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Abstract
Electrospinning is widely accepted as a technique for the fabrication of nanofibrous three-dimensional (3D) scaffolds which 
mimic extracellular matrix (ECM) microenvironment for tissue engineering (TE). Unlike normal densely-packed two-
dimensional (2D) nanofibrous membranes, 3D electrospun nanofiber scaffolds are dedicated to more precise spatial control, 
endowing the scaffolds with a sufficient porosity and 3D environment similar to the in vivo settings as well as optimizing 
the properties, including injectability, compressibility, and bioactivity. Moreover, the 3D morphology regulates cellular 
interaction and mediates growth, migration, and differentiation of cell for matrix remodeling. The variation among scaffold 
structures, functions and applications depends on the selection of electrospinning materials and methods as well as on the 
post-processing of electrospun scaffolds. This review summarizes the recent new forms for building electrospun 3D nanofiber 
scaffolds for TE applications. A variety of approaches aimed at the fabrication of 3D electrospun scaffolds, such as multilay-
ering electrospinning, sacrificial agent electrospinning, wet electrospinning, ultrasound-enhanced electrospinning as well as 
post-processing techniques, including gas foaming, ultrasonication, short fiber assembly, 3D printing, electrospraying, and so 
on are discussed, along with their advantages, limitations and applications. Meanwhile, the current challenges and prospects 
of 3D electrospun scaffolds are rationally discussed, providing an insight into developing the vibrant fields of biomedicine.
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Introduction

Tissue-engineered scaffolds serve as a substitute for the 
native extracellular matrix (ECM) and provide temporary 
support for tissue regeneration [1]. In addition to meeting the 
basic requirements, including biocompatibility, biodegrada-
bility and appropriate mechanical performance, high spe-
cific surface area, and interconnected porous structures are 
essential for scaffolds [2]. Three-dimensional (3D) scaffolds 
with a fibrillar framework mimic in vivo ECM microenvi-
ronments and hold great promise for bio-related fields [3]. 
A series of strategies has been opted for the fabrication of 
nanofibrillar scaffolds, such as self-assembly, phase separa-
tion, and electrospinning [4–6]. Amongst, electrospinning 
is a simple, inexpensive, versatile, and an evolving technol-
ogy that has garnered widespread attention from academia 
and the industry for tissue engineering (TE) [7, 8]. With 
the advancement of nanotechnology, many electrospinning 
protocols and materials have been researched and refined to 
fabricate tailored 3D scaffolds [9].
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The basic principle of electrospinning involves an elec-
trodynamic process, where a liquid droplet is elongated 
and stretched into a continuous fiber through an applied 
electric field [10]. The major components in the electro-
spinning setup include a syringe pump, a needle, a reser-
voir of electrospinning solution, a grounded collector, and 
a high voltage power supply. During electrospinning, the 
droplet is extruded out from the tip of the needle/spinneret 
at a constant rate. Upon applying a high voltage between 
the tip of the needle and the grounded collector, the elec-
trostatic repulsion from the accumulated liquid surface 
charges overcomes surface tension and forces the droplet 
into a Taylor cone shape. Once this Taylor cone is formed, 
a charged jet is ejected and extended into fine fibers that 
solidify and deposit onto the grounded collector [11]. 
The diameter of these fibers typically varies from tens of 
nanometers to a few micrometers. Alternatively, compo-
nents in the basic electrospinning setup could be modified 
or combined with other novel technologies to realize dif-
ferent fibers’ morphology or to circumvent problems that 
may arise in the simple setup [12]. While electrospinning 
membranes allow for the transport of nutrients and growth 
factors, cellular infiltration is generally restricted due to 
the extremely small pore size of the conventional two-
dimensional (2D) membranes. This limitation also leads to 
non-uniform cell distribution and impedes tissue ingrowth. 
Therefore, 3D structures are extremely important for suc-
cessful tissue reconstruction.

Electrospinning has been proved to be promising for fab-
ricating 3D scaffolds for TE and shown to produce continu-
ous and ultrathin polymeric fibers in various hierarchical 
patterns [13]. The 3D scaffolds may further allow for the 
fabrication of bio-artificial tissues and organs for regenera-
tive medicine and other biomedical sectors [14]. The desired 
living cells are seeded into 3D scaffolds that are biodegrad-
able and can replace tissues with similar biological and 
mechanical properties. Tissues are made up of groups of 
cells embedded within an ECM microenvironment working 
synergistically to provide the essential physical scaffolding 
for tissue organization and development [15]. The diameter 
of ECM components is approximately 1–500 nm, thus mak-
ing electrospinning an advantageous technique, as it can be 
used to produce fibers throughout this range [16]. As the 
composition and structure of the ECM regulate the struc-
ture and biomechanical properties of the scaffold network, 
both the materials and fabrication methods should be care-
fully considered for the design of 3D scaffolds [17]. The 
human ECM is a 3D structure primarily composed of col-
lagen, elastin, fibronectin, laminin, and several other natu-
ral polymers [18]. Therefore, it is often intuitive to exploit 
these polymers to fabricate 3D scaffolds for the design of 
target tissues and organs. Each tissue has an ECM with a 
unique biochemical composition and physical structure, and 

accurately mimicking these features can regulate cellular 
spreading, motility, and lineage commitment [19, 20].

Although the relevant literature covers a wide range of 
uses of electrospinning, this review will focus on readily 
available and common fabrication methods and materials 
for the fabrication of 3D electrospun scaffolds for TE. We 
first summarized materials used for electrospinning and the 
merits of 3D nanofiber scaffolds over traditional 2D scaf-
folds. Subsequently, the latest trends in the fabrication forms 
and application of 3D electrospinning nanofiber scaffolds are 
presented. In addition, their individual effects are analyzed 
and compared to identify their advantages, limitations, and 
future outlooks (Table 1).

Materials Used for Electrospun Scaffolds 
Used in Tissue Engineering

One of the main advantages of electrospinning is its versatil-
ity of processing to create nanofiber scaffolds with multiple 
morphological and topological features. This processing 
flexibility allows the fabrication of 3D scaffolds from a wide 
range of materials, such as synthetic and natural polymers 
as well as their composites. These materials need to be bio-
compatible with the exogenous or endogenous cells as well 
as capable of performing or even enhancing the function of 
the native ECM without inducing undesirable toxic reactions 
to the surrounding tissues. Additionally, scaffolds need to 
exhibit appropriate biodegradation rate commensurate with 
the healing rate of tissues [21]. Typical scenarios include the 
application of scaffolds for osteochondral, musculoskeletal, 
cardiovascular, and nerve regeneration [22]. Polymers are 
central to the fabrication of scaffold materials owning to 
their tunable properties and help realize appropriate physi-
cal, biological and mechanical performance of resulting 3D 
scaffolds.

Natural polymers are considered as a preferred choice for 
electrospinning owning to their biocompatibility and bio-
degradability [22]. Besides, most of the natural polymers 
promote bioactivity due to the presence of cell-recognizable 
moities. A wide range of natural polymers, such as chitosan 
[23], hyaluronic acid (HA) [24], silk fibroin (SF) [25], colla-
gen (Col) [26], and gelatin (Gel) [27] are biocompatible and 
biodegradable, which have been extensively exploited for 
regenerative medicine and TE. Besides, decellularized extra-
cellular matrix (dECM)-based electrospun scaffolds that 
mimic the complex biochemical properties and 3D structures 
of native mammalian ECM have received significant interest 
for tissue regeneration and clinical translation [28]. Most 
of the natural polymers can be directly used in electrospin-
ning once they have been dissolved in an appropriate solvent 
[29]. Zhou et al. studied the effect of marine collagen due to 
its abundance and low price to understand and control the 
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mechanical behavior of collagen scaffolds [30]. It was found 
that marine collagen scaffolds could offer suitable tensile 
strength and thermal stability without inducing any obvious 
immune response during skin wound healing in rats [30]. 
Pang et al. reported that biodegradable chitosan scaffolds 
are biocompatible in vitro and in vivo [31]. Gurumurthy 
et al. [32] reinforced collagen matrix with elastin-like poly-
peptide (ELP) to improve mechanical properties. However, 
disadvantages of natural polymers include their inferior bio-
mechanical properties, fast degradation in vivo and possible 
immunogenicity, which limit their clinical translation.

