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Abstract 

Background:  Most of the natural extracellular matrix (ECM) is a three-dimensional (3D) network structure of micro/
nanofibers for cell adhesion and growth of 3D. Electrospun fibers distinctive mimicked 2D ECM, however, it is impos-
sible to simulate 3D ECM because of longitudinal collapse of continuous micro/nanofibers. Herein, 3D electrospun 
micro/nano-fibrous sponge was fabricated via electrospinning, homogenization, shaping and thermal crosslinking for 
3D tissue regeneration of cells and vascular.

Results:  Fibrous sponge exhibited high porosity, water absorption and compression resilience and no chemical 
crosslinked agent was used in preparation process. In vitro studies showed that the 3D short fiber sponge provided 
an oxygen-rich environment for cell growth, which was conducive to the 3D proliferation and growth of HUVECs, 
stimulated the expression of VEGF, and well promoted the vascularization of HUVECs. In vivo studies showed that 
the 3D short fiber sponges had a good 3D adhesion to the chronic wound of diabetes in rats. Furthermore, 3D short 
fibrous sponges were better than 2D micro/nanofiber membranes in promoting the repair of diabetic full-thickness 
skin defects including wound healing, hair follicle regeneration, angiogenesis, collagen secretion.

Conclusion:  Therefore, electrospun short fibrous sponges are special candidates for mimicking the 3D ECM and 
promoting 3D regeneration of tissue.
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Background
Biomaterial scaffolds can mimic the structure of natu-
ral extracellular matrixes (ECMs) with such remark-
able scale of accuracy such that they can actively 
participate and synergistically evolve with intrinsic cell 
activities [1]. Therefore, designing biomaterial scaf-
folds with structural morphology identical to that of the 

inherent three-dimensional (3D)-nanofibrous-network-
like structure of ECMs is crucial for achieving optimal 
biomimetic performance [2, 3]. Nanofibrous scaffolds 
are characterized by high specific surface areas, which 
provide additional attachment points for cell adhesion 
and proliferation. Furthermore, their nanoscale fine-
ness facilitates the precise structural remodeling of the 
microenvironment in which the cells live [4]. Recently, 
electrospinning has attracted notable attention in the 
field of tissue engineering, because of its capability of 
rearranging nano–micron-sized ultrafine fibers into spe-
cific scaffolds, whose morphology and structure resem-
ble those of natural ECMs [5–7]. Numerous studies have 
demonstrated the capability of electrospun fibers (EFs) 
with varying compositions and structures to promote 
cell adhesion, proliferation, differentiation, and other 
related functions, by appropriately selecting the fiber 
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materials, adjusting the electrospinning parameters, and/
or modifying the surface of the electrospun nanofibers 
with bioactive molecules [8]. The ECMs in human tissue 
cells primarily exhibit 3D structures that provide a viable 
microenvironment for cell–cell interactions, migration, 
and survival [9]. Conventional EFs are mostly com-
posed of densely packed fiber layers, however, because 
of their small pore sizes, low porosity, and lack of practi-
cal 3D structures, the 3D growth of cells along with the 
regeneration of specific tissues is limited [10, 11]. Thus, 
high-porosity and stereoscopic scaffold structures are 
prerequisites for ensuring an adequate nutrient exchange 
during cell growth and tissue reconstruction [12]. In this 
light, designing a 3D porous electrospun sponge-like 
bionic scaffold with high porosity, high water absorption, 
and excellent elasticity, is the primary goal of researchers 
in the field of tissue engineering.

In the recent decades, researchers have devised numer-
ous novel strategies for reshaping EF membranes into 
3D scaffolds, including gas foaming, liquid and tem-
plate-assisted electrospinning, and multilayered elec-
trospinning [13–16]. However, each technology has its 
drawbacks and limitations. For instance, an innovative 
3D scaffold was fabricated with a 2D electrospun mem-
brane by gas-foaming technology [17]. Although this 
approach effectively improved the shapes and pore sizes 
of the scaffolds to some extent, it cannot be implemented 
to realize 3D scaffolds with complex geometric shapes. 
Yokoyama et  al. prepared 3D scaffolds by electrospin-
ning in an organic solvent, however, their thickness was 
approximately < 3 mm [18]. Sun et al. directly developed 
an inflexible 3D scaffold by adjusting the collection tem-
plate, but the aperture of the scaffold was small [19]. 
Unfortunately, although the aperture and morphology of 
the electrospun membrane can be adequately improved 
through the above-mentioned methods, the inability to 
precisely control the shape and pore size of the scaffold 
creates severe bottlenecks in the design of functional 3D 
scaffolds. Consequently, the aforementioned complica-
tions have prompted researchers to consider a method 
for remodeling the electrospinning-derived morphology 
of the scaffold, while preserving its original structure.

Recently, Ding et  al. combined electrospinning and 
freeze-drying technologies to fabricate an ultra-light, 
porous aerogel composed of polyacrylonitrile (PAN) 
fibers, which demonstrated considerable potential for 
applications in oil–water separation and sound insula-
tion, among others [11]. Si et al. fabricated a hyperelas-
tic nanofibrous aerogel with a layered cellular structure 
[20], and Fong et  al. reported a polycaprolactone (PCL) 
3D scaffold [21]. In general, the methods discussed above 
present certain similarities: first, the EF membrane was 
crushed or ground into small pieces; subsequently, the 

small pieces were dispersed in the lyophilized liquid, 
freeze-dried, and finally cross-linked to obtain the sta-
ble form of the nanofiber scaffolds/aerogels. Compared 
with the conventional approach of using one technology, 
the combination of electrospinning and freeze-drying 
technologies for the fabrication of 3D scaffolds presents 
considerable advantages; nevertheless, certain disad-
vantages are present: (1) Study has shown that 3D scaf-
folds with pore sizes in the range of 100–300  μm can 
promote cell proliferation, migration and differentiation 
[22]. However, these methods usually generate scaffolds 
with relatively small pore sizes up to = 10–25 μm, which 
are not conducive to cell proliferation and infiltration; (2) 
the length of the short fibers is usually in the centimeter 
range, inducing the formation of a rough scaffold surface, 
which is not favorable for the regeneration of some types 
of tissues; (3) the fabrication process is typically compli-
cated, as it requires the grinding of the nanofiber mem-
brane in liquid nitrogen, limiting the shape control of the 
resulting scaffold and its preparation on a mass scale. To 
overcome these limitations, the combined use of elec-
trospun micro- or nanoscale fibers with natural sponge 
structures will provide an effective method for realizing 
functional fiber scaffold systems for tissue engineering 
applications.

