drying for a certain
time to obtain fiber sponges with controllable size and shape
(Fig. 8g) [138]. Then, hydrophobicity carbon nanofiber/
graphene sponges with low density (2-3 mg cm™) were
obtained by following heating and reduction, which can
effectively absorb a variety of oils (Fig. 8h). Nevertheless,
the disadvantage of the liquid collection is that additional
treatment process such as freeze-drying is often required to
remove the liquid after electrospinning, which increases the
preparation time and cost.

3D Template Collection

3D templates of different shapes and sizes, including metal
tubes, metal rings, triangular cones, and meshes, are also
used as fiber collectors [139, 140]. By changing the dis-
tribution of the surrounding electric field, the charged jet
moves directionally, so that the fibers are regularly depos-
ited on the 3D template, and the nanofiber sponge can be
obtained after removing the template. Zhang et al. fabri-
cated fiber tubes using a 3D receiver to collect nanofibers by
adjusting the electric field force and electric field intensity
(Fig. 9a) [141]. The single tubes had multiple microscopic
patterns and multi-level connected structures, and their size,
shape, structure, and pattern could be adjusted within a cer-
tain range (Fig. 9b). The research showed that the distance
between the 3D receivers was the main factor, if the distance
between the two receivers was too close, the fibers would
overlap. Park et al. used a metal ring with a diameter of
38 mm as a receiver, and the fibers were deposited into the
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Fig.8 a PCL/collagen fiber sponge prepared with water as the receiv-
ing bath collector; Reproduced with permission from Ref. [127];
Copyright 2008, Bentham Science Publishers. b Schematic diagram
of the electrospinning device with ethanol as the receiving bath col-
lector; ¢ PCL fiber sponge prepared with different flow rates of eth-
anol receiving bath collectors; Reproduced with permission from
Ref. [130]; Copyright 2011, Springer Nature. d PLLA-based fiber
sponge prepared by methanol receiving bath collector (inset is the
SEM image of fibers in PLLA-based fiber sponges prepared by alter-
nate soaking); Reproduced with permission from Ref. [136]; Copy-

ring under the action of electric field force, forming a 3D PS
nanofiber sponge with a certain thickness [142]. The inter-
weaving structures of internal fibers endowed the sponge
with good mechanical stability. Meanwhile, the material
had a high specific surface area, porosity, and open-cell
connected structure, showing great potential in the field of
supercapacitors.

Based on the above works, Chang et al. took a hollow
plastic sphere as a template, and two polyvinyl pyrrolidone
(PVP) jets with opposite charges were ejected by using
symmetrically distributed voltages of +12.5 and —12.5 kV
[143]. The two kinds of jets attracted each other, collided,
and interwoven in the middle plane, and finally the posi-
tive and negative charges were neutralized (Fig. 9c). Mean-
while, an adjustable heat source was used to generate con-
trollable upward airflows to balance fiber gravity, resulting
in 3D PVP nanofiber sponges (Fig. 9d). Compared with
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right 2012, Springer Nature. e Schematic diagram of the preparation
of electrospun PCL/HAP fiber sponge using IPA aqueous solution
as receiving bath collector; f PCL/HAP fiber sponges prepared by
changing the content and rotation speed of the receiving bath; Repro-
duced with permission from Ref. [137]; Copyright 2017, Springer
Nature. g Schematic diagram of the preparation of PAN fiber-based
sponge with GO aqueous dispersion as coagulation bath collector; h
Prepared GO/carbon nanofiber sponges with different shapes; Repro-
duced with permission from Ref. [138]; Copyright 2019, Elsevier

commercial muffler materials, sound absorption coeffi-
cients of PVP nanofiber sponge in a frequency range of
400-900 Hz were significantly improved. Feng et al. made
a special collector by embedding a group of stainless steel
probes with a length of 1.5 cm in a hemispherical plastic
disk (8 cm in diameter and 0.2 cm in shell thickness), so
that nanofibers were deposited in the center of the plastic
disk into a fluffy structured PLLA fiber sponge (Fig. 9e,
f) [144]. Subsequently, the fiber sponges were immersed
in biomineralized body fluids and freeze-dried to obtain
HAP-encapsulated PLLA fiber sponges, the interconnected
pores of 65 pm formed between the fibers significantly
promoted the culture of human mesenchymal stem cells
(hMSCs). The 3D template method can effectively con-
trol the macroscopic stacking size and structure of 3D
nanofiber materials to a certain extent.
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Fig.9 a Schematic diagram of detachable interconnected tubular
structures; b the prepared interconnecting fiber tubes with different
structures; Reproduced with permission from Ref. [141]; Copyright
2008, American Chemical Society. ¢ Schematic diagram of prepa-
ration device for 3D PVP nanofiber sponges; d 3D PVP nanofiber
sponges with different geometric shapes; Reproduced with permis-
sion from Ref. [143]; Copyright 2016, Elsevier. e Schematic diagram