Alternatively, synthetic polymers, such as poly(vinyl 
alcohol) (PVA), poly(L-lactide) (PLLA), polycaprolac-
tone (PCL), poly (glycolic acid) (PGA), poly(L-lactide-
co-ε-caprolactone) (PLCL), and poly(lactic-co-glycolic 
acid) (PLGA) are also commonly used in electrospinning 
[33–36]. As compared to the natural polymers, the phys-
icochemical properties of synthetic polymers can be easily 
tuned by appropriately selecting the content of monomers 
and initiators as well as by optimizing reaction conditions. 
Synthetic polymers are also easier to be tailored into various 
shapes and structures as needed for TE. However, despite 
these obvious advantages, synthetic polymers often lack cell 
affinity owning to the paucity of bioactive moieties, which 
largely limit their biomedical applications [37]. Electrospun 
scaffolds comprising natural and synthetic polymers could 
obviate these shortcomings. However, a mere combination 
of natural/synthetic polymers cannot satisfy all requirements 
of mimicking native ECM for TE. Natural ECM leverages 
a multitude of physicochemical and bioactive cues to the 
cells, which needs to be judiciously considered while choos-
ing an appropriate material combination for electrospinning 
[38]. Typical examples include the fabrication of inorganic/
organic hybrids comprising polymers and ceramics. Inor-
ganic nanoparticles, such as nanohydroxyapatite (nHA), 
attapulgite, carbon nanotubes, and graphene have been 
widely exploited for the design of organic/inorganic hybrids 
[39]. Inorganic nanoparticles enhance the mechanical prop-
erties of the hybrids, which serve as an ideal platform for 
the long-term sustained release of drugs and TE applications 
[40]. Inorganic particles display a good loading capacity for 
bioactive molecules or drugs and have a variety of advan-
tages in promoting cellular functions, especially in bone tis-
sue engineering (BTE) [41–43]. Moreover, bioactive glasses 
also show great potential for application in BTE, which have 
been reported to contact with body fluids to form a hydroxy-
carbonate apatite (HCA) surface layer that releases soluble 
silica and calcium ions, thus stimulating bone progenitor 
cells to facilitate bone regeneration [44].

The selection of electrospun materials should be avail-
able for implantation and appropriately match the specific 
requirements of different individual medical applications. 
Given the complexity and a broad range of polymeric 

biomaterials, efforts to optimize materials for applica-
tion in research or clinical translation should focus on 
the development of novel materials with unique chemical 
compositions or tailored properties to fit the application. 
On the one hand, novel synthetic polymers with unique 
functions can be created to satisfy the demands of dif-
ferent applications. For example, Liang et al. [45] syn-
thesized PCL-grafted-lignin copolymers by ring-opening 
polymerization and prepared nanofiber membranes via 
electrospinning for the treatment of osteoarthritis (OA). 
While PCL exhibits good mechanical properties, it is dif-
ficult to meet the specific requirements of OA therapy, 
both in terms of biocompatibility and bioactivity. Lignin, 
as a plant polyphenolic polymer, is known to effectively 
scavenge free radicals due to its phenolic hydroxyl groups 
[46]. However, lignin is brittle and of low viscosity, which 
renders its processability to be difficult for electrospin-
ning [47]. Therefore, through polymerization reaction, a 
novel biomaterial with good mechanical properties, anti-
oxidant properties and spinnability was obtained, which 
was subsequently electrospun and achieved satisfactory 
results in OA therapy. Alternatively, the hybrid scaffolds 
could be obtained by blending and co-spinning of materi-
als to realize the complementary advantages of different 
components. Wang et al. [48] prepared hybrid SF/PLCL 
nanofibrous scaffolds for bone regeneration. The SF, a 
natural polymer displays good biocompatibility and anti-
inflammatory properties, and has been shown to support 
mesenchymal stem cell (MSC) adhesion and osteogenesis 
as well as improve cell-scaffold interactions [49, 50]. The 
PLCL provides good mechanical support to ensure the 
structural integrity of scaffolds in vivo without a collapse. 
Consequently, the hybrid SF/PLCL scaffolds promoted 
trabecular bone regeneration as well as bone mineral den-
sity (BMD) in a cranial defect model in rats as compared 
to pure PLCL scaffolds. Similarly, the surface function-
alization of nanofibrous scaffolds can be performed to 
further improve their properties. Sun et al. [51] prepared 
a polypyrrole (Ppy)-coated PLCL/SF nanofibrous nerve 
guidance conduit (NGC) to induce nerve regeneration. As 
the electrical stimulation has been reported to promote the 
regeneration of nerve tissues, these conductive scaffolds 
have great promise for TE [52]. Ppy has been shown to 
promote neurites outgrowth by leveraging electrical stimu-
lation to the cells [53], while insolubility and brittleness 
restricts its processing via conventional electrospinning. 
Therefore, PLCL/SF NGC were immersed into a bath solu-
tion consisting of pyrrole (monomer), sodium para-toluene 
sulfonate (pTS, dopant) and FeCl3 (an oxidizer) and real-
ized Ppy-coated PLCL/SF NGC by polymerization. As 
compared to PLCL/SF NGC, Ppy-coated NGC exhibited 
better Schwann cells proliferation and remyelination.
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Conclusively, the selection of the materials is pivotal to 
better mimic the physico-chemical and biological properties 
of the target tissues and organs.

Fabrication of 3D Electrospun Nanofiber 
Scaffolds and Their Biomedical Applications

The traditional electrospun scaffolds are dense 2D mem-
branes, which possess limited thickness, low porosity, and 
poorly-interconnected pores. The small pore size distributed 
on the surface of nanofibrous membranes substantially hin-
ders the infiltration of cells inside the entire scaffold, thus 
limiting their application in TE. In contrast, scaffolds con-
structed with a 3D nanofibrous network feature a microenvi-
ronment similar to in vivo settings for cell survival, allowing 
cells to proliferate and infiltrate conductively into scaffolds 
[54]. Variation in such morphological features influences 
cellular responses as well as regulates cell migration, differ-
entiation, and matrix remodeling [55]. Therefore, in order to 
accurately mimic the in vivo microenvironment and induce 
tissue repair, it is imperative to fabricate 3D electrospun 
scaffolds.

The fabrication of 3D scaffolds can be subdivided into 
two main sections, including (a) direct preparation and (b) 
post-processing of electrospun scaffolds. Of these, the direct 

preparation methods display superiority in the timely fab-
rication of 3D porous scaffolds, which are mostly realized 
by varying the electrospinning parameters as well as by 
incorporating sacrificial agents. On the other hand, while 
post-processing methods offer an advantage in finely tuning 
the morphological as well as physicochemical properties, 
they require more complex procedures and special devices. 
Below, we first describe direct fabrication methods (Fig. 1), 
such as multilayering electrospinning, sacrificial agent elec-
trospinning, wet electrospinning, and ultrasound-enhanced 
electrospinning. Thereafter, we enumerate post-processing 
strategies to realize 3D electrospun scaffolds.

Multilayering Electrospinning

Multilayered scaffolds are produced by collecting and stack-
ing electrospun layers sequentially atop each other. Mul-
tilayered scaffolds may permit the fabrication of hybrid 
structures to better mimic the morphological and phys-
icochemical features of tissues and organs. Wu et al. [56] 
designed a multilayered vascular scaffold manifesting a 
symmetrical structure using bi-directional electrospin-
ning. Briefly, PLCL as well as collagen and chitosan were 
sequentially deposited to produce a layer-by-layer scaffold 
(Fig. 2A(i)). The final inner and outer layers of the obtained 
grafts were composed of collagen and chitosan, while the 

Fig. 1   Schematic illustration of 
various methods to directly pre-
pare 3D electrospun scaffolds 
and finely tune their morpho-
logical features, including mul-
tilayering electrospinning (A), 
sacrificial agent electrospinning 
(B), wet electrospinning (C), 
and ultrasound-enhanced elec-
trospinning (D)
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intermediate layer was comprised of PLCL (Fig. 2A(ii)). 
PLCL was used to leverage a structural support to the grafts, 
while collagen and chitosan were exploited to promote the 
biocompatibility and improve cell-scaffolds interaction. The 
multilayered grafts exhibited higher hydrophilicity as well as 
facilitated the growth of porcine iliac artery endothelial cells 
(PIECs) than that of the PLCL scaffolds or those assembled 
by simple blending different components (Fig. 2A(iii, iv)). 
Similarly, Dias et al. [59] designed a multilayered nanofiber 

scaffold exhibiting a 5-layered structure comprising of alter-
native layers of Gel and PCL (Gel/PCL/Gel/PCL/Gel). The 
PCL was used to promote structural stability, while Gel was 
exploited to promote the biocompatibility. Multilayered 
nanofiber scaffold displayed high porosity and good water 
permeability, and exhibited higher proportions of proliferat-
ing human dermal neonatal fibroblasts (hDNF) as evidenced 
by the higher numbers of Ki-67 positive cells, indicating 
their superiority for wound healing. The above design aims 

Fig. 2   A  (i) Schematic representation of the bi-directional gradient 
electrospinning setup. (ii) Schematic structure of the cross section 
of the multilayered scaffold. (iii) Water contact angle of electrospun 
scaffolds. (iv) Confocal images of porcine iliac artery endothelial 
cells (PIECs) on different scaffolds after culturing for 3 days. B The 
schematic diagram of native blood vessel (i), small-diameter four-
layered thermoplastic polyurethane tubular scaffold (ii) and the fab-

rication process of the tubular scaffold (iii). C (i) The schematic dia-
gram showing the fabrication of tri-layer tubular graft. (ii) Masson’s 
trichrome staining images of the transplanted grafts after subcutane-
ous embedding in mice. A (i–iv) Reproduced with permission [56]. 
Copyright 2015 Elsevier. B (i–iii) Reproduced with permission [57]. 
Copyright 2020 SAGE Publications. C (i, ii) Reproduced with per-
mission [58]. Copyright 2018 Elsevier
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to compositionally utilize multilayering electrospinning to 
achieve a layered distribution of synthetic and natural fibers 
and improve the host compatibility of the scaffold.