In contrast to ordinary phloem fibers, cotton seed fib-
ers are formed by the epidermal cells of fertilized ovules 
that undergo elongation and thickening. At an advanced 
stage during their development, cellulose is deposited on 
the cell walls and causes natural distortion, resulting in 
the porous structure of the cotton (Scheme 1a) [23, 24]. 
Herein, inspired by these unique natural biological struc-
tures, electrospun fibrous sponge (EF-Sponge) scaffolds 
with 3D morphologies and ECM biomimetic properties 
were fabricated using a novel and facile method-combi-
nation of electrospinning, high-speed homogenization, 
and thermal crosslinking technologies (Scheme  1b). No 
chemical crosslinked agent is used in the whole prepa-
ration process, and sponges are characterized by good 
water absorption and excellent shape-memory function-
alities and can be produced in specific shapes and sizes 
to match the desired requirements (Scheme  1c). Firstly, 
the EF membranes were assembled into EF-sponge scaf-
folds with different fiber densities, and their differences 
in regards to water absorption and mechanical proper-
ties were compared. Secondly, in vitro the effects of our 
fabricated EF-sponge on the morphology, proliferation, 
and growth rate of human umbilical vein endothelial 
cells (HUVECs) were studied. Compared 2D electrospun 
fibers, the 3D sponge scaffolds were revealed to exhibit 
better in vivo 3D adhesion to the chronic wounds of dia-
betic rats, illustrating that the scaffolds effectively accel-
erated healing by absorbing the wound exudate, while 
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stimulating the regeneration of collagen epithelium 
and generating new blood vessels during the process 
(Scheme 1d).

Results and discussion
The fabrication of scaffolds
The schematic of electrospun short fiber sponge scaffolds 
fabrication was illustrated in Scheme  1b. It was divided 
into four steps: electrospinning, homogenization, shap-
ing, and crosslinking. Initially, a gelatin/polylactic acid 
(PLA) solution (12 wt%) was prepared with a weight ratio 
of 4:1. Subsequently, gelatin/PLA fibers were prepared 
using the ordinary electrospinning equipment under 
suitable conditions, producing fiber membranes with 
relatively random coverage patterns. The fibers were cut 
into small fragments and dispersed in a tert-butanol solu-
tion by high-speed centrifugation, to ensure the uniform 
dispersion of the fibers (Fig.  1a). The dispersions were 
molded and freeze-dried to obtain the uncrosslinked 
scaffolds. Due to the hydrophilic nature of the gelatin 
base material, the scaffolds would quickly disintegrate 
when exposed to water. Therefore, crosslinking of scaf-
fold is necessary and important to form a stable morphol-
ogy and interconnected networks. To retain the original 

morphology of nanofibers, chemical reagents were often 
used for cross-linking [25]. However, chemical crosslink-
ing agents are generally toxic for cell growth and tissue 
regeneration. Herein, to maintain high biocompatibil-
ity of the scaffold, the structure and morphology of the 
scaffolds were stabilized by thermal crosslinking, and no 
chemical crosslinking agent was used in the whole prepa-
ration process. After heating for 2 h, the structure of the 
EF-sponge maintained its stability even under intense 
mechanical agitation (Additional file  1: Video 1). Fur-
thermore, no visible damage or physical alteration was 
caused because of the externally applied forces, confirm-
ing the good shape-memory functionality of the scaffold, 
and the scaffolds of varying sizes and shapes were attain-
able by altering the molds (Fig. 1e and Additional file 2: 
Video 2). Therefore, it was expected that 3D short fibers 
would demonstrate optimal applicability in the field of 
human tissue repair (Scheme 1d).

Morphology and FTIR spectra of scaffolds
In order to investigate the differences in the fiber mor-
phology and fiber density distribution of EF-sponge 
scaffolds, scanning electron microscopy (SEM) were per-
formed. According to the results, the EFs had a randomly 

Scheme 1  Schematic diagram of fabricating electrospun short fiber sponge scaffolds. a Unique biological structures of cotton fiber; b Schematic 
illustration of the fabricated process of EF-sponge scaffold; c EF-sponge of different sizes and shapes; d Application of EF-sponge scaffolds in 
different biological fields
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oriented non-woven-fabric-like morphology, with an 
average diameter of 910 nm. After breaking the EF mem-
brane by using a high-speed homogenization technol-
ogy, it was observed that the fiber diameters of the EF 
and EF-sponge samples were same, with an average short 
fiber length of ~ 27  μm, while exhibiting random fiber 
distribution. Moreover, the short-fiber density in the EF-
sponge sample was discovered to vary with the solid con-
tent, i.e., as the solid content increased, the fiber density 
increased and the sponge structure became dense. More 
importantly, all scaffolds exhibited fibrous structures, 
with high resemblance to the natural ECM structures 
(Fig.  1b). Figure  1c illustrated the thermal crosslink-
ing schematic diagram of the EF-sponge scaffolds. The 
heat treatment reduced the number of free acids and 
basic residues in the gelatin, which formed interchain 
crosslinks and amide bonds after thermal crosslinking. 

Fourier transform infrared (FTIR) analysis revealed that 
the absorption intensity peak (1614 cm−1) in the spectra 
of EF-sponge, which corresponded to the C − N stretch-
ing vibration band, was significantly stronger than that of 
EF (Fig. 1d).