Particle Leaching Method

The main challenge for the preparation of 3D structured
electrospun materials is that the deposition characteristic
of nanofibers leads to the formation of 2D membranes, to
overcome this defect, nanofibers need to be deposited in the
3D direction. Generally, salt particles and ice crystals were
used as porogen to prepare 3D nanofiber materials com-
bined with electrospinning technology, and then 3D porous
sponges were obtained after removing the porogen. Kim
et al. prepared a HA/collagen nanofibrous scaffold contain-
ing salt particles by combining electrospinning technology
with an automatic vibrating sieve method (Fig. 9g) [145].
Then, salt particles were dissolved in water to prepare
nanofibrous sponges with random opening microporous
structures (Fig. 9h, i). In addition, the sponges could still
maintain a good microporous structure (size of 50-100 pm)
after swelling treatment. Another method is to cool the
receiving device below the freezing point of the spinning
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of the preparation of PLLA fiber sponge and f its macrostructures;
Reproduced with permission from Ref. [144]; Copyright 2014, Royal
Society of Chemistry. g Schematic illustration of the preparation of
HA/collagen fibrous sponge by combining electrospinning and salt
deposition; h photograph of the nanofiber/salt composite scaffold and
i SEM image of the dried sponge after salt particle removal; Repro-
duced with permission from Ref. [145]; Copyright 2008, Elsevier

solution so that the ice crystals are rapidly deposited on the
surface of the collected fibers, and 3D fiber sponges could
be finally obtained after the removal of ice crystals. Sch-
neider et al. added amorphous tricalcium phosphate (TCP)
nanoparticles to electrospun PLGA solution and cooled the
receiving device with dry ice, resulting in the formation of
ice crystals among the fibers [146]. By sublimating the dry
ice, PLGA/TCP fiber sponges were finally obtained with a
porosity of 95% and a fiber diameter of 5-10 pm.
Although the above method can prepare 3D fiber mate-
rial, the preparation method is complicated and the added
particles are easy to remain. Recently, it has been found that
fibrous sponges can also be prepared by introducing small
molecular monomers or polymers into electrospinning [147].
Park et al. added lactic acid (LA) into PLA solution, and
then p-TCP particles were added into the mixed solution for
electrospinning [148]. Many charged groups (COOH) in LA
lead to charges repulsive between fibers to form a 3D fiber
scaffold. Then the scaffold was immersed in distilled water
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to leach lactic acid, and PLLA/S-TCP fibrous sponges were
obtained by following freeze-drying, which had a swelling
rate 2.5 times higher than that of 2D fibrous membranes,
opening up a new way to manufacture 3D fiber scaffold with
biological activity. Jang et al. performed coaxial electrospin-
ning of PS (shell layer) and PCL (core layer) solution, and
electrons in the PS shell moved freely through residual sol-
vent and generated electrical repulsion to surrounding fibers,
and thus the composite sponges were formed [149]. After
soaking in DMF, the PS shell layer was selectively dissolved
by the difference in solubility of the two polymers in DMF,
and PCL fiber sponges were prepared. Further introduction
of dopamine improved the mechanical stiffness of PCL fiber
sponge, showing great application potential in tissue engi-
neering scaffolds and drug delivery carriers.

Humidity Field Regulation

Environmental humidity is the main factor affecting the
solidification and charge dissipation of electrospun fibers.
3D nanofibrous materials with different stacking struc-
tures can be easily prepared by adjusting the environment

humidity without the assistance of external devices. Ke
et al. dissolved CAB in dual solvents with different ratios
of dichloromethane and DMF, and then electrospun fibers
were deposited on a collector including a humidification sys-
tem and solution irrigation (Fig. 10a) [50]. Then, CAB fiber
sponges were prepared by adjusting the wind speed of the
humidifier during the spinning process, and the volatiliza-
tion of the highly volatile solvent bonded the as-spun fibers
to each other (Fig. 10b, c). The obtained sponge showed
great application advantages in the fields of oil-water sepa-
ration and air filtration. In addition, this method can also be
extended to various polymer fiber sponges such as PMMA,
PS, and PLLA. Cheng et al. prepared electrospun CA fibers
by adjusting the RH and found that the 3D fluffy structure
can be obtained when the RH exceeded 60% [150]. This is
because the high RH environment can accelerate the solidi-
fication of the jet so that the jet can solidify before reaching
the receiving plate. Meanwhile, a large amount of residual
electrostatic charge on the fiber increased the electrostatic
repulsion between the fibers, and nanofiber sponges can be
accumulated in a short time. Kim et al. also prepared PVDF/
barium titanate/multiwalled-carbon nanotubes composite
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Fig. 10 Schematic diagram of a preparation device and b prepara-
tion process of CAB fiber sponge; ¢ optical photo of the prepared
CAB fiber sponge; Reproduced with permission from Ref. [50];
Copyright 2019, Royal Society of Chemistry. d Schematic diagram
of electrospinning for preparing 3D PVDF fiber sponge; e macro and
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fiber sponges by studying the effect of RH on the fluffy
structure of fibers (Fig. 10d) [151]. When the RH was less
than 60%, the lap points between fibers would be partially
melted and the fibers would be closely stacked into a 2D
membrane. By contrast, high electrostatic repulsion between
spinning jets facilitated the formation of 3D fibrous sponges
when the RH was increased to 90% (Fig. 10e).