Multilayering electrospinning improves the affinity of the 
scaffold through alternate spinning of synthetic and natural 
materials, and is also able to fabricate scaffolds with mul-
tilayered biomimetic structures. Most of the human tissues 
display multilayered architecture distinctly differing in struc-
tural and morphological features. Blood vessels are com-
posed of tunica intima, tunica media, and adventitia, each 
of which confers distinct functionality to the blood vessels. 
While the tunica intima is central to anti-coagulation and 
anti-thrombogenesis, tunica media and adventitia provide 
structural support and vasodilation for the smooth function-
ing of blood vessels (Fig. 2B(i)). Therefore, the development 
of vascular grafts with multiple layers, each with different 
morphology and function, is a current research priority. Hu 
et al. [57] prepared a four-layered thermoplastic polyure-
thane (TPU)/PCL/polyethylene glycol (PEG) tubular scaf-
fold by multilayer electrospinning. The inner layer of the 
grafts was consisted of longitudinally-aligned nanofibers, 
the two intermediate layers were composed of circumfer-
entially aligned fibers, while the outer layer was consisted 
of random fibers (Fig. 2B(ii)). Four devices were designed 
to prepare four types of fiber structures. The innermost 
layer was obtained by electrospinning the fibers on a copper 
wire. The second layer was obtained by tilting the collec-
tion device. The third layer was realized by using a rotating 
roller and finally the fourth layer was collected randomly 
(Fig. 2B(iii)). The resulting grafts exhibited excellent cir-
cumferential and longitudinal mechanical properties as well 
as improved adhesion and proliferation of human umbilical 
vein endothelial cell (HUVECs) than that of their random 
counterparts. Wu et al. [58] fabricated a tri-layered vascular 
graft manifesting structural and functional hierarchy. The 
inner layer was composed of PLCL/collagen aligned fibers, 
the middle layer of PLGA/SF yarn, and an outer layer of 
PLCL/collagen random fibers (Fig. 2C(i)). The outer layer of 
random fibers provided structural support to the entire tubu-
lar structure. The axially-aligned inner layer mimicked the 
endothelium morphology, while the middle layer regulated 
smooth muscle cells (SMCs) organization along with the 
single yarns. Subcutaneous implantation of grafts revealed 
host cell infiltration and ECM accumulation (Fig. 2C(ii)). 
This multilayered graft mimicking the native blood vessels 
may be beneficial for vascular remodeling.

Besides, several research groups have improved the func-
tionality of multilayered electrospun scaffolds. Shokrollahi 
et al. [60] proposed the production of a three-layered scaf-
fold consisting of PCL nanofibers as the first layer (hydro-
phobic layer), PCL and chamomile-loaded carboxyethyl 
chitosan (CECS)/PVA nanofibers as the middle layer (tran-
sition layer), and CECS/PVA nanofibers as the third layer 

(hydrophilic layer). The incorporation of chamomile into 
scaffolds improved their mechanical, antioxidative and anti-
bacterial properties. Multilayered electrospun scaffolds have 
also been exploited as controlled release systems. Birhanu 
et al. [61] created a multilayered scaffold loaded with dexa-
methasone in the middle layer, which afforded sustained 
drug release than that of the scaffolds containing the blended 
drug.

From the above cases, it is seen that multilayer electro-
spinning allow for the fabrication of scaffolds with well-
defined morphology. By changing the composition, spinning 
parameters, or adding bioactive substances after a single 
spinning process, the biocompatibility and bioactivity of the 
scaffold are improved, but it fails to change the tight-stacked 
structure inside the scaffold, which requires more advanced 
design to solve.

Sacrificial agent electrospinning

Since electrospun scaffolds exhibit small pore size, which 
constricts host cell infiltration and remodeling, it is impera-
tive to fabricate scaffolds displaying sufficient porosity and 
large pore size. Sacrificial electrospinning helps improve an 
overall porosity and pore size of scaffolds. By using sacri-
ficial electrospinning, a sacrificial agent, which later can be 
eluted from the scaffolds, is spun along with the polymer. 
Sacrificial agents including polymers, such as poly(ethylene 
oxide) (PEO), PVA, polyvinylpyrrolidone (PVP), and gela-
tin as well as sodium chloride (NaCl) and sugar have been 
widely exploited [62, 65]. A fast-dissolving sacrificial agent 
and a slow degrading polymer are often blended to realize 
porous scaffolds. The sacrificial agent leaves behind voids, 
which increase the overall porosity of the scaffold. Besides, 
the pore size can be tailored by varying the size of the sacri-
ficial agent. Aghajanpoor et al. [62] exploited water-soluble 
PEO to increase the pore size of the PCL/nHA scaffolds for 
bone regeneration. As shown in Fig. 3A(i), two syringes 
containing PCL/nHA and PEO were placed in parallel for 
co-electrospinning to obtain nanofiber scaffolds with dif-
ferent weight ratio of PCL/nHA and PEO. The scaffolds 
were subsequently immersed in water for 48 h to remove 
PEO and dried at room temperature. By varying the PEO 
content from 0 to 40%, scaffolds with a range of pore sizes 
were fabricated. The pore size of scaffolds increased with 
an increase in PEO content, and more human dermal fibro-
blasts (HDF) were infiltrated into scaffolds exhibiting high 
PEO content (Fig. 3A(ii–v)). The mechanical properties of 
the scaffold decreased with an increase in the PEO content; 
Young’s modulus of PCL scaffold was decreased from 2.51 
to 1.65 MPa with the addition of 40% PEO. PVP has also 
been widely used as a sacrificial component to improve the 
porosity of nanofiber scaffolds [66, 67]. Türker et al. [63] 
fabricated composite scaffolds by co-electrospinning PVP 
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with PLCL and collagen, followed by the elution of PVP 
(Fig. 3B(i)). The removal of PVP fibers was ascertained 
based on the fiber diameter. The average fiber diameter was 
0.349 ± 0.07 μm for PVP and 1.55 ± 0.27 μm for PLCL. 
After eluting PVP, the fiber diameter of the hybrid scaffold 
was maintained at 1.50 ± 0.21 μm. The resulting scaffolds 
with 3D networks promoted the adhesion and proliferation 
of NIH 3T3 mouse fibroblasts.

Alternatively, the introduction of sacrificial agents to 
scaffold can be introduced directly while electrospinning by 
sequential or concurrent electrospraying of sacrificial poly-
mer part [68]. Hodge et al. [64] found comparable results 
by electrospraying PEO to increase the porosity of the most 

commonly used biodegradable polymers, including PCL, 
PGA, and PLGA. Polymers and PEO were concurrently spun 
followed by the leaching of the latter. After PEO removal, 
scaffolds displayed a significant increase in the porosity 
compared to their counterparts devoid of electrosprayed 
PEO. The porosity of PGA scaffolds increased for up to 
90% upon the removal of PEO; only PGA scaffolds showed 
a porosity value of 72%. DAPI staining further revealed an 
increase in the infiltration of cells after the leaching of PEO 
(300 μm) than that of PGA scaffolds (cell infiltration for up 
to 100 μm) (Fig. 3B(ii)).

The multilayered electrospinning described in the 
previous section failed to effectively solve the dense 

Fig. 3   A (i) Schematic of co-electrospinning setup for the preparation 
of dual-polymer composite. SEM images of the scaffolds prepared 
by co-electrospinning (ii) 100:0 and (iii) 70:30 weight ratios of PCL/
nHA: PEO. Infiltration of human dermal fibroblasts (HDF) in the 
electrospun scaffolds after one week of culture for co-electrospinning 
(iv) 90:10 and (v) 80:20 weight ratios of PCL/nHA: PEO scaffolds. 
B (i) Schematic illustration of biomimetic PVP with PLCL and colla-

gen hybrid scaffold fabrication. (ii) DAPI staining revealing the infil-
tration of fibroblasts into the electrospun PGA and composite PGA 
scaffolds. Scale bars indicate 100 μm. A (i–v) Reproduced with per-
mission [62]. Copyright 2017 Wiley. B (i) Reproduced with permis-
sion [63]. Copyright 2019 Elsevier. B (ii) Reproduced with permis-
sion [64]. Copyright 2019 Wiley
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arrangement of nanofibers, and the sacrificial agent elec-
trospinning method seems to be more advantageous in this 
regard. Both the removal in the form of nanofibers or elec-
trosprayed nanoparticles results in a more porous structure 
for the scaffold.

Wet Electrospinning and Dynamic Liquid 
Electrospinning

Wet electrospinning utilizes the conventional electrospinning 
technique but modifies the collector into a grounded liquid 
bath to collect fibers (Fig. 4A (i)). While in a traditional 

Fig. 4   A (i) Schematic diagram illustrating wet-electrospinning sys-
tem. SEM images of cultured fibroblast cells on wet-electrospinning 
scaffold after 1 day (ii), 7 days (iii) culture and cross-sectional images 
after 5 days (iv) and 7 days (v). B (i) Schematic diagram of dynamic 
liquid electrospinning system. SEM micrographs of biomineralized 
scaffolds (ii) and MC3T3-E1 cells on scaffolds (iii). (iv) H&E stain-
ing of the cross sections of random nanofibers (RF) and dynamic liq-
uid electrospinning (DY) after culturing SMCs for 4 days. (v) Poros-

ity, pore diameter and water contact angles of the RF, AF nanofibers 
and DY, CY nanoyarns. A (i) Reproduced with permission [69]. Cop-
yright 2016 Springer Nature. A (ii–v) Reproduced with permission 
[70]. Copyright 2017 Nihon Suisan Gakkai. B (i, iv, v) Reproduced 
with permission [71]. Copyright 2017 American Scientific Publish-
ers. B (ii, iii) Reproduced with permission [72]. Copyright 2015 
Springer Berlin Heidelberg
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electrospinning setup, a solid collector is employed, wet 
electrospinning uses a liquid reservoir collector containing a 
wet medium. As soon as the nanofibers are collected, the wet 
medium can accumulate the space between the fibers and 
reduce the packing of fibers on top of each other. Moreover, 
a porogen can also be dispersed in the liquid bath to further 
increase the pore size of electrospun scaffolds.