Water absorption capacity of scaffolds
Wettability of biomaterials is one of the most impor-
tant factors for cells growth and tissue regeneration[26]. 
In addition, higher water absorption of scaffold would 
benefit for skin regeneration. After immersion in water, 
the EF-sponge was observed to rapidly absorb water 
(Additional file 3: Video 3). The water absorption behav-
iors of the EF and EF-Sponge were illustrated in Fig. 2a. 
The maximum water absorption rate of all samples was 
reached within 10  min. In contrast to the EF sample, 
the water absorption capacity of the EF-sponge notably 

Fig. 1  Characterization and morphology of EFs and EF-Sponges. a Schematic illustration of the fabrication of EF-Sponges; b SEM images of EFs and 
EF-Sponges with different fiber densities; c The schematic of thermal crosslinking mechanism; d FTIR spectra of EF and EF-Sponge; e Photograph of 
EF-sponges in different sizes and shapes
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varied with fiber density. The increase in water absorp-
tion was primarily attributed to the high porosity of the 
scaffold, in particular, the lower the fiber density, the 
higher the porosity, and the better the water absorption. 
The scaffolds with 1% fiber density exhibited the optimal 
expansion performance (281%), followed by the scaffolds 
with 2% (106%) and 4% (65.5%) fiber density (Fig. 2b).

The 3D scaffolds exhibited excellent water absorption 
performance, which is mainly attributed to the porous 
structure of the scaffolds and the hydrophilicity of gelatin, 
which is the basic material that comprised the scaffolds. 
The interconnected porous structure was conducive to 
the absorption and retention of water. Furthermore, even 
after several consecutive compressions, the scaffolds still 
"remembered" their original shapes and quickly recov-
ered it after absorbing water, which may be related to the 
elasticity and water absorption of the scaffold (Fig. 2c and 
Additional file 2: Video 2). The enhanced water absorp-
tion features of the scaffolds are highly beneficial for bio-
medical applications. For example, the scaffolds used for 

skin defect should exhibit good water absorption perfor-
mance. Wound exudate is a liquid component that leaks 
from the capillaries due to inflammation that causes the 
permeability of the capillaries to increase [27]. Too much 
exudate can cause bacterial infection, and too little exu-
date is not conducive to cell proliferation [28]. And the 
shape of skin defect might be various. Therefore, the 
shape of the scaffolds can be fabricated accordingly and 
applied to the skin defect. The shaped scaffolds can be 
perfectly attached to the defect and absorb the exudate 
from the wound surface to keep the wound moist and 
prevent infection.

Mechanical analysis of scaffolds
To evaluate the influence of fiber density on the mechani-
cal properties of the EF-sponge, scaffolds with different 
fiber densities (1, 2, and 4%) were fabricated. As shown 
in Fig.  2d, the 1% EF-sponge exhibited good compres-
sion recovery after 20 consecutive compressions. The 
maximum stress in the first cycle was 6.46 kPa, and was 

Fig. 2  Characterization of EF-Sponges. a Analysis of water absorption and porosity of EF and EF-sponges with different fiber densities; b Expansion 
rates of EF-Sponges with different fiber densities; c Elasticity photographs of EF-Sponge; d Compressive mechanical properties of EF-sponges with 
different fiber densities
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decreased to 6.38 kPa after 20 cycles. The Young’s mod-
ulus also demonstrated a similar trend, dropping from 
0.004 (1st cycle) to 0.003  kPa (20th cycles). The 2% EF-
sponge sample exhibited marginally lower compres-
sion recovery; the maximum stress in the first cycle was 
8.52  kPa, which decreased to 7.55  kPa after 20 cycles. 
Accordingly, the Young’s modulus decreased from 0.007 
to 0.006  kPa. The 4% EF-sponge sample demonstrated 
the highest compression recovery, with the maximum 
stress decreasing from 11.06 to 9.41  kPa. Accordingly, 
its Young’s modulus decreased from 0.015 to 0.012 kPa. 
Although the 1 and 2% scaffolds exhibited a comparable 
compression recovery performance after 20 cycles, their 
maximum stresses were lower than those of the 4% scaf-
fold. Particularly, from the first until the 20th cycle of the 
compression tests, the Young’s modulus of both samples 
decreased by approximately three times than that of the 
4% scaffold. A plausible theoretical explanation for this 
behavior was that the internal fibers of the scaffold stuck 
together after absorbing water; in particular, the higher 
the fiber density, the more the number of fibers that stuck 
together, and thus, the stronger the mechanical proper-
ties of the scaffold.

Scaffold materials play a key role in determining the 
evolution patterns of cell proliferation and tissue regen-
eration. The comparison of the three sponge scaffolds 
showed that 1% EF-Sponge exhibited the loosest fiber 
distribution, but its mechanical property was the worst. 
Although 4% EF-Sponge exhibited the best mechanical 
property, its fiber distribution was the densest which was 
not conducive to cells infiltration. Therefore, based on 
the results for the scaffolds with different fiber densities 
discussed above, the 2% EF-sponge scaffold was selected 
for further evaluation and denoted as EF-Sponge.

Biocompatibility and angiogenesis of HUVECs
To determine the effect of 2D EF membrane and 3D EF-
Sponge on cell proliferation, HUVECs were co-cultured 
with the scaffolds and then tested with the cell counting 
kit-8 (CCK-8). The experimental results indicated that 
both the EF and EF-Sponge scaffolds supported the con-
tinuous proliferation of HUVECs and there was no signif-
icant difference between scaffolds at 1 day. On day 3 and 
5, HUVECs showed better proliferation on EF-Sponge 
than EF (p < 0.01) (Fig. 3b). The results revealed that EF-
Sponge could promote HUVECs growth and prolifera-
tion in comparison with EF.

Figure  3a showed the results for the hematoxylin and 
eosin (HE) staining, fluorescence staining, and SEM of 
the HUVECs after culturing on EF and EF-Sponge for 
7 days. The cross-sectional fluorescence staining patterns 
revealed that the HUVECs adhered and grew along the 
pores of EF-Sponge and were not simply restricted to 

monolayer adhesion and diffusion as EF. SEM examina-
tion also confirmed their ability to attach on the scaffold 
surface and proliferate along the nanofibers. However, 
in contrast to EF, the cell cytoskeleton in the EF-Sponge 
sample extended further in all directions, inducing the 
nearly direct contact of the cells. The above behavior 
confirmed that the scaffold structures not only acceler-
ated cell growth and proliferation but also facilitated cell 
infiltration and three-dimensional distribution.