The above-mentioned method based on humidity regula-
tion successfully realizes the preparation of fiber sponge, but
the sponge lacks effective bonding points due to the fluffy
accumulation between fibers, resulting in poor mechanical
properties. Aiming at the problem of poor structural stability
of the current electrospun fluffy fiber materials, Cao et al.
prepared a fluffy PS fiber aggregate by regulating the RH,
studied the effect of RH on PS fiber and fiber aggregate,
and analyzed the forming mechanism by phase separation
of fluffy fiber (Fig. 10f) [53]. On this basis, electrospun
fiber sponges with multi-layer corrugated microstructures
were obtained through subsequent thermal crosslinking
by in situ introducing crosslinking agent trimethylolpro-
pane tris (2-methyl-1-aziridine propionate) (TTMA) into
PS solution (Fig. 10g). The crosslinked fiber network and
layered corrugated structure could effectively disperse the
stress of the material during compression and improve the
mechanical stability of the sponge, and its plastic deforma-
tion was only 11% after 100 compressions with the 60%
strain. Besides, the electrospun fiber sponge also has good
low-frequency sound absorption performance with a den-
sity of only 6.63 mg cm™>, showing lightweight features.
Subsequently, a series of fiber sponges such as polysulfone
(PSU), polyphenylsulphone (PPSU), and PMMA with good
mechanical properties were successfully prepared by similar
methods [152-159].

Applications of Electrospun Fibrous Sponges
Sound Absorption

Electrospun fiber sponges, with their controllable thick-
ness and volume density, meet the requirements of high
efficiency and broadband sound absorption [27]. On the
one hand, the thickness plays an important role in improv-
ing the sound absorption performances of fiber materi-
als, relatively large thickness can effectively prolong the
dissipation path of sound waves, thus enhancing the dis-
sipation of sound energy. Meanwhile, the high porosity
of fiber sponges reduces the surface acoustic impedance,
allowing more sound waves to enter and dissipate continu-
ously [160]. On the other hand, fiber sponges possess a
small fiber diameter and high specific surface area, thus
increasing contact points and friction resistance between
fibers and sound waves, so that the sound energy is

converted into heat energy and attenuated [161]. Chang
et al. obtained 3D electrospun PVP nanofiber sponges
with fluffy structures by two nozzles loaded with opposite
voltages and used air flow-assisted reception in the mid-
dle of the two nozzles [143]. The sound absorption per-
formance of the PVP nanofiber sponges in the frequency
range of 200—-1600 Hz was significantly better than that of
traditional cotton fiber aggregates. However, this method
is complicated to operate, and the structural stability of
the fiber sponge is poor due to the simple stack of fluffy
fibers. Recently, Cao et al. obtained ultra-fine PS fiber
aggregate through RH induction in the electrospinning
process by using TTMA as the cross-linking agent, and
the fiber sponges with multi-layer corrugated microstruc-
ture were achieved through subsequent crosslinking treat-
ment (Fig. 11a) [53]. The multi-layer fiber structures in
the sponge enabled the sound waves to be repeatedly trans-
mitted and reflected between the layers, endowing it with
good sound absorption performance in the low-frequency
band (Fig. 11b). The sound absorption coefficient of PS
fiber sponges at 1000 Hz was as high as 0.9, and they
could still maintain good sound absorption performance
in a high RH environment (Fig. 11c). However, due to the
single structure of the sponge, its high-frequency sound
absorption coefficient decreased.

On this basis, Feng et al. prepared PSU/PVDF fiber
sponges by blending electrospinning, and then PSU/PSU-
PVDF/PVDF composite fiber sponges were achieved by
gradually changing the RH (Fig. 11d) [153]. The gradient
structure composed of a fluffy layer/blend layer/dense layer
in the sponge effectively improved the sound absorption per-
formance of the material. The fluffy layer toward the sound
source allowed more sound waves to enter and dissipate con-
tinuously, and the gradually decreasing pore size made it
difficult for sound waves to transmit from the sponge so that
they were constantly reflected and dissipated in the sponge,
and the noise reduction coefficient of the sponge reached
0.53 (Fig. 11e, f). To further improve the sound absorption
coefficient while maintaining the light weight of the mate-
rial, inspired by the characteristics of low-density materials
with good high-frequency sound absorption and high-den-
sity materials with good low-frequency sound absorption
properties. Zong et al. constructed sandwich-structured fiber
sponges with a low—high—low density by directional freeze-
drying and entanglement crosslinking methods (Fig. 11g)
[107]. The low-density unit made the sound waves easy to
enter, and then gradually dissipated ultra-broadband sound
waves through the high- and low-density units, and the noise
reduction coefficient reached 0.56 (Fig. 11h). In addition, the
sandwich-structured sponge could reduce the white noise
from 80 to 53 dB, and the sound absorption performance is
far better than that of commercial fiber felt while maintain-
ing lightweight (Fig. 11i).
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Fig. 11 a Optical photo of PS fiber sponge with a large size
60x70x 1.5 cm®; Schematic diagram of b sound energy dissipation
and ¢ sound absorption performance of PS fiber sponge; Reproduced
with permission from Ref. [53]; Copyright 2019, American Chemical
Society. d Gradient fiber sponges with a three-layer gradient density
structure; e Schematic diagram of the sound energy dissipation prin-
ciple and f sound absorption performance of the gradient structured