Wet electrospinning commonly affords nanofiber mem-
branes with high porosity as compared to normal electro-
spinning. Kishimoto et al. [70] electrospun SF using citric 
acid solution (pH 3.8) and t-butyl alcohol (t-BuOH) filled 
bath collector. The t-BuOH concentration significantly influ-
enced the pore size and porosity of scaffolds, and when the 
concentration was 30%, the maximum pore size (≈ 12 μm) 
of scaffold was formed. The wet spun SF scaffolds displayed 
cells adhesion and proliferation both on the surface as well as 
the inner spaces of the 3D fibrous networks (Fig. 4A(ii–v)). 
Farzamfar et al. [73] prepared cellulose acetate/gelatin scaf-
fold loaded with gabapentin in a water/ethanol bath collec-
tor by wet electrospinning. The resultant scaffolds displayed 
porosity value of 75.83%. These scaffolds improved the 
growth of Schwann cells as well as promoted sciatic nerve 
regeneration. These findings showed that neural tissue and 
skin tissue could be formed via 3D scaffolds produced from 
wet electrospinning.

With a minor modification, this wet electrospinning tech-
nique can be modified to dynamic liquid electrospinning to 
fabricate highly porous nano-yarn scaffolds (Fig. 4B(i)). A 
small central hole is added to the liquid bath at the bottom to 
create a vortex in the body of the liquid, where the collected 
fibers are drained through the small hole to be twisted and 
organized into a nano-yarn-like structure. This nano-yarn is 
then collected onto a rotating mandrel through the small hole 
to prepare fibrous scaffolds [74]. Wu et al. [75] also designed 
scaffolds by using dynamic liquid electrospinning, which 
improved the proliferation of pig iliac endothelial cells and 
MC3T3-E1 pre-osteoblastic cells. Besides, a capillary-like 
structure of cells was formed on the scaffold by day 7, sug-
gesting that the use of nano-yarns can provide a template and 
promote the formation of capillary-like networks in vitro. 
Sun et al. [72] fabricated PLCL/SF nano-yarn scaffolds by 
dynamic liquid electrospinning. The nano-yarn scaffolds 
were immersed in calcium chloride (CaCl2) and Disodium 
hydrogen phosphate (Na2HPO4) solutions for mineraliza-
tion to promote the deposition of hydroxyapatite on the scaf-
folds and augment the osteo-conductivity of the scaffolds 
(Fig. 4B(ii)). As shown in Fig. 4B(iii), MC3T3-E1 cells 
were extended along the nanoyarn, and the porous struc-
ture of the scaffold provided sufficient space for cell growth 
and infiltration, indicating the good biocompatibility and 
potential of these scaffolds for bone tissue repair. Wu et al. 
[71] prepared PLCL/collagen nano-yarns by dynamic liq-
uid electrospinning (DY), and compared them with random 

nanofibers (RF), aligned nanofibers (AF), and conjugated 
nanoyarns (CY) in terms of physicochemical properties and 
biological evaluation. Of these scaffolds, the DY showed 
higher porosity, better hydrophilicity, and more SMCs infil-
tration than those of other groups (Fig. 4B(iv, v)), indicating 
the potential of DY for blood vessels regeneration.

Compared with the two methods introduced above, wet 
electrospinning has begun to modify the electrospun equip-
ment to improve the porosity of the scaffold, especially the 
dynamic liquid electrospinning, which efficiently exploits 
the vortex generated by the water flow to twist nanofibers 
to prepare nano-yarn structure, is expected to be used for 
bio-related applications.

Ultrasound‑Enhanced Electrospinning

While electrospinning is a simple and versatile process, its 
potential for fabricating nanofibers is somewhat restricted by 
the use of needles. Since during conventional electrospin-
ning, the nozzle is often blocked, and the residual solvent in 
the nanofibers poses further hazards, ultrasound-enhanced 
electrospinning (USES) has been proposed, which can not 
only avoid the obstruction of nozzle but also promote the 
evaporation of solvent [76]. It is a needleless technique that 
focuses on high-frequency ultrasound bursts that generate a 
protrusion with a Taylor cone shape from the polymer solu-
tion (Fig. 5A(i)). When the polymer solution is charged with 
high voltage, a nanofiber stream is drawn from the protru-
sion to a grounded, solid collector (Fig. 5A(ii)) [77].

Nieminen et al. [76] first reported a USES technique that 
used ultrasound bursts to generate Taylor cones from the 
surface of a PEO polymer solution, which ejected nanofibers 
under a high voltage. The morphology of the nanofibers can 
be tuned by manipulating the ultrasonic parameters without 
using other chemical interventions. Figure 5B(i) showed 
SEM images of the nanofibers fabricated by USES at low, 
mid and high ultrasonic power. The nanofibers displayed 
only a few beads at low power, while much higher beads 
at high power. Besides, the nanofibers produced using high 
ultrasound were thinner compared to the fibers fabricated 
by using low or mid power (Fig. 5B(ii)); the mid power 
afforded narrow fiber diameter distribution (Fig. 5B(iii)). 
These results indicated that the nanofiber diameter can be 
modulated by varying the ultrasonic power without perturb-
ing the chemical composition. Notably, the average diameter 
of the fibers prepared using the conventional electrospinning 
method was smaller than that of the fibers produced by using 
USES. This is attributable to the enhanced the mass transfer 
resulted by the synergistic momentum induced by the elec-
tric field and ultrasonic power, which generated thick fibers.

Hakkarainen et al. [78] fabricated chitosan and PEO 
based nanofibrous scaffold encapsulating theophylline 
(TEO) using USES. Fiber diameter of scaffolds was tuned 
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by changing ultrasonic parameters (i.e., frequency, pulse 
repetition frequency, and cycles per pulse). In agreement 
with Nieminen et al. [76], the diameter of USES-produced 
nanofibers was thicker than that of the traditional electro-
spun fibers. However, in biomedical applications, there is no 
intrinsic value in producing nanofibers as small as possible. 
For instance, in many TE scaffolds for wound repair, micron-
sized fibers demonstrated superiority in cell adhesion and 
proliferation [79]. After a thorough characterization, includ-
ing X-ray diffraction (XRD), differential scanning calorim-
etry (DSC), Fourier transform infrared (FTIR) spectroscopy, 

the successful introduction of theophylline anhydrate was 
confirmed, demonstrating the potential application of USES 
in nanofibrous drug delivery systems. Similarly, Partheniadis 
et al. [80] fabricated nanofibers containing TEO and PEO by 
USES. It was found that the nanofibers prepared by USES 
demonstrated higher Young’s modulus in comparison to the 
fibers produced by using normal electrospinning, and drug 
release from nanofiber tablets was faster than that of the 
physically blended tablets.

From the above cases, the diameter of fibers obtained by 
USES is larger than that of conventional approach, but this 

Fig. 5   A  (i) Polymer droplets stimulated by ultrasound and electric 
field to generate liquid jets. (ii) Schematic illustration of the ultra-
sound-enhanced electrospinning (USES) system with a grounded tar-
get placed above the fountain to collect nanofibers. B  SEM images 

(i), diameter (ii) and diameter distribution (iii) of fibers produced 
with USES device at low, mid and high ultrasonic power. A, B Repro-
duced with permission [76]. Copyright 2018 Springer Nature
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is not an obstacle to its development in the biomedical field, 
and USES is also a promising approach for the industrial 
production of nanofibers. However, USES is a multivariate 
process, and more research work is needed to elucidate its 
full potential and limitations for TE applications.

Electrospinning with Post‑processing

Conventional electrospinning techniques afford nanofibrous 
membranes with 2D structures manifesting small pore size, 
which hinder cell infiltration and tissue formation. Besides, 
small pore size limits the transfer of nutrients and metabolic 
waste. Increasing the pore size of electrospun nanofibers 
thus holds great promise. Accordingly, a series of tech-
niques, such as gas foaming, ultrasonication, short nanofib-
ers assembly, electrospinning incorporated 3D printing, 
electrospraying, and various other methods, has been lever-
aged to produce 3D scaffolds from 2D membranes (Fig. 6). 
Since post-processing approaches mostly rely on electrospun 
nanofibers, they hardly require significant changes in the 
conventional electrospinning setup. Besides, post-process-
ing approaches can also be combined with other fabrica-
tion techniques to improve the pore size, which will also be 
presented.