In addition to proliferation, angiogenesis of HUVECs 
is crucial for tissue reconstruction. The protein levels of 
several key markers, such as the hypoxia-inducible factor 
1-alpha (HIF-1α) and vascular endothelial growth factor 
(VEGF), were quantified via western blotting. The results 
showed that HIF-1α expression in the EF-Sponge was 
lower than that in EF, whereas the VEGF gene expres-
sion demonstrated the same trend (Fig.  3c, d). HIF-1α 
targets the downstream genes that regulate cell function 
and angiogenesis under hypoxic conditions [29], there-
fore, the low expression of this factor in the EF-Sponge 
indicated that the EF-Sponge sample provided an oxy-
gen-rich environment for the cells, thus stimulating angi-
ogenesis. As such, it was further affirmed that the porous 
structure of the scaffolds not only promoted cell prolif-
eration but also facilitated the repair process following 
endothelial injury.

Evaluation of diabetic wound healing
To determine the healing performance of EF-Sponge for 
skin wound repair, both EF-Sponge and EF were applied 
to diabetic full-thickness wounds, and the results were 
compared with those obtained for an untreated control 
group. The diabetic model was established one week 
prior to the animal experiments. The blood glucose levels 
after one week were all above 16.7 mM, with an average 
value of 30 mM, indicating the successful establishment 
of the diabetic model. Figure  4a illustrated the wound 
healing progress in the three groups of diabetic rats at 0, 
7, 14, and 21 days after surgery. Gross observation after 
7 days revealed that the wound closure area in the control 
group had expanded at a slow rate, with incomplete scabs 
and some yellow pus exudation. However, the wound sur-
faces of the experimental groups were completely crusted 
and appeared drier and smaller, which was theoretically 
attributed to the increased hydrophilicity of the experi-
mental materials that absorbed secretions, thus keeping 
the wound dry [30]. In addition, compared with the EF 
group, the EF-Sponge group exhibited enhanced water 
absorption capacity, which further accelerated wound 
healing. Consistent with the general observation results 
(Fig.  4b, c), the wound healing rates of both groups 
were significantly higher than that of the control group 
(36 ± 3%), reaching 55 ± 4 and 53 ± 4%, respectively. As 
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the treatment time progressed to the 21st day, the wound 
healing area of the EF-Sponge group had expanded, and 
a healing rate of 87% ± 1% was achieved, whereas the 
wound healing rates of the EF and control groups peaked 
at 83 ± 2 and 81 ± 2%, respectively. Observation of the 
final effects of the treatments administered to the rats 
from each group on day 21 showed that the regenerated 
skin tissues treated with the EF-Sponge had a smaller 
scar area (Fig.  4d). Thus, the results confirmed that the 
EF-Sponge effectively promoted the growth of new tis-
sues and reduced the scar tissue area. In summary, our 

macroscopic observations affirmed that EF-Sponge was 
beneficial for promoting wound healing.

Histological analysis
The pathology of the wound healing process was 
assessed by HE and Masson trichrome staining tests 
(Fig.  5a). Pathological sections from all groups were 
collected on the 7th, 14th, and 21st day of healing for 
the tests, the results indicated that the wound length 
of the EF-Sponge group was significantly shorter 
than that of the control and the wound length of the 
EF group was in-between (Fig.  5b). In contrast to the 

Fig. 3  In vitro biocompatibility of HUVECs on EF and EF-sponge scaffolds. a Images of HUVECs cultured on EF and EF-sponge, characterized by HE 
staining, fluorescence staining and SEM; b Proliferation of HUVECs cultured on EF or EF-sponge for 1, 4 and 7d (**p < 0.01); c Western blotting and d 
semi-quantification of protein levels of VEGF and HIF-1α (**p < 0.01)
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control group, new granulation tissue and epidermis 
were detected on the wound of the EF-Sponge-treated 
group, along with tissues resembling skin appendages. 
These observations suggested that during the early 
stages of diabetic wound healing, the stimulation of 
skin appendage formation mitigated the regeneration 
of scar tissues. Furthermore, the number of new hair 

follicles in the repaired epithelial tissues was counted 
(Fig. 5c). The number of new hair follicles in all groups 
increased with the progress of time, particularly in the 
EF-Sponge group. The number of new hair follicles in 
the EF-Sponge was significantly higher than that in the 
control and EF groups (p < 0.01). In summary, histologi-
cal evaluation of the HE and Masson staining verified 

Fig. 4  Diabetic wound healing studies in vivo. a Images of wound healing with different treatment groups on days 0, 7, 14, 21; b Schematic 
diagram of wound healing in different treatment groups. The pink area meant the initial wound area and purple area represented the wound area 
at different time points; c The wound closure rates at different time points; d Quantification of wound area at day 21 (*p < 0.05 and **p < 0.01)
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the suitability of EF-Sponge treatment for diabetic 
wound repair based on the acceleration in the forma-
tion of granulation tissue and collagen and even skin 
appendages.

The two main types of skin collagen, type I and type 
III, are closely related to the mechanism and efficacy of 
skin injury repair. Figure  6a and c presented the results 
of collagen I immunostaining. The deposition of collagen 
I in each group increased with time, and the EF-Sponge 
group was observed to notably increase. In addition, the 
expression of collagen III in EF-sponge was significantly 
increased on the 7th, 14th, and 21st days (Fig. 6b and d). 
It is well known that the amount of collagen type III of 
scar tissue is relatively lower than that of normal skin, 

studies have shown that an adequate amount of collagen 
type III during the early stages of healing significantly 
benefits the remodeling process, which leads to less scar 
tissue formation [31]. By associating the pathological 
results with the formation of skin appendages, the for-
mation of abundant collagen in the healing process was 
conducive to the remodeling of collagen matrix, promot-
ing the healing of the wound. Therefore, the treatment of 
EF-Sponge not only promoted collagen deposition and 
remodeling, but also played a positive role in inhibiting 
the formation of scar in the healing tissue.