Warmth Retention

Electrospun fiber sponges have a small diameter and high
specific surface area, which could divide air in the fiber
sponge into numerous tiny pores to store more still air and
reflect human radiation efficiently. Compared with ordinary
fibers, it has more efficient warmth retention performance
under the same weight and has become an important trend in
the development of lightweight and efficient warmth reten-
tion materials [158]. Wu et al. constructed micro/nanofiber
composite sponges by freeze-drying method, taking flex-
ible PAN nanofibers and rigid polyester (PET) microfibers
as frameworks (Fig. 12a) [100]. Meanwhile, water-based
crosslinking agents and hydrophobic agents were introduced
into the fiber dispersion, endowing fiber sponges with elas-
tic and washable properties. The obtained micro/nanofiber
sponge had good structural stability, and its plastic deforma-
tion was only 5.7% after 1000 cycles of compression with
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fiber sponge; Reproduced with permission from Ref. [153]; Copy-
right 2021, Elsevier. g Macro photo of sandwich-structured nanofiber
sponge; h sound pressure distribution and i practical sound absorp-
tion applications of sandwich-structured nanofiber sponges; Repro-
duced with permission from Ref. [107]; Copyright 2021, Springer
Nature

a strain of 60%. Moreover, the introduction of microfibers
resulted in a tortuous micro-pore structure inside the fiber
sponge, endowing the material with low thermal conduc-
tivity (28.51 mW m~! K™!) at a low density (7.5 mg cm™)
(Fig. 12b). In addition, the prepared sponge also had water-
washing invariant hydrophobicity and stable long-term
warmth retention (Fig. 12c). However, the preparation pro-
cess of the micro/nanofiber sponge involves the preparation
of electrospun nanofiber, homogenization of micro/nanofiber
composite dispersion, freezing, vacuum drying, and heat-
ing crosslinking, suffering from long time and high energy
consumption.

To simplify the preparation process of warmth retention
materials, Wu et al. prepared fiber aggregates by electro-
spinning the mixed solution of PS and PU in a high RH
environment [159]; then, PS/PU fiber sponge was obtained
by adding crosslinking agent TTMA to the spinning solu-
tion and subsequent heating treatment. The sponge had
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Fig. 12 a Optical pictures of various shapes of micro/nanofiber
sponges; b thermal conductivity of sponges prepared with different
ratios of micro and nanofibers; ¢ thermal conductivity and water con-
tact angle of micro/nanofiber sponges after different washing cycles;
Reproduced with permission from Ref. [100]; Copyright 2022,

good mechanical properties, its plastic deformation was
4.9% after 100 compressions at 50% strain, and the ten-
sile fracture stress and elongation reached 367 kPa and
70%, respectively. Subsequently, the prepared PS/PU fiber
sponge and commercial PET microfiber felt were placed
on the same palm respectively, as shown in Fig. 12d,
the surface temperature of the palm covered by the PET
microfiber felt was 30.6 °C; while when the fiber sponge
was placed above the palm, the mean temperature of palm
was only 24.5 °C, indicating its efficient warmth reten-
tion performance. In addition, the thermal conductivity of
obtained fiber sponge was only 27.6 mW m~! K™! at 25 °C,
and the thermal conductivity decreased as the test temper-
ature decreased (Fig. 12e), indicating that the material had
high warmth retention performance at low temperatures.
Subsequently, PSU/PU fiber sponges were prepared by a
similar method, the high porosity and small fiber diameter
endowed PSU/PU sponge with low thermal conductivity of
25.8 mW m~! K~! [162]. Further introduction of thermally
stable polymers (polyamic acid [154] and polyamide-imide
(PAI) [157]) or small molecules (ZrC nanoparticles [152]
and phosphonic acid flame retardants [156]) in the spin-
ning solution endowed sponges with good flame retardant
and active warmth retention performance.
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American Chemical Society. d Comparison of warmth retention per-
formance between PS/PU fiber sponge and commercial PET fiber felt;
e thermal conductivity of PS/PU fiber sponge at different tempera-
tures; Reproduced with permission from Ref. [159]; Copyright 2020,
American Chemical Society