Electrospinning with Post‑processing Gas Foaming

The gas-foaming technique is a simple and versatile post-
processing technique to expand 2D nanofibrous membranes 
into 3D scaffolds and has been widely pursued in recent 
years. The mechanism of gas foaming is to trap gas bubbles 

into nanofibers; the sudden escape of gas bubbles results 
into expanded scaffolds. Based on the mechanism of the 
production of gas bubbles, gas foaming techniques can be 
commonly classified into two types. The first one generates 
gas bubbles (e.g., hydrogen) via a chemical reaction and then 
exploits the nucleation and growth of gas bubbles in situ in 
the pores of nanofibers, thereby expanding the volume and 
porosity of the nanofiber membrane (Fig. 7A(i–v)) [81]. The 
second type involves placing a material, commonly poly-
meric along with a gas (e.g., carbon dioxide) in a chamber 
at an increasing pressure until the dissolution of the gas 
in the polymer. Once the pressure is relieved, large pores 
are formed thermodynamically [83]. This post-production 
method creates a highly-interconnected porous structure 
with a significant increase in the porosity and a multilayered 
structure and is advantageous for cell infiltration [82, 84].

To date, an array of techniques has been pursued to 
improve the gas foaming process to broaden its applicabil-
ity to a wide range of materials, regardless of their hydro-
philicity or hydrophobicity. Consequently, these manipula-
tions have afforded a multitude of scaffolds with varying 
morphology and shape. Of these, gas-forming salts [e.g. 
sodium borohydride (NaBH4)] are most commonly used in 
the gas-foaming process. In this post-treatment process, the 
space between the fibers is expanded by simply immersing 
the nanofiber membrane in a bath of gas salt to capture the 
gas bubbles. In one study, Joshi [85] et al. immersed hybrid 
nanofiber membranes comprising of PCL, nylon, cellulose, 
and polyvinylidene fluoride (PVDF) in NaBH4 solution to 
fabricate sponge-like 3D scaffolds. These scaffolds exhib-
ited larger pore size and higher porosity than that of their 

Fig. 6   Schematic diagram of the preparation of 3D electrospinning scaffolds based on post-processing methods
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2D counterparts. It was further revealed that the methanolic 
solution of NaBH4 was more effective in expanding both 
polar and non-polar polymeric membranes, while the hydrol-
ysis reaction was only suitable for polar polymers, which 

may be attributed to the fast release of hydrogen gas resulted 
by the rapid decomposition of the methanolic solution. Jiang 
et al. [86] combined the gas-foaming technique with freeze-
drying to obtain a 3D anisotropic PCL scaffold and a bilayer 

Fig. 7   A The expanded 3D nanofiber scaffold generated by gas-foam-
ing technology. (i) The schematic shows the alignment direction of 
the scaffolds. (ii) Photographs of a raw nanofiber mat and expanded 
scaffold after foaming for up to 5 and 20 min, respectively. (iii) Mor-
phology of scaffolds before and after expansion. (iv) Gap distances 
of raw mats and expanded scaffolds. (v) Mechanical properties of the 
gas foamed scaffolds. (vi) H&E staining of cell growth within raw 
mats and expanded scaffolds. B  Representative applications of gas 
foamed scaffolds in tissue engineering. (i) Immunofluorescent stain-

ing for cell infiltration (DAPI), neovascularization (vWF), and mac-
rophage (CD 163) markers of subcutaneous 2D implants (2DNFS) 
and 3D implants (3DNFS) in rats. (ii) Macroscopic, H&E, and Safra-
nin-O/Fast Green staining images of the repaired cartilage defects in 
different groups (non-treated group, raw mat (2DS), expanded scaf-
fold (3DS), and HA-crosslinked gas foamed scaffold (3DHAS) at 12 
weeks after surgery. A (i–v), B (ii) Reproduced with permission [81]. 
Copyright 2021 Elsevier. A (vi), B (i) Reproduced with permission 
[82] Copyright 2021 Elsevier
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tubular scaffold with a micron-sized lamellar structure and 
controlled gap width. In vitro assays demonstrated that the 
3D scaffold could promote cell infiltration compared to as-
spun 2D membranes; cells were mainly located only on the 
surface in the latter case. The thickness of the gas foamed 
scaffold was precisely controlled by using a custom mold. 
Subcutaneous implantation of 2D and 3D scaffolds in rats 
showed more cell infiltration and blood vessel formation as 
well as macrophages polarization toward M2 phenotypes 
in 3D scaffolds as compared to 2D scaffolds, which further 
validated the superiority of the gas-foamed scaffolds for tis-
sue regeneration [87]. In addition, some ingenious designs 
for creating gas foamed scaffolds with different geometries 
have been proposed. Gao et al. [88] controlled the shape of 
3D gas foamed scaffolds by mounting nanofibrous mem-
branes in 3D printed molds of different shapes. 3D scaffolds 
of different shapes, including rings, bones, meniscus, and 
cartoon, were obtained, all of which exhibited good cyto-
compatibility. Besides, 2D electrospun PCL membranes 
have been expanded into 3D scaffolds after immersion in 
a CO2-saturated ethanolic solution [89]. The 3D scaffold 
achieved for up to 95.3% porosity and fast cell proliferation. 
Jiang et al. [90] successfully expanded 2D membranes into 
3D scaffolds by depressurizing subcritical CO2 fluid, which 
was applicable to water-soluble polymers and preserved 
the bioactivity of the loaded drug as well as improved the 
biocompatibility.

The biomedical applications of gas foamed scaffolds have 
been a hotspot of research in recent years. Zhang et al. [91] 
applied a gas foamed scaffold composed of chitosan and 
PVA for wound healing. The sponge-like scaffold acceler-
ated hemostasis and scar-less wound healing as well as pro-
moted blood vessel formation. Gas foamed scaffolds were 
further exploited as fillers for NGC to promote peripheral 
nerve regeneration. Rao et al. [92] filled PLLA/SF based 
gas foamed sponge into a chitosan-based NGC and reported 
the higher proliferation of Schwann cells as well as better 
neurological functional recovery in conduits containing gas 
foamed scaffolds. In addition, gas foamed scaffolds were 
found to be appealing for cartilage TE. In a series of works, 
Chen et al. verified that the 3D PLCL/SF foamed scaffold 
promoted cell infiltration, neovascularization, and anti-
inflammation after subcutaneous implantation (Fig. 7B(i)). 
Thereafter, HA cross-linked gas foamed scaffold (3DHAS) 
were shown to improve cartilage regeneration [81, 82]. 
Moreover, 3DHAS maintained the chondrocytes pheno-
types, promoted more cartilage-specific ECM secretion, 
and achieved optimal repair in a rabbit joint defect model 
(Fig. 7B(ii)). Chen et al. [93] further prepared a size-tailored 
chondroitin sulfate (CS)-crosslinked gas foamed scaffold, 
and reported improved antioxidant activity and reduced 
production of inflammatory cytokines, such as interleukin 
(IL)-1β and tumor necrosis factor (TNF)-α. These attempts 

further broadened the avenues for improving the bioac-
tivity of gas foamed scaffolds. Kim et al. [94] reported a 
modified gas foamed technique to fabricate a hierarchical 
scaffold with additional functions. Calcium hydroxide par-
ticles were deposited in situ on 3D scaffold fibers by the 
NaBH4 reduction of calcium salt. Consequently, these 3D 
scaffolds not only improved the mechanical properties of 
the gas foamed scaffolds but also promoted cell infiltration, 
biomineralization, and osteogenesis, which are expected to 
further broaden the applicability of expanded scaffolds for 
bone tissue engineering applications.

Electrospinning with post‑processing ultrasonication

Ultrasonication is a process for mechanical separation of 
electrospun nanofibers by applying ultrasound with an 
appropriate amplitude, intensity, and time. Ultrasonication 
reduces the packing density of the scaffolds by increasing the 
pore size and porosity, which may considerably improve cel-
lular infiltration for TE (Fig. 8A(i)). Lee et al. [95] leveraged 
electrospinning and ultrasonication for the fabrication of a 
porous PLLA scaffold. As shown in Fig. 8A(ii), the thick-
ness of the PLLA scaffolds increased after ultrasonication. 
The SEM images demonstrated that the ultrasonicated scaf-
folds were more porous as compared to the non-ultrasonic 
groups (Fig. 8A(iii)). In addition, the porosity of the scaf-
folds can be further increased by the ultrasonication time and 
energy, while the porosity was more dependent on the ultra-
sonic exposure time rather than on the energy (Fig. 8A(iv, 
v). In vitro cell experiments showed that the ultrasonic group 
could increase the infiltration depth of fibroblasts compared 
with the non-ultrasonic group (Fig. 8A(vi)).