The expression of keratin and alpha smooth mus-
cle actin (α-SMA) at the repair site was evaluated using 
immunofluorescence staining. Keratin is an important 

Fig. 5  Histological analysis of wound repair in different treatment groups at different time points. a HE and Masson staining images of different 
treatment groups at different time points; b Wound healing length and c the number of newborn hair follicles in different treatment groups at 
different time points (*p < 0.05 and **p < 0.01)
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branch of fibrin that is primarily expressed in the hair and 
epithelial cells [32, 33]. CK14 is a member of the inter-
mediate fibrin type I keratin family. It can be paired with 
type II keratin CK5 to form the base keratin of complex 
squamous epithelial keratin cells, including epidermis 
and non-exfoliated complex squamous epithelial mucosa 
[34]. Figure  7a and c presented the results of cytokera-
tin immunostaining. Except for the control group, the 
expression of cytokeratin was strongly positive in the two 
treated samples and especially in the EF-Sponge group. 

These results confirmed that the process of wound tissue 
re-epithelialization in both treated groups was enhanced 
and faster than that in the control group, with the EF-
Sponge group exhibiting better healing features than 
the other groups. On the basis of the optimum behav-
ior of the EF-Sponge group in terms of 3D tissue regen-
eration, it was speculated that this sample could further 
promote the regeneration of blood vessels. For this pur-
pose, the vascularization ability of the myofibroblast 
marker α-SMA was evaluated in  vivo at three different 

Fig. 6  Immunofluorescence staining of collagen deposition. a Representative graphs of collagen type I and b collagen type III in different 
treatment groups at different time points; c the quantification for relative positive area of collagen type I and d collagen type III, (*p < 0.05 and 
**p < 0.01)
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time points, by conducting fluorescence expression tests 
(Fig.  7b, d). Although the number of new vessels was 
observed to have gradually increased in the control group 
at all three time points, it was lower than that observed in 

the experimental groups. The EF-Sponge group demon-
strated a significantly higher number of new vessels.

The process of wound repair can be accelerated by 
enhancing the rate of neovascularization, which in turn 

Fig. 7  Immunofluorescence staining of cytokeratin and α-SMA in different treatment groups at different time points. a Representative graphs of 
CK14 b and α-SMA; c the quantification for relative positive area of CK14 and α-SMA, (*p < 0.05 and **p < 0.01)
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provides sufficient nutrients to maintain the newly 
formed granulation tissue [35]. By promoting the forma-
tion of new vessels, the EF-Sponge scaffolds actively con-
tributed to the provision of sufficient nutrients to cells, 
thereby promoting cell proliferation, which increased the 
expression of cytokeratin and promoted tissue re-epithe-
lialization. Applying the EF-Sponge in the wound repair 
treatment process not only stimulated the formation of 
granulation tissue and new vessels along with collagen 
remodeling but also contributed to the prevention of scar 
formation, thus benefiting the proper repair of the dia-
betic wound.

Conclusions
In this study, inspired by natural sponge structures, a EF-
sponge scaffold with 3D morphologies and ECM biomi-
metic properties were constructed by a novel and facile 
method—combination of electrospinning, high-speed 
homogenization, and thermal crosslinking technologies. 
In vitro studies indicated that the EF-Sponge could pro-
vide a good 3D living environment for HUVECs, facili-
tating their proliferation, migration, and vascularization. 
In  vivo studies demonstrated that the EF-sponge had 
a good 3D adhesion to the chronic wound of diabetes 
in rats. Meanwhile, compared with EFs, the EF-Sponge 
accelerated angiogenesis and the deposition of collagen 
and keratin. Thus, the 3D EF-sponge, as biocompatible 
substrates, has great potential in skin tissue engineering 
and possibly other biomedical applications.

Materials and methods
Materials
Gelatin from porcine skin was provided from Sigma 
Aldrich. Poly-lactic-acid (PLA) was applied by 
Jinan Daigang Biomaterial Co., Ltd. (Jinan, China). 
1,1,1,3,3,3-Hexaflfluoro-2-propanol (HFIP) was provided 
by Aladdin industrial Co., Ltd. (Shanghai, China). Tert-
butyl alcohol was provided by Rhawn reagent Co., Ltd. 
(Shanghai, China). Related reagents for cell culture were 
obtained from Gibco (UK).

Preparation and characterization of EF‑Sponge
Gelatin and PLA were dissolved in HFIP at a mass ratio 
of 4:1 to prepare gelatin/PLA solution (12 wt%). The opti-
mal electrospinning conditions for gelatin/PLA nanofib-
ers were determined: the applied voltage, the flow rate, 
and the collection distance were set at 15 kV, 3 ml/h, and 
15 cm, respectively. The prepared gelatin/PLA nanofiber 
meshes were vacuum dried to remove trace solvent. As 
illustrated in Scheme  1, the preparation of EF-sponge 
scaffold involved three key steps: (1) cutting of nanofib-
ers into small fragments; (2) dispersion of the small 
fragments in tert butanol by homogenizing with IKA 

T-18 at 13,000 rpm for 15 min; (3) frozen in liquid nitro-
gen for 1 h and then freeze dried for 48 h to obtain the 
uncrosslinked scaffolds. To stabilize the structure, EF-
sponge scaffold was further crosslinked with the ther-
mal crosslinking at 180 ℃ for 2 h in a oven. In addition, 
EF-Sponges with different fiber densities (1, 2 and 4%) 
were prepared by varying the weight of the fibers in tert-
butanol. The morphology of the fabricated scaffolds was 
examined by SEM (HITACHI TM-100, Japan). The aver-
age nanofiber diameter was measured by Image J Soft-
ware (National Institutes of Health, USA). The scaffolds 
were also characterized with a FTIR (Nicolet Nexus 670 
FTIR spectrometer).