Thermal Insulation

The interpenetrating network structures of fibrous sponges
endow them with small pore size, high porosity, high pore
tortuosity, and large specific surface area, resulting in long
and complex heat conduction path and enhanced heat dis-
sipation [98, 163, 164]. Meanwhile, it can also restrict the
movement of gas molecules in the sponge, and thus effec-
tively suppress the heat transfer and convection of the gas
phase, showing broad application prospects in the fields of
thermal insulation. Si et al. prepared ultralight and super-
elastic ceramic nanofiber sponge with laminar cellular struc-
ture by using flexible SiO, nanofibers as building blocks and
aluminoborosilicate as a binder, which showed temperature-
invariant superelasticity in the range of —100 to 500 °C [29].
In addition, the thermal conductivity of the sponge (density
of 10 mg cm_3) was as low as 0.025 W m~! k!, which is
close to still air (0.023 W m~! k™!), showing a broad pros-
pect in high-temperature insulation. However, the sponge
suffers from poor bending performance, and structural dam-
age and fracture will occur under a small bending strain
(<5%). Therefore, these materials can only be used in some
thermal insulation places in the form of flat plates, greatly
limiting their application field.
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To solve the problem of poor bending performance of
fiber sponges, Dou et al. obtained SiO, nanofiber sponges
with good continuity and interwoven cell structure integrat-
ing nanofibers with a high aspect ratio and random multi-
directional freezing method [95]. The high continuity of the
building blocks and cell structures endowed the fiber sponge
with good bending and compression properties, which could
fully recover to the original position under large compres-
sive and buckling recovery strains (85%). Moreover, the
thermal conductivity of the SiO, nanofiber sponge was only
0.0223 W m~! K~! with a density of 0.5 mg cm™ (Fig. 13a).
In addition, the sponge with a thickness of 1 cm could sta-
bilize the outer layer temperature of the high-temperature
pipeline of 700 °C at about 110 °C (Fig. 13b—d), showing
good pipeline thermal insulation performance. Since the
above-mentioned silica-based sponges exhibit structural col-
lapse and volume shrinkage at extraordinarily high tempera-
tures (>900 °C); moreover, the effective area of the network
assembled by short fibers is very limited, which cannot resist
the strong impact and heat flux in practical applications. To
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solve this problem, Zhang et al. developed anisotropic lay-
ered structured ZrO,—Al,O5 nanofiber sponges by stacking
flexible nanofiber membranes layer by layer and combining
them with an Al(H,PO,); matrix (Fig. 13e), which exhib-
ited high compressive strength up to 1100 kPa at 90% strain
[122]. Moreover, the layered structure and ceramic com-
position endowed sponges with good compressibility, low
thermal conductivity of 0.0322 W m~! K~! (Fig. 13f), and
superior thermal insulation properties (Fig. 13g), indicat-
ing that they can be served as thermal insulation in extreme
conditions.

Air Filtration

Electrospun nanofiber sponges have structural advantages
such as large specific surface area, high porosity (>99%),
and controllable thickness, expecting to meet the design
requirements of high-performance filter materials with high
efficiency, low resistance, and high dust holding capacity
[165]. Li et al. prepared electrospun PVDF/HAP nanofiber
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Fig. 13 a Thermal conductivity of SiO, nanofiber sponges with dif-
ferent densities; b optical photos of SiO, nanofiber sponges with
various shapes; ¢ schematic diagram of the thermal insulation test-
ing device of SiO, nanofiber sponge; d continuous infrared images of
butane torch burning within 5 min; Reproduced with permission from
Ref. [95]; Copyright 2020, John Wiley and Sons. e Demonstration
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Chemical Society
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sponges with wool-like self-crimping structures by adjust-
ing the RH [166]. With the increase of HAP content from 0
to 0.5 wt%, the filtration efficiency of the sponges increased
from 84.32% to 99.952%, and the pressure drop increased
slightly (from 47 to 50 Pa) (Fig. 14a). By simulating the
trapping behavior of sponges with electret and non-electret
nanofiber for fine particles, the capture ability of the sponge
with electret nanofiber for 0.3 pm particles was significantly
enhanced (Fig. 14b). Although the above-mentioned materi-
als have good filtering performance, small thickness leads
to low dust holding capacity and short service life. On this
basis, Xu et al. prepared electrospun polyimide (PI) sponges
with high porosity, which was conducive to the passage of
airflow and could intercept particles at high temperatures
[167]. However, the low solid content led to small compres-
sive stress (~ 1.4 kPa at 60% strain) and modulus (6.1 kPa)
of the sponge, and its structure was easy to collapse when a
large number of particles were deposited inside the material
or bearing high airflow velocity.
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To solve this problem, Li et al. prepared superelastic fiber
sponges with high porosity by using PAI as the fiber matrix
and bismaleimide as the cross-linking agent, and there were
semi-interpenetrating polymer network structures inside the
sponge [96]. The PAI-based fibrous sponge exhibited a large
Young's modulus (12 kPa) and compressive stress (7.9 kPa).
The gradient pore structure was further constructed in the
filtration direction of the sponge, and the obtained gradient
structured fiber sponge could filter 0.3 pm particles with
high efficiency (99.97%), high-temperature stability, and
high dust holding capacity of 114 g m~ (Fig. 14c). Besides,
gradient fibrous sponges also possessed a good long-term
recycling capacity (Fig. 14d). However, it is difficult to
intercept tiny particles due to the larger fiber diameter of
the sponge and does not have antibacterial and antiviral
functions. On this basis, Wang et al. introduced bacterial
cellulose (BC) nanofibers into the SiO, nanofiber/silane sol
dispersion and prepared double network structured nanofiber
sponges by combining fiber freeze-drying technology with
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Fig. 14 a Filtration efficiency and pressure drop of PVDF fiber
sponges with different HAP contents; b simulation of filtration pro-
cess of 0.3 pm particles by charged PVDF nanofiber sponges; Repro-
duced with permission from Ref. [166]; Copyright 2020, Elsevier. ¢
The filtration process of PI fiber sponge to fine particles produced by
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with and without BC; g filtration performance test of fiber sponge
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Fig. 15 a Separation device of water-in-oil emulsion driven by grav-
ity and optical microscope picture of water and oil after separation;
b initial fluxes and fluxes after separation during 10 cycles of sepa-
ration; ¢ schematic diagram of oil collecting device continuously
extracting pure oil from a water-in-oil emulsion; reproduced with per-
mission from Ref. [32]; Copyright 2015, American Chemical Society.
(d) Separation of hexane/water emulsion using PGS/PSU fiber sponge