Ultrasonication is also often used with sacrificial 
method to further improve the porosity of the scaffold. 
This is because the ultrasonication process requires expo-
sure to a liquid medium which provides a conducive envi-
ronment for the removal of the sacrificial agent. Jeong 
et al. [96] prepared electrospun arginine-glycine-aspartic 
acid (RGD)-modified alginate nanofiber containing PEO 
and Pluronic F127 by varying the humidity, followed by 
ultrasonication to afford 3D scaffolds. Sodium alginate 
was chosen because it can be cross-linked by calcium 
ions, avoiding exposure to the toxic cross-linking agents. 
The nanofiber was further modified with RGD, aiming to 
regulate cell adhesion by providing integrin-binding sites. 
As expected, the membranes prepared at high humidity 
(HH) were significantly thicker (thickness, 438 ± 68 μm) 
than that of the membranes prepared at low humidity (LH) 
(thickness, 18 ± 5 μm); the former also displayed lower 
fibers’ density and increased porosity. This is attribut-
able to the fact that the high humidity simultaneously 
increases the charge density and fiber-fiber charge repul-
sion, resulting in thick scaffolds. After ultrasonication, the 
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cross-sectional thickness of the HH mats was increased 
from 515 ± 24 μm to 1171 ± 100 μm with an average pore 
size of 300 μm. In vitro cell experiments showed that both 
the high humidity environment and ultrasonication treat-
ment promoted cell infiltration into the interior of scaf-
fold owning to the higher porosity (Fig. 8B(i)). Similarly, 
Aghajanpoor et al. [62] prepared nanofibrous scaffolds of 
PEO and PCL/nHA hybrids, PEO was removed by ultra-
sonication, which led to 1.9-fold increase in pore size 
as well as higher cellular infiltration, proliferation, and 
osteogenic differentiation of human mesenchymal stem 
cells. Rahmani et al. [97] fabricated nanofibrous scaffolds 
by co-electrospinning PEO and PCL (PCL/nHA/nZnO), 

followed by ultrasonication. The nano-zinc oxide (nZnO) 
could generate reactive oxygen species (ROS) to improve 
the pro-angiogenic activity as well as promote bone 
regeneration through the release of Zn2+ [98, 99]. After 
ultrasonication, several secondary pores were detected, 
accompanied by an increase in the pore size of scaffolds, 
which significantly promoted cell infiltration in vitro. The 
ultrasound treated scaffolds promoted cell infiltration and 
angiogenesis as well as upregulated angiogenesis-related 
genes (Fig. 8B(ii)), which may have implications for bone 
tissue repair. Taken together, these data indicate that ultra-
sonication is an easy-to-perform post-processing method, 
which can afford the high porosity of scaffolds. Moreover, 

Fig. 8   A  (i) Schematic illustration of 3D scaffold produced by the 
ultrasonication method. (ii) SEM images of non-ultrasonicated (a, a′) 
and ultrasonicated PLLA scaffolds (b, b′). The average porosity of 3D 
scaffold by ultrasonication time (iv) and energy (v). (vi) Analysis of 
cellular infiltration in ultrasonicated and non-ultrasonicated scaffold. 
Bar 100  μm. (B) (i) Fluorescence image of DAPI or H&E staining 
of HDF seeded alginate-only nanofibers and ultrasonicated nanofibers 

fabricated at different humidity conditions. (ii) Evaluation of the cell 
infiltration and angiogenesis potential of the scaffolds with or without 
n-ZnO. A (i–v) Reproduced with permission [95]. Copyright 2011, 
Mary Ann Liebert. B (i) Reproduced with permission [96]. Copyright 
2014 Royal Society of Chemistry. B (ii) Reproduced with permission 
[97] Copyright 2019 Wiley
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ultrasonication can be combined with the other methods 
(e.g. sacrificial template method) to effectively improve 
the performance of 3D scaffolds.

Electrospinning with post‑processing short‑fiber assembly

As exceptional nanoscale building blocks for constructing 
3D scaffolds, the homogenized electrospun short nanofib-
ers are of great promise in regulating the physicochemical 
properties and mechanical flexibility of the scaffolds. Typi-
cally, nanofiber membranes are first cut into small pieces, 
followed by a homogeneous dispersion by using an ultra-
sonic homogenizer and freeze-drying to obtain 3D scaffolds 
(Fig. 9A(i–iii)) [100]. Different cross-linking strategies 
greatly influence the mechanical properties and biological 
functions of the scaffold. Cross-linking among short fibers 
can be accomplished by increasing the temperature while 
avoiding cross-linking agents. Mader et al. [103] fabricated 
PLLA or PLLA/PCL nanofibrous sponges by freeze-drying 
short nanofibers dispersions and thermal annealing medi-
ated physical cross-linking among short nanofibers. 3D 
scaffolds showed good shape recovery and compressibil-
ity and promoted cell proliferation and infiltration. While, 
on the other hand, chemical cross-linking usually exploits 
functional groups on the fiber surface to form cross-linking 
agents-mediated covalent bond formation, thereby improv-
ing the integrity between fibers. Chen et al. [100] prepared 
3D nanofiber scaffolds by freeze-drying electrospun gelatin/
PLLA short nanofiber dispersion. Subsequently, the 3D scaf-
fold was cross-linked by glutaraldehyde vapor and immersed 
in a glutamic acid solution to reduce the cytotoxicity. These 
superelastic gelatin/PLLA scaffolds also facilitated the pro-
liferation of L-929 cells (Fig. 9A(iv–v)). Chen et al. [101] 
further optimized the cross-linking method of scaffolds and 
exploited thermal cross-linking to obtain structurally stable 
gelatin/PLLA 3D scaffolds as well as modified HA on 3D 
scaffolds to encourage cell recognition. The HA-modified 
3D scaffolds exhibited better cartilage affinity and promoted 
cartilage repair in an articular cartilage defect model in rab-
bit (Fig. 9B(i, ii)). To further enhance the bioactivity of 
PLLA/gelatin 3D scaffolds, chondroitin sulfate was modi-
fied on the scaffolds. The chondroitin sulfate functionalized 
3D scaffolds promoted the chondrogenic ability of bone 
mesenchymal stem cells (BMSCs) as well as upregulated 
the secretion of type II collagen and aggrecan. Besides, the 
modified scaffolds significantly reduced the expression of 
inflammatory factors while promoting cartilage tissue regen-
eration [104]. Thus, the cross-linking methods are chosen 
by taking into consideration the physicochemical properties 
of the material as well as by considering the effect of the 
crosslinking for tissue regeneration.

Cartilage-decellularized matrix (CDM) is expected to 
retain the major components and a variety of bioactive 

cues, providing an ECM-like microenvironment for chon-
drification and cartilage regeneration [105, 106]. Li et al. 
[107] prepared a 3D composite scaffold composed of PCL/
gelatin short fibers and CDM. While the short fiber network 
conferred excellent mechanical support to the scaffold, the 
CDM afforded the scaffold with bioactive functionalities to 
promote cartilage regeneration. The results showed that the 
composite scaffold could promote chondrocyte maturation 
and matrix secretion for cartilage repair in joint defects in 
rabbits. Shen et al. [108] fabricated a 3D scaffold consisting 
of PLGA electrospun short fibers, citrate-modified chitosan 
(CC), and CDM. The CC was introduced into the scaffolds 
to strengthen the mechanical properties and CDM was used 
to promote chondro-induction. The composite 3D scaffold 
promoted chondrocytes adhesion and proliferation as well as 
supported the secretion of cartilage-specific ECM glycosa-
minoglycans (GAGs) and in situ osteochondral regeneration 
in a rabbit defect model.

The interconnected macropores and hierarchical structure 
of 3D scaffolds facilitate bone repair. The osteoinductive 
properties of scaffolds can be further improved by leveraging 
osteogenic growth factors and bioactive glasses into the 3D 
networks. Ye et al. [102] prepared 3D scaffold comprising of 
nHA, PLLA, and gelatin short nanofibers and immobilized 
synthetic bone morphogenetic protein 2 (BMP-2)-derived 
peptide using polydopamine (pDA). The resulting scaffolds 
promoted the osteogenesis of BMSCs and bone regenera-
tion in a cranial defect model in rats (Fig. 9B(iii-iv)). Wang 
et al. [109] designed a 3D elastic scaffold by freeze-drying 
the homogenized SiO2-CaO bioactive glass nanofibers with 
chitosan serving as a crosslinker. This 3D scaffold displayed 
an elastic behavior with full recovery from 80% compression 
under wet state and promoted osteogenic differentiation of 
BMSCs as well as achieved vascularized bone regeneration 
in vivo.

Electrospinning with Post‑processing Extrusion‑Based 3D 
Printing

Additive manufacturing (AM), a modern technique for fabri-
cating 3D scaffolds, improves the pore size and interconnec-
tivity of scaffolds by amassing the materials in a layer-by-
layer fashion. Being a simple and an economical technique, 
AM can be extended to a wide variety of materials for TE 
[114]. Despite these advantages, the large pore size of AM-
based 3D scaffolds is not conducive to cell adhesion and 
infiltration. On the other hand, electrospun nanofibers pro-
vide an ECM-mimetic morphology as well as a large surface 
area for enhanced cell infiltration and tissue regeneration. 
Therefore, the convergence of 3D printing and electrospin-
ning can allow the design of advanced scaffolds.