Water absorption was measured according to the 
reported method[36]. Each dry scaffold was weighed and 
recorded (Wd). The scaffolds were immersed in deionized 
water for 10, 30, 60 and 120 min, respectively. Then the 
wet scaffolds was weighed and recorded (Ww). The water 
absorption capacity (WA) of the scaffolds was calculated 
using the following equations:

The porosity of EF and EF-sponge was evaluated by liq-
uid displacement [37]. Briefly, every scaffold was weighed 
and measured in dry condition, then soaked in absolute 
acetone for 48 h. The average porosity was calculated as 
previously reported [37].

The mechanical properties of the scaffolds were meas-
ured by compression cycle test with material testing 
machine (HY-940FS, China). The compression strain–
stress curves of the scaffolds in wet state with compres-
sion strain (ε = 80%) were measured at strain rate of 
10 mm/min.

Cell experiments
HUVECs were obtained from the commercial approach 
and used in  vitro experiments, which were incubated 
in in high glucose medium (Gibco, USA) supplemented 
with 10% fetal bovine serum (Gibco, USA) and 1% peni-
cillin–streptomycin solution (Hyclone, USA) and incu-
bated at 37 °C in a humidified atmosphere contained 5% 
CO2.

HUVECs proliferation and migration assessment
HUVECs (1 × 104 cells/well) were seeded on the scaffolds. 
After 1, 4, and 7 days of incubation, cell proliferation was 
determined by CCK-8 reagent (Beyotime, China). The 
morphology of HUVECs on the scaffolds after 7-day 
culture was examined by HE (H&E) staining staining, 
immunofluorescence staining and SEM. Briefly, 4% para-
formaldehyde was used to fix HUVECs, and dehydrated 

(1)WA(%) = (Ww −Wd)/Wd × 100%
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in a series of ethanol solution. Some dried samples were 
examined by SEM. The remaining samples were paraf-
fin-embedded and then transected into thin slices to be 
stained with HE and fluorescence, respectively.

Western blotting
Protein levels of HIF-1α and VEGF were detected 
by western blotting as previously reported[38]. The 
HUVECs cultured for 7  days were treated with trypsin 
and RIPA lysis buffer, respectively, and their protein 
concentration was quantified by a BCA protein assay kit 
(ServiceBio, G2026, China). Next, sample proteins were 
subjected to 10% SDS electrophoresis followed by trans-
ferring onto a PVDF membrane (PVDF, Millipore, US). 
The membrane was blocked with 5% skim milk for 1  h 
and then incubated with VEGF (GB11034B, servicebio), 
HIF-1α (GB11031, servicebio), GAPDH (60,004–1, PTG) 
antibody, respectively. After the secondary antibodies 
incubation for 30  min, the blots were visualized by the 
enhanced chemiluminescence detection system.

In vivo diabetic wound repair evaluation
All protocols for in  vivo experiments were performed 
in accordance to Institutional Animal Care guidelines. 
Shanghai Jiaotong University Animal Study Committee 
approved all procedures involved in animal experiments. 
180-210 g male Sprague–Dawley (SD) rats were injected 
with streptozotocin (STZ) (55  mg/kg, i.p.) to rapidly 
induce the model of type 1 diabetes by fasting for 8  h 
before surgery [39]. A week later, the blood glucose level 
reached above 16.7  mM by measuring the caudal vein 
of the rats. Rats were randomly assigned to each of the 
3 groups (EF, EF-Sponge, and Control), respectively.Two 
round full-thickness cutaneous wounds (φ = 16  mm) 
were created on the back of rats. 3 M Tegaderm Film was 
used to covered the treated wounds to prevent infection. 
A digital camera was used to recorded the changes of 
wound repair at day 0, 7, 14 and 21, respectively. The fol-
lowing formula was used to evaluate the wound closure 
rates (CR):

A0 was the wound closure area at day 0, and Ac was the 
wound closure area at certain day.

HE and Masson’s trichrome staining were used to eval-
uate the infected wound healing while the immunofluo-
rescence staining such as collagen I and III, cytokeratin, 
and α-SMA was used to evaluate the collagen deposition, 
epithelialization, and angiogenesis.

(2)CR(%) = (A0 − Ac)/A0 × 100%

Statistical analysis
All data were presented as mean ± standard deviation. 
One-way analysis of variance (ANOVA) was used for 
statistical analysis to assess the significant differences 
among the groups. (*) p < 0.05 and (**) p < 0.01 were con-
sidered statistically significant.

Abbreviations
ECM: Extracellular matrix; EFs: Electrospun fibers; PAN: Polyacrylonitrile; PCL: 
Polycaprolactone; EF-Sponge: Electrospun fibrous sponge; HUVECs: Human 
umbilical vein endothelial cells; PLA: Polylactic acid; FTIR: Fourier transform 
infrared; CCK-8: Cell counting kit-8; HE: Hematoxylin and eosin; HIF-1α: 
Hypoxia-inducible factor 1-alpha; VEGF: Vascular endothelial growth factor; 
α-SMA: Alpha smooth muscle actin; HFIP: 1,1,1,3,3,3-Hexaflfluoro-2-propanol; 
STZ: Streptozotocin.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s12951-​021-​00878-5.

Additional file 1. The stability of the scaffolds under tense mechanical 
agitation. 

Additional file 2. The shape-memory functionality of the scaffolds under 
the externally applied forces. 

Additional file 3. The water absorption performance of the EF-Sponge 
scaffolds.

Acknowledgements
Not applicable.

Authors’ contributions
YL, JW, XM, YW and WC conceived and designed the studies. YL, JW, DQ, and 
LC performed most of the experiments and analysed the data. YL and JW per-
formed some of the animal studies and assisted with the experimental design 
and data analyses. YL, JW and WC wrote the manuscript. YL and JW contrib-
uted equally to this work. All authors read and approved the final manuscript.