chlorination treatment [97]. With the increase of BC con-
tent, the filtration performance and resistance pressure drop
of the sponge gradually increased, which reached 99.97%
and 189 Pa when the BC content was 20 wt% (Fig. 14e). By
constructing the 3D structural model of the double-network
sponge, it could be seen that the secondary BC network
inside the sponge could effectively intercept tiny particles
(Fig. 14f). In addition, the application of sponge in the
field of sterilization and virus-killing air purification was
explored, and it was found that sponge could kill 6 logs of
Escherichia coli and viruses within 5 min, which is superior
to commercial air filter material (Fig. 14g).

Adsorption and Separation
The small pore size, high specific surface area, and

good structure adjustability endow porous fiber sponges
with high porosity and good pore connectivity, which is
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and SEM images of the sponge after five cycles of separation; repro-
duced with permission from Ref. [171]; Copyright 2017, John Wiley
and Sons. e Photograph of continuous separation and extraction of
lysozyme using carboxylated nanofiber sponge-packed columns; f
dynamic elution curve of fiber sponge packed column after protein
lysozyme extraction; reproduced with permission from Ref. [31];
Copyright 2019, John Wiley and Sons

conducive to the rapid transport of media [168]. There-
fore, they show great application potential in fields of
oil-water separation and protein separation [168—170].
Si et al. prepared fibrous sponges using PAN nanofib-
ers and SiO, nanofibers as building blocks; meanwhile,
cross-linking agent BA-a was in situ introduced into the
PAN nanofibers, endowing the sponge with superelas-
ticity through thermal cross-linking [94]. In addition,
the low surface energy polybenzoxazine endowed fiber
sponges with hydrophobic and lipophilic properties.
When the water-in-oil emulsion contacted the sponge
surface, oil droplets quickly passed through while water
was trapped on the sponge surface, with separating fluxes
up to 8100 L m~2 h~!. On this basis, SiO, nanoparticles
were further introduced into the fiber sponge to enhance
the hierarchical rough structure, thus the water contact
angle of the sponge was up to 162° [32]. When the pre-
pared water-in-oil emulsion was poured into the sponge,
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the oil immediately penetrated through the sponge driven
by gravity. Meanwhile, the emulsion droplets break upon
contact with the sponge, and the water remained on top.
The optical micrographs of the collected filtrate showed
that no droplets were observed throughout the image, and
the separation efficiency exceeded 99.995% (Fig. 15a).
In addition, the fiber sponge also had good long-term
cycle separation performance (Fig. 15b). By introducing
a simple and convenient peristaltic pump, the pure oil
was absorbed by the sponge and flowed to the collec-
tion cup along the pipeline, realizing the continuous and
efficient separation of water-in-oil emulsion (Fig. 15c¢).
Subsequently, Jang et al. prepared core—shell structured
poly(glycerol sebacate) (PGS)/PSU fibrous sponges by
coaxial electrospinning, following thermal crosslinking
endowing the sponge with good elasticity and thermal
stability [171]. The presence of the PSU shell endowed
the fiber sponge with hydrophobicity and lipophilicity,
which effectively separated hexane from water and kept
the pore structure and fiber diameter unchanged after five
recycling (Fig. 15d).