There are currently two main models for combining 
3D printing with electrospinning to prepare 3D scaffolds. 
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Amongst, the first one exploits 3D printing to precisely 
replicate a 3D structured scaffold with a specific size 
and design, and then leverages electrospinning to afford 
the deposition of nanofiber on the 3D printed networks 

(Fig. 10A(i, ii)). For instance, Naghieh et al. [115] fabri-
cated a porous PLLA/gelatin-forsterite scaffold utilizing 
extrusion-based cryogenic 3D printing. This commonly 
used and low-cost technique combines extrusion-based 

Fig. 9   A 3D nanofibrous scaffold afforded by short fiber assembly. (i) 
Schematic illustration of the process for the fabrication of 3D scaf-
fold by short fibers self-assembly. (ii) Optical microscope image and 
fibers length distribution of the homogenized short nanofibers. SEM 
images (iii), water absorption (iv) and mechanical properties (v) of 
the 3D scaffolds. B  Representative applications of 3D short fiber 
assembled scaffolds in TE. (i) Cell viability assay and cell morphol-
ogy on 3D scaffolds. (ii) Macroscopic images and histological analy-

sis of the cartilage joints from three groups (non-treated groups, 3D 
PLLA/gelatin scaffolds (3DS-1), and 3D HA-modified PLLA/gelatin 
scaffolds (3DS-2)) at 12 weeks after surgery. (iii) Micro-CT images 
and Masson’s trichrome stained images of rat cranial bones defects 
repaired by 3D scaffolds. A (i–v) Reproduced with permission [100]. 
Copyright 2016 Elsevier. B (i–ii) Reproduced with permission [101] 
Copyright 2016 American Chemical Society. B (iii, iv) Reproduced 
with permission [102]. Copyright 2019 Elsevier
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3D printing with traditional electrospinning to create scaf-
folds with high architectural complexity and mechanical 
support. The scaffolds had a porosity of 39% and showed 
the notable formation of bone-like apatite after its immer-
sion in simulated body fluid solution. Similarly, Liu et al. 

[110] prepared a composite scaffold combining electro-
spun PLLA fibers, and 3D printed PCL network, which 
promoted macrophages polarization to M2 phenotype as 
well as induced vascular regeneration and bone regenera-
tion in a cranial defect model (Fig. 10B(iv)).

Fig. 10   A 3D scaffolds prepared by electrospinning-incorporated 3D 
printing approach. Schematic illustration (i) and morphology (ii) of 
the scaffolds fabricated by 3D printing and electrospinning. (iii) The 
fabrication steps of the 3D-printed fiber-based scaffold. (iv) SEM 
image, average lengths, injectability of electrospun dispersed fibers, 
and 3D-printed cuboid scaffolds. (v) SEM images of CDM-Fiber 
25%, CDM-Fiber 50%, and Fiber-3DP. B Representative applications 
of electrospinning incorporated 3D printing scaffolds in TE. (i) Fluo-
rescence photographs, gross appearance, and SEM images of chon-
drocytes seeded on the freeze-shaping scaffold (3DF) and 3D-printed 
scaffold (3DP). (ii) Gross view and histological analysis of regener-

ated cartilage in nude mice of Fiber-3DP group. (iii) Macroscopic 
images, histological and immunohistochemical analysis of the carti-
lage joints from Non-treated, Fiber-3DP, and CDM-Fiber 50% groups 
at 12 weeks after surgery. (iv) Micro-CT analysis of the bone repair 
capability of the scaffolds at the injury sites. (v) Histological and 
immunohistochemical analysis of tracheal biomimetic scaffolds after 
subcutaneous implantation. A (i, ii), B (iv) Reproduced with permis-
sion [110]. Copyright 2021 Elsevier. A (iii, v), B (i) Reproduced with 
permission [111] Copyright 2019 Elsevier. B (iii, iv) Reproduced 
with permission [112]. Copyright 2020 Elsevier. B (v) Reproduced 
with permission [113]. Copyright 2021 Wiley
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The second approach is to exploit electrospun short 
nanofiber-based bioinks for 3D printing. The 3D fibrous 
scaffold with pre-designed networks is then obtained after 
extruding the ink through a 3D drawing system. As the scaf-
folds are plotted, they are lyophilized and cross-linked to 
enhance inter-fiber connectivity and mechanical properties 
(Fig. 10A(iii)–(v)). Chen et al. [116] followed this general 
procedure to produce 3D printed electrospun fiber-based 
scaffolds for cartilage regeneration. In their study, they 
mixed 7% (w/v) HA solution 7% (w/v) PEO solution along 
with dry electrospun gelatin/PLGA fibrous powder to create 
the 3D printable ink. They found uniform cartilage regenera-
tion well-integrated throughout the scaffold (Fig. 10B(i)). As 
compared to non-fibrous gelatin/PLGA scaffold, 3D printed 
fibrous scaffold exhibited better mechanical strength. Fur-
thermore, for articular cartilage regeneration, Chen et al. 
exploited CDM-based bioink along with electrospun fibers 
to fabricate 3D-printed scaffolds with improved mechani-
cal properties. The composite not only promoted cell adhe-
sion and infiltration but also exhibited a good affinity for 
chondrocytes and good regeneration in a rabbit joint defect 
model (Fig. 10B(ii, iii)) [112]. Besides, Yuan et al. [113] 
exploited 3D printed frames to prepare tracheal scaffolds 
by converging 3D printing and electrospun short fibers. The 
3D-printed framework provided good mechanical support 

for the scaffold, while the short nanofibers afforded bio-
mimetic morphology to provide more binding sites for the 
adhesion and growth of chondrocytes (Fig. 10B(v)).

Electrospinning with Post‑processing Electrospraying

Injectable microspheres represent a new minimally invasive 
technique to deploy growth factors, drugs, cells or biolog-
ics, etc., for delivery to specific injury sites [42]. Unlike 
implantable scaffolds, injectable microspheres can be used 
to treat irregular defects through minimally invasive treat-
ment without the need for invasive surgery [120]. While 
self-assembled and thermally induced phase separation 
(TIPS)-driven microspheres also inherit the above advan-
tages, their applicability is limited and restricted to materials 
with specific groups on the surface [121]. Electrospinning 
incorporated electrospraying has been pursued in recent 
years as an alternative technique for preparing microspheres 
due to the versatility of electrospinning. Boda et al. [117] 
first reported the preparation of nanofiber microspheres by 
combining electrospinning with electrospraying. Nanofibers 
were chopped and homogenized at low temperature to form 
a homogeneous dispersion in water, and then the disper-
sion was electrosprayed and received in liquid nitrogen to 
obtain nanofiber microspheres (Fig. 11A(i, ii)). This method 

Fig. 11   A (i) Schematic overview of the fabrication of nanofiber 
microspheres. (ii) SEM image of the nanofiber microspheres fab-
ricated with different voltage. (iii) Neural differentiation of mouse 
embryonic stem cells (mESCs) on nanofiber microspheres. B (i) 
Schematic diagram of the stabilized jet electrospinning process. 
Effects of PEO content on viscosity and conductivity of the SF/PEO 
solutions and critical stable jet lengths in stabilized jet electrospin-

ning. Morphologies of the aligned SF/PEO fibers collected at various 
critical stable jet lengths. (v) Fluorescence images of stained HDF 
on the aligned fiber scaffolds. A (i–iii) Reproduced with permission 
[117]. Copyright 2018 American Chemical Society. B (i) Reproduced 
with permission [118] Copyright 2018, Royal Society of Chemistry. 
B (ii) Reproduced with permission [119]. Copyright 2019 Elsevier
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is widely applicable to a wide range of polymeric materials 
as well as inorganic bioactive glasses. Compared with solid 
microspheres, nanofiber microspheres have higher efficiency 
to be used as cell carriers and therefore are expected to be 
applied in cell therapy (Fig. 11A(iii)). John et al. [122] fur-
ther improved the biofunction of nanofiber microspheres 
by tethering proteins and growth factors on the electro-
sprayed nanofiber microspheres. Microspheres modified 
with BMP-2 promoted osteogenic differentiation of BMSCs, 
while vascular endothelial growth factor (VEGF) modified 
microspheres upregulated the vascular-specific proteins in 
HUVECs. These strategies further broaden the potential of 
electrospray microspheres in developing biomimetic and 
injectable cell carriers. Zhang et al. [123] fabricated mul-
tifunctional PLGA-based microspheres by electrospraying 
and modified them with gadolinium (Gd3+) chelates and HA, 
followed by mixing with doxorubicin (DOX). These multi-
functional drug-loaded nanofiber microspheres can achieve 
long-term release of DOX, reduce cancer cell metastasis, 
and render magnetic resonance (MR) imaging of tumors 
during the treatment, which may represent a good formula-
tion strategy for local tumor chemotherapy. John et al. [124] 
further modified the approach for electrospraying nanofiber 
microspheres. Porous nanofiber microspheres were pre-
pared by bubble-mediated coaxial electrospraying. Com-
pared with nonporous nanofiber microspheres, open porous 
microspheres showed faster cell infiltration and host tissue 
integration, which may hold great potential for cell and drug 
delivery.

Other Methods

Stabilized jet electrospinning (SJES) was proposed as a solu-
tion to eliminate the whipping motion of the electrospinning 
jet. It involves using ultra-high molecular weight polymer, 
such as PEO, to modulate the viscoelasticity of the spinning 
solution, thereby affording a long yet stable jet during the 
spinning process and allowing the collection of well-aligned 
unidirectional fiber arrays [125]. Yi et al. [118] fabricated 
SF-based fibrous scaffold with anisotropic structures using 
SJES. With the addition of PEO as the fiber-forming com-
ponent, highly aligned and high-strength SF fibers were 
obtained (Fig. 11B(i)), which supported the adhesion, migra-
tion, and growth of induced pluripotent stem cell-derived 
mesenchymal stem cells (iPSC-MSCs) along the fiber axis. 
Shen et al. [119] prepared unidirectional core/shell type 
chitosan/PLGA nanofibers by using coaxial electrospin-
ning modified SJES method. These scaffolds were designed 
to address the aseptic inflammation caused by the degra-
dation of aliphatic polyesters for TE applications. In vitro 
experiments showed that chitosan-mediated fibers supported 
an elongated cell shape with preferential orientation along 
the fiber axis (Fig. 11B(ii)) as well as significantly reduced Ta
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the secretion of inflammatory factors in vitro, and down-
regulated the expression of relevant inflammatory genes in 
a simulated acidic environment. In addition, subcutaneous 
implantation of nanofibers demonstrated their potential for 
the recruitment of inflammatory cells and the formation of 
foreign body giant cells.