Author details
1 Department of Plastic Surgery, Shandong Provincial Maternal and Child 
Health Care Hospital, Cheeloo College of Medicine, Shandong University, 
Shandong, 250,061, People’s Republic of China. 2 Department of Burn Surgery, 
Clinical Medicine, Weifang Medical University, Shandong, 261053, People’s 
Republic of China. 3 Department of Orthopaedics, Shanghai Key Laboratory 
for Prevention and Treatment of Bone and Joint Diseases, Shanghai Institute of 
Traumatology and Orthopedics, Ruijin Hospital, Shanghai Jiao Tong University 
School of Medicine, 197 Ruijin 2nd Road, Shanghai, 200,025, People’s Republic 
of China. 4 Department of Orthopedic Surgery, The First Affiliated Hospital of 
Shandong First Medical University & Shandong Provincial Qianfoshan Hospital, 
Shandong Key Laboratory of Rheumatic Disease and Translational Medical 
Shandong, 250,014, People’s Republic of China. 5 State Key Laboratory for 
Modification of Chemical Fibers and Polymer Materials College of Chemistry, 
Chemical Engineering and Biotechnology, Donghua University, Shanghai 
201,620, China.

Funding
This research was supported by National Key Research and Development 
Program of China (2020YFA0908200), National Natural Science Foundation 
of China (81930051 and 32000937), Shanghai Jiao Tong University “Medi-
cal and Research” Program (ZH2018ZDA04 and YG2021ZD06), Science and 
Technology Commission of Shanghai Municipality (19440760400), Shanghai 
Municipal Education Commission—Gaofeng Clinical Medicine Grant Support 
(20171906), Shanghai Municipal Health Commission (20204Y0354), China 
Postdoctoral Science Foundation (2020M681321) and Projects of medical 

https://doi.org/10.1186/s12951-021-00878-5
https://doi.org/10.1186/s12951-021-00878-5


Page 14 of 15Li et al. J Nanobiotechnol          (2021) 19:131 

and health technology development program in Shandong province 
(2017WS771).

Availability of data and materials
All data generated or analysed during this study are included in this article.

Declarations

Consent for publication
All authors are Consent for publication.

Competing interests
The authors declare that they have no known competing financial interests.

Author details
1 Department of Plastic Surgery, Shandong Provincial Maternal and Child 
Health Care Hospital, Cheeloo College of Medicine, Shandong University, 
Shandong 250061, People’s Republic of China. 2 Department of Burn Surgery, 
Clinical Medicine, Weifang Medical University, Shandong 261053, People’s 
Republic of China. 3 Department of Orthopaedics, Shanghai Key Laboratory 
for Prevention and Treatment of Bone and Joint Diseases, Shanghai Institute 
of Traumatology and Orthopaedics, Ruijin Hospital, Shanghai Jiao Tong 
University School of Medicine, 197 Ruijin 2nd Road, Shanghai 200025, People’s 
Republic of China. 4 Department of Orthopedic Surgery, The First Affiliated 
Hospital of Shandong First Medical University & Shandong Provincial Qian-
foshan Hospital, Shandong Key Laboratory of Rheumatic Disease and Transla-
tional Medical Shandong, 250014 Jinan, People’s Republic of China. 5 State Key 
Laboratory for Modification of Chemical Fibers and Polymer Materials College 
of Chemistry, Chemical Engineering and Biotechnology, Donghua University, 
Shanghai 201620, China. 

Received: 21 March 2021   Accepted: 28 April 2021

References
	1.	 Xu T, Miszuk JM, Zhao Y, Sun H, Fong H. Electrospun polycaprolactone 3D 

nanofibrous scaffold with interconnected and hierarchically structured 
po-res for bone tissue engineering. Adv Healthc Mater. 2015;4:2238–46.

	2.	 Hussey GS, Dziki JL, Badylak SF. Extracellular matrix-based materials f-or 
regenerative medicine. Nat Rev Mater. 2018;3:159–73.

	3.	 Wang X, Ding B, Li B. Biomimetic electrospun nanofibrous structures for 
t-issue engineering. Mater Today. 2013;16:229–41.

	4.	 Wei G, Ma PX. Nanostructured biomaterials for regeneration. Adv Funct 
Mater. 2010;18:3566–82.

	5.	 Xie J, Willerth SM, Li X, Macewan MR, Rader A, Sakiyama-Elbe-rt SE, Xia 
Y. The differentiation of embryonic stem cells seeded on electrospun 
nanofibers into neural lineages. Biomaterials. 2009;30:354–62.

	6.	 Christopherson GT, Song H, Mao HQ. The influence of fiber diameter of 
electrospun substrates on neural stem cell differentiation and prolifera-
tion. Bi-omaterials. 2009;30:556–64.

	7.	 Saiding Q, Jin J, Qin M, Cai Z, Lu M, Wang F, Cui W, Chen X. Heat-shr-inka-
ble electrospun fibrous tape for restoring structure and function of loose 
soft tissue. Adv Funct Mater. 2020;26:2170054.

	8.	 Zhang K, Bai X, Yuan Z, Cao X, Jiao X, Li Y, Qin Y, Wen Y, Zhang X. Layered 
nanofiber sponge with an improved capacity for promoting blood co-
agulation and wound healing. Biomaterials. 2019;204:70–9.

	9.	 Theocharis AD, Skandalis SS, Gialeli C, Karamanos NK. Extracellular matrix 
structure. Adv Drug Deliv Rev. 2016;97:4–27.

	10.	 Wang J, Valmikinathan CM, Liu W, Laurencin CT, Yu X. Spiral-struct-ured, 
nanofibrous, 3D scaffolds for bone tissue engineering. J Biomed Mater 
Res A. 2010;93:753–62.

	11.	 Si Y, Yu J, Tang X, Ge J, Ding B. Ultralight nanofibre-assembled cellular 
aerogels with superelasticity and multifunctionality. Nat Commun. 
2014;5:5802–10.

	12.	 Mader M, Jerome V, Freitag R, Agarwal S, Greiner A. Ultraporous, com-
pressible, wettable polylactide/polycaprolactone sponges for tissue 
engineeri-ng. Biomacromol. 2018;19:1663–73.

	13.	 Dehghani F, Annabi N. Engineering porous scaffolds using gas-based 
techni-ques. Curr Opin Biotechnol. 2011;22:661–6.