In the protein separation field, Fu et al. prepared car-
boxylated nanofiber sponges with honeycomb-like struc-
tures by combining the construction of nanofiber sponge
with in-situ carboxylation modification, using flexible
Si0, fiber as a construction unit, PVA as a binder, and
citric acid as crosslinker [31]. The hierarchical cellular
structure endowed the carboxylated fiber sponge with
ultralight properties and superior underwater compression
resilience, with plastic deformation of ~0% after thou-
sands of underwater compression cycles. Benefiting from
connected carboxylated cellular structure, good hydro-
philicity, and structural stability, the static and dynamic
protein adsorption capacity of the obtained carboxylated
fiber sponge reached 2.9 x 10° and 1.7 x 10° mg g~ !,
respectively; the buffer flux under gravity drove reached
2.17x10* L h™' m™2. The comprehensive performance of
the sponge was better than previously reported nanofib-
ers and commercial fibrous protein adsorption/separa-
tion materials. In addition, the obtained carboxylated
nanofibrous sponge could continuously separate lysozyme
from egg white solution only under the drive of gravity,
showing good practical application prospects (Fig. 15e,
f). On this basis, phosphorylated nanofibrous sponges
with isotropic structures were prepared by integrating
electrospinning, low-temperature induced phase separa-
tion regulation, and blending phosphorylation modifi-
cation techniques [172]. The obtained phosphorylated
fibrous sponges exhibited significantly improved static
(3.3%10°> mg g~!) and dynamic (1.8 x 10°> mg g~') pro-
tein adsorption performance, and the buffer flux under
gravity-driven reached 1.5x 10* L h™! m~2.

Tissue Engineering

The fibers diameter of the electrospun nanofiber sponge is
generally between tens of nanometers and several microm-
eters, which is similar to the nanofiber structure of the ECM,
so it is conducive to cell adhesion, proliferation, migration,
and differentiation [173]. Moreover, 3D interconnected spa-
tial structures make it suitable for nutrient transport and cell/
vascular growth, showing wide applications in tissue engi-
neering and regenerative medicine [24, 63, 174]. Wang et al.
constructed 3D SiO, nanofiber/chitosan (SiO, NF/CS) elas-
tic scaffold through homogenous dispersion, in-situ cross-
linking, and freeze-drying [92]. Then, the biocompatibility
of SiO, NF/CS scaffolds in vitro and the effect on the dif-
ferentiation behavior of hMSCs were examined (Fig. 16a).
Furthermore, bone defect models with different shapes were
constructed in the rabbit mandible, and the results confirmed
that the good resilience of the SiO, NF/CS scaffold made
it adaptive to bone defects in vivo and achieved minimally
invasive surgery (Fig. 16b, c). On this basis, the scaffolds
were implanted into skull defects of rats, and the results of
skull repair showed that the implantation of SiO, NF/CS
scaffolds could increase the bone volume fraction (30-40%)
and bone mineral density of new bone (Fig. 16d-f). This
enhanced the expression of osteogenic-related and vascular-
related proteins, thus promoting the formation of bone and
blood vessels. To solve the problem that single structured
scaffolds cannot meet the diversity of bone-soft tissue inter-
faces, gradient SiO, NF/CS scaffolds with gradient distribu-
tion in morphology, structure, and mineralization proper-
ties were prepared. The gradient scaffold could induce the
bidirectional differentiation of hMSCs into osteogenic and
cartilage cells, showing potential application value in the
repair of subchondral bone defects. However, due to the low
biomineralization activity of SiO, nanofibers, it is difficult
to meet the efficient repair of osteoporotic bone defects. 3D
Si0,—CaO nanofibers/CS scaffolds were prepared by intro-
ducing CaO into the SiO, molecular network, and the elas-
ticity of the scaffolds made them suitable for various shapes
of defects, which is convenient for the use of minimally
invasive surgery [175].

Recently, Mo et al. prepared 3D bionic nerve conduits
through nanofiber dispersion, freeze-drying, and cross-link-
ing by using tussah SF/(poly(L-lactic acid-co-caprolactone))
(PLCL)/GO nanofibers as raw materials [176]. Further
in vitro studies indicated that the neural scaffold could pro-
vide an effective guiding interface for neuronal cell growth,
and the nerve conduits were almost completely degraded
within 12 weeks. These results suggest that the 3D hierar-
chical nerve conduits with fascicular structures exhibited
huge advantages in peripheral nerve repair. Subsequently,
3D PLCL/SF scaffolds (3DS) and 3D HA-crosslinked scaf-
folds (3DHAS) were successfully prepared by dynamic

@ Springer



1456

Advanced Fiber Materials (2022) 4:1434-1462

Cell seeding

hMSC culture SiO, NF-CS scaffold

Osteogenic
differentiation

d Scaffold @ f
Control Scaffold
+hMSCs 60 20
4 Control Control
) | Scaffold i Scaffold
% [l Scaffold+hMSCs g 1.8{ [ Scaffold+hMSCs
- e ) N
w = A
= 1 %1 6 I
: 5
0 b I
e z 2 4.4
7] 5
g o
= - - 1.2 . .
& 5 weeks 10 weeks 5 weeks 10 weeks

Fig. 16 a Schematic diagram of experimental design of in vitro cul-
ture and in vivo transplantation of hMSCs in SiO, NF/CS scaffolds;
b photos of SiO, NF/CS scaffolds implanted into round mandibular
defects in rabbits; ¢ 2D computed tomography (CT) images of bone
defects showed the scaffold was in close contact with the host bone;

liquid bath collection, in-situ gas foaming, and freeze-drying
[177]. Compared with 3DS, 3DHAS showed better chondro-
cyte proliferative capacity and supported the chondrogenic
phenotype in vitro. Histological analysis of the transplanted
cytoskeleton structures after implantation for 8 weeks
showed that both 3DS and 3DHAS formed cartilage-like
tissue, and the cartilage lacunae formed in the 3DHAS were
more mature. After implantation for up to 12 weeks in a
rabbit articular cartilage defect model, the 3DHAS showed
better scaffold repair ability.