As an improvement of the SJES technique, the ‘electro-
writing’ technique has been developed, which follows a com-
puter-controlled predesigned moving path of the needle tip 
resulting in the management of pore size, shape, and thick-
ness of the scaffolds [126]. Melt electro-writing (MEW), as 
one of the representative techniques of electro-writing, has 
been widely exploited in the field of TE [127]. The material 
is first melted and then extruded, and an electrostatic field 
is applied to stretch the extruded coarse fibers with a maxi-
mum precision of 1 μm. The printed fibers are stacked in a 
layer-by-layer manner following the moving paths regulated 
by a computer. Han et al. [128] prepared gelatin/PLGA-
based composite scaffolds containing transforming growth 
factor-β1 (TGF-β1)-loaded PLGA microspheres using 
MEW. To obtain this composite structure, microspheres 
containing cytokines were sprayed onto the scaffold after 
printing every ten layers of the networks. This study opti-
mized the viscosity of the ink in the MEW processing and 
suggested that 20–30 Pa s may be an appropriate value of the 
viscosity, and also found that the TGF-β-loaded composite 
could promote the cartilage differentiation of BMSCs, with 
the best repair outcome in a rabbit cartilage defect model. 
Similarly, Han et al. [129] employed MEW to manufacture 
a PCL-based composite scaffold containing cytokine-loaded 
microspheres, including morphogenetic protein-7 (BMP-7) 
and insulin-like growth factor-1 (IGF-1). BMP-7 (promoting 
chondrocyte secretion of proteoglycan 4) was loaded in the 
superficial layer of the composite scaffold, IGF-1 (enhancing 
the production of type II collagen and aggrecan) was located 
in the middle layer, and HA (promoting chondrocyte differ-
entiation to deep cartilage) was located in the bottom layer. 
This design of environmental differences between scaffold 
layers contributed to the regional heterogeneity of chondro-
cyte secretory proteins, achieving excellent repair results in 
rabbit cartilage defect models.

Other approaches adopt a more complex methodology, 
combining various post-processing methods to improve the 
physicochemical properties and bioactivity of the scaffold. 
Xu et al. [130] rolled chondrocyte-membrane construct 
around a silicon tube to construct a 3D trachea-shaped scaf-
fold with a controllable lumen diameter and wall thickness, 
which achieved encouraging repair outcome in a segmental 
tracheal lesion rabbit model. John et al. [131] introduced a 
method to prepare 3D scaffolds with patterned macrochan-
nels by using 3D printed scaffolds as sacrificial templates 
combined with short fibers. Compared with the scaffolds 
lacking macrochannels, 3D macroporous scaffolds showed 

enhanced cell infiltration and better host tissue integration, 
and this novel class of nanofiber fabrication approach further 
improved the short-fiber casting technique for rapid cellular 
infiltration. Zhang et al. [132] prepared a Janus nanofibrous 
aerogel for diabetic wound healing. A 3D nanofiber scaf-
fold composed of quaternized chitosan/PVA (QCS/PVA) 
homogeneous nanofibers was obtained by freeze casting, and 
then curcumin /PCL nanofibers were further electrospun on 
their surface. The Janus 3D aerogel achieved autonomous 
and rapid delivery of exudate and exhibited good antibacte-
rial and antioxidant properties to synergistically shorten the 
inflammation phase and promote diabetic wound healing.

Conclusions and Future Outlooks

Conclusively, a series of approaches has been put forwarded 
to afford electrospun 3D scaffolds to promote cell infiltration 
and neo-tissue formation, which results into the large pore 
size and high porosity. While conventional electrospinning 
affords 2D nanofibrous membranes with high packing den-
sity along with small pore size and porosity, advanced fabri-
cation techniques help realize the production of 3D scaffolds 
exhibiting superior porosity, pore size, pore interconnectiv-
ity, and surface-to-volume ratio. This improvement in the 
physicochemical properties of scaffolds may not only ben-
eficial for cell orchestration but also for improving cell-cell 
and cell-ECM cross-talk as well as the diffusion and trans-
port of nutrients and oxygen for tissue survival in vitro and 
integration into host tissues/organs in vivo. While advanced 
fabrication techniques, including multilayered electrospin-
ning, sacrificial template method, and wet electrospinning, 
which are the derivative technologies of conventional elec-
trospinning and mainly rely on the accumulation of fiber 
layers, they are insufficient for improving the porosity and 
pore size of 3D scaffolds. Similarly, although these tech-
niques permit the fabrication of improved scaffolds as com-
pared to the conventional electrospinning method, the poor 
control over the precise regulation of microstructure and 
the distribution of micropores hamper their applicability. 
Alternatively, post-processing methods are inexpensive and 
afford a precise control over the microstructure of 3D scaf-
folds. However, these methods also have inherent limitations 
associated with them.

First, while gas foaming methods afford 3D scaffolds with 
high porosity and pore size compared with the 2D nanofi-
brous membranes, they adversely affect the structural integ-
rity and mechanical stability of scaffolds [82]. Similarly, 
short-fiber based self-assembly method requires additional 
cross-linking and processing molds. Besides, short fiber self-
assembly based method is tedious to be exploited for flexible 
and elastic materials, which cannot form uniform short-fiber 
dispersions. The approaches associated with 3D printing are 
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constricted by the requirements of the special instrumen-
tation. Additional techniques such as ultrasound-enhanced 
electrospinning have yet not been developed and applied in 
a well-established manner. Moreover, specialized designs 
for sophisticated biomedical applications are still scarce, and 
more investments and trials are warranted for their eventual 
clinical translation.

Second, due to the unique morphological and mechani-
cal properties of different tissues, future research should 
focus on the precise engineering of 3D scaffolds that can 
be adapted to the host tissues and organs. For cartilage 
tissue regeneration, scaffolds require sufficient elasticity 
to withstand compression and deformation of osteochon-
dral tissues. Consequently, different types of crosslinking 
approaches have been introduced to afford elastic 3D scaf-
folds. The cross-linked network maintains the structural sta-
bility of the scaffold under compression as well as improves 
the water absorption capacity. Tendon and ligament tissues 
necessitate scaffolds with anisotropic mechanical properties, 
for which aligned micro/nanofibrous structures have been 
designed. While 3D scaffolds possess high porosity, they 
lack mechanical properties commensurate with the targeted 
tissues and organs and therefore need further optimization. 
On one hand, this issue can be addressed by delicate post-
treatment and modification, such as in situ biomineraliza-
tion, random layer strengthening, chemical cross-linking, 
etc. Therefore, further research is required to overcome the 
limitations associated with the current approaches to real-
ize 3D scaffolds with tissue or organ matching mechanical 
properties.

Third, while the aforementioned methods mainly 
emphasize on the structural modification of the scaffold, 
more efforts are needed to improve the bioactivity of 3D 
scaffolds. Cell infiltration into scaffolds can be improved 
by incorporating bioactive cues. In vivo, cells perceive an 
array of biochemical cues, such as soluble signals and ECM-
immobilized growth factors, biomimicking these features 
into 3D scaffolds may further enhance their applicability 
for TE. Cytokines and chemokines have been reported to 
induce cell egress and chemotaxis. Besides, GAGs foster 
sequestration of exogenous and endogenous growth factors, 
which may be amenable for designing advanced 3D scaf-
folds [136]. Likewise, platelet-rich plasma (PRP) can also 
be incorporated into electrospun nanofibers to improve the 
chemotaxis of cells and foster cell infiltration [137]. Other 
types of bioactive growth factors, such as BMP-2 and VEGF 
can promote osteogenesis and angiogenesis, which may be 
conducive for bone regeneration [102, 138]. Owing to the 
porous structure of the 3D scaffold, problems such as the 
poor distribution of bioactive molecules and initial rapid 
release need to be carefully considered.

Fourth, 3D scaffolds could mimic the hierarchical 
architecture of ECM. In silico studies focused to predict 

the final pore size, porosity, surface roughness, and other 
properties of the scaffolds under different parameters may 
provide an indispensable information for an intelligent 
design of 3D scaffolds [139].

Fifth, as most polymers exploited for electrospinning 
are water insoluble, the use of highly toxic organic sol-
vents is inevitable. Frequently used solvents, including 
dimethylformamide, dichloromethane, tetrahydrofuran, 
hexafluoroisopropanol, chloroform, etc., are highly toxic. 
The residual solvents on the fibers may have a negative 
effect on the biosafety of the scaffolds [140]. While it has 
been reported that most of the low boiling solvents can be 
removed by vacuum and heat treatment [141], considering 
environmental friendliness and biocompatibility issues, 
the use of the non-toxic solvents may hold great promise to 
for the further advancing of electrospun scaffolds for TE. 
Lastly, the issues related to scaling up, fine-tuning of prop-
erties, and cost competitiveness for achieving customized 
scaffolds with tissue-specific properties and material com-
ponents in appropriate proportions remain to be solved.
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