Conclusions

In the past few decades, 3D electrospun fibrous materials
have found broad application prospects in the fields of envi-
ronmental protection, safety protection, tissue engineering,
etc. owing to their unique 3D spatial structure, large spe-
cific surface area, high porosity, and lightweight features.
In recent years, the construction of electrospun nanofiber
sponges mainly includes 3D reconstruction and direct elec-
trospinning. In the 3D reconstruction of electrospun fiber
membranes, the successful fabrications of fiber sponges
have been achieved by embedding in hydrogels, 3D printing,

@ Springer

d 3D reconstructed CT images of rat skull defect at 5 and 10 weeks
after surgery; e bone volume fraction and f bone mineral density at 5
and 10 weeks postoperatively; reproduced with permission from Ref.
[92]; Copyright 2019, John Wiley and Sons

gas-foaming, or freeze-drying. In direct electrospinning,
researchers have obtained 3D porous fiber materials with
different morphology and structure employing layer-by-layer
stacking, liquid-assisted collection, 3D template collection,
particle leaching, and humidity field regulation method.
These methods have successfully achieved the effective
preparation of 3D fiber materials and the specific applica-
tions in the fields such as sound absorption, warmth reten-
tion, thermal insulation, air filtration, adsorption/separation,
and tissue engineering, providing a good start for subsequent
application research. Therefore, the recent research progress
of electrospun fiber sponges from their principle, fabrication,
and functional applications was reviewed.

Outlooks

Although breakthroughs have been made in the prepara-
tion of 3D fibrous materials, there are still great challenges
in preparation and practical applications, which need to
be further solved with greater efforts in the future. For
example, although fiber sponges with certain mechanical
strength were prepared by embedding fibers in hydrogels,
they are not suitable for water-soluble polymers, and their
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application fields are limited; 3D printing and gas-foaming
methods usually require freeze-drying to fix the shape of
fibrous sponges; Although the freeze-drying method could
fabricate fiber sponges with controllable structure and mor-
phology, it takes a long time and consumes a lot of energy,
which increases the difficulty of macro-scale preparation
of sponges. Moreover, the fibers in the sponge prepared
by the layer-by-layer stacking method are still distributed
in layers, which cannot achieve real 3D connectivity; The
shape and size of fiber sponges prepared by liquid-assisted
collection and 3D template collection method are poorly
controllable and usually need further treatment; The pore
size of the fiber sponge prepared by the particle leaching
method has a limited adjustable range, and the particles are
easy to remain; The preparation by humidity field regulation
method is relatively simple, but this method still suffers from
the single and uncontrollable internal structure of obtained
fiber sponges. Besides, most of the current research on the
preparation and application of electrospun fiber sponges is at
the level of laboratory research, and there is an urgent need
for large-scale and high-quality production of fiber sponges.

Based on the above-mentioned preliminary research foun-
dation of nanofiber sponges, it can be expected that future
research work on electrospun materials will strive to achieve
the following breakthroughs: (1) Improve the structural sta-
bility of fiber sponges. The refinement of fiber improves
the functionality of the material but reduces the mechani-
cal properties of the material, so it is necessary to further
improve the structural stability of the fiber sponges. The
mechanical strengthening of fiber sponges can start from
electrospun raw materials, giving preference to polymers
with good mechanical properties, and deeply studying the
influence of spinning solution and processing parameters
on the structure of fiber sponges. Subsequently, the stress
failure processes (including compression, tension, and
shear) of fiber sponges are analyzed, and the results are
used for feedback on the microstructure design, thus further
improving the mechanical properties of the fiber sponge.
(2) Further broaden the application field of fibrous sponges.
Fiber sponges usually need to be used in combination with
supporting substrates in some fields such as filtration and
separation, high-temperature thermal insulation, etc., but the
material is easily damaged during the compounding pro-
cess. Therefore, low-damage compound technologies of 3D
fiber materials need to be developed to achieve the multi-
functionalization of materials, which can further expand
the application field of nanofiber materials. Besides, by
introducing functional substances (such as nanoparticles,
nanosheets, etc.) into nanofiber sponges, the materials can
be endowed with additional functions, such as magnetism,
light absorption, and antibacterial/antiviral properties. (3)
Achieve mass production of 3D fiber materials. Due to the
limitations of the production process and equipment, most of

the 3D fiber sponges are still at the laboratory level, which
is difficult to meet the size and output required for practical
application. Therefore, it is necessary to develop production
equipment by integrating the specific structural characteris-
tics of fiber sponges, then achieving the uniform and stable
enlarged preparation of 3D fiber sponges.
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