	14.	 Wu J, Huang C, Liu W, Yin A, Chen W, He C, Wang H, Liu S, Fan C, Bowlin 
GL. Cell infiltration and vascularization in porous nanoyarn scaffolds pre-
pared by dynamic liquid electrospinning. Nanotechnol. 2014;10:603–14.

	15.	 Badrossamay MR, Mcilwee HA, Goss JA, Parker KK. Nanofiber assemb-ly 
by rotary jet-spinning. Nano Lett. 2010;10:2257–61.

	16.	 Soliman S, Pagliari S, Rinaldi A. Multiscale three-dimensional scaffolds fo-r 
soft tissue engineering via multimodal electrospinning. Acta Biomater. 
2010;6:1227–37.

	17.	 Jiang J, Li Z, Wang H, Wang Y, Carlson MA, Teusink MJ, MacEw-an MR, Gu 
L, Xie J. Expanded 3D nanofiber scaffolds: cell penetration, neovasculari-
zation, and host response. Adv Healthc Mater. 2016;5:2993–3003.

	18.	 Yokoyama Y, Hattori S, Yoshikawa C, Yasuda Y, Koyama H, Takato T, Kob-
ayashi H. Novel wet electrospinning system for fabrication of spongifor-m 
nanofiber 3-dimensional fabric. Mater Lett. 2009;63:754–6.

	19.	 Sun B, Li J, Wei L, Aqeel BM, El-Hamshary H, Al-Deyab SS, Mo X. Fabrica-
tion and characterization of mineralized P(LLA-CL)/SF three-dimensi-onal 
nanoyarn scaffolds. Iran Polym J. 2015;24:29–40.

	20.	 Si Y, Wang X, Yan C, Yang L, Yu J, Ding B. Ultralight biomass-derived carb-
onaceous nanofibrous aerogels with superelasticity and high pressure-
sensitivity. Adv Mater. 2016;28:9512–8.

	21.	 Xu T, Miszuk JM, Zhao Y, Sun H, Fong H. Bone tissue engineering: el-ectro-
spun polycaprolactone 3D nanofibrous scaffold with interconnected and 
hierarchically structured pores for bone tissue engineering. Adv Healthc 
Mater. 2015;4:2237–2237.

	22.	 Qiu LL, Choong C. Three-dimensional scaffolds for tissue engineer-
ing applications: role of porosity and pore size. Tissue Eng B Rev. 
2013;19:485–502.

	23.	 Basra AS, Malik CP. Development of the Cotton Fiber. Int Rev Cytol. 
1984;89:65–113.

	24.	 Jiang S, Agarwal S, Greiner A. Low-density open cellular sponges as 
functional materials. Angew Chem Int Ed. 2017;56:15520–38.

	25.	 Chen W, Chen S, Morsi Y, El-Hamshary H. EI-Newhy M, Fan C, Mo X (2016) 
Superabsorbent 3D scaffold based on electrospun nanofibers for carti-
lage t-issue engineering. ACS Appl Mater Interfaces. 2016;8:24415–25.

	26.	 Arima Y, Iwata H. Effect of wettability and surface functional groups on 
p-rotein adsorption and cell adhesion using well-defined mixed self-
assem-bled monolayers. Biomaterials. 2007;28:3074–82.

	27.	 Bradley P. Wound exudate. Br J Community Nurs. 2018;23:28–32.
	28.	 Power G, Moore Z, O’Connor T. Measurement of pH, exudate composition 

and temperature in wound healing: a systematic review. J Wound Care. 
2017;26:381–97.

	29.	 Li Y, Xu T, Tu Z, Dai W, Xue Y, Tang C, Gao W, Mao C, Lei B, Lin C. Bioactive 
antibacterial silica-based nanocomposites hydrogel scaffolds wit-h high 
angiogenesis for promoting diabetic wound healing and skin repair. 
T-heranostics. 2020;10:4929–43.

	30.	 Green JJ, Elisseeff JH. Mimicking biological functionality with polymers 
for biomedical applications. Nature. 2016;540:386–94.

	31.	 Wang M, Wang C, Chen M, Xi Y, Lei B. Efficient angiogenesis-based dia-
betic wou-nd healing/skin reconstruction through bioactive antibacterial 
adhesive ultra-violet shielding nanodressing with exosome release. ACS 
Nano. 2019;13:10279–93.

	32.	 Cheng L, Cai Z, Ye T, Yu X, Chen Z, Yan Y, Qi J, Wang L, Liu Z, Cui W, Deng L. 
Injectable polypeptide-protein hydrogels for promoting infec-ted wound 
healing. Adv Funct Mater. 2020;30:2001196.

	33.	 Snider NT, Nam-On K, Bishr OM. The sweet side of vimentin. Elife. 
2018;7:e35336.

	34.	 Zhou X, Li G, Wang D, Sun X, Li X. Cytokeratin expression in epidermal 
stem cells in skin adnexal tumors. Oncol Lett. 2019;17:927–32.

	35.	 Gurtner GC, Werner S, Barrandon Y, Longaker MT. Wound repair and re-
generation. Nature. 2008;453:314–21.

	36.	 Jithendra P, Rajam AM, Kalaivani T, Mandal AB, Rose C. Preparation and 
characterization of aloe vera blended collagen-chitosan composite 
scaffol-d for tissue engineering applications. ACS Appl Mater Interfaces. 
2013;5:7291–8.

	37.	 Wang J, Cheng Y, Wang H, Wang Y, Zhang K, Fan C, Wang H, Mo X. 
Biomimetic and hierarchical nerve conduits from multifunctional 
nanofibers f-or guided peripheral nerve regeneration. Acta Biomater. 
2020;117:180–91.



Page 15 of 15Li et al. J Nanobiotechnol          (2021) 19:131 	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	38.	 Sheng L, Zhang Z, Zhang Y, Wang E, Ma B, Xu Q, Ma L, Zhang M, Pei G, 
Chang J. A novel “hot spring”-mimetic hydrogel with excellent angioge-
nic properties for chronic wound healing. Biomaterials. 2021;264:120414.

	39.	 Chen TY, Wen TK, Dai NT, Hsu S. Cryogel/hydrogel biomaterials and acu-
puncture combined to promote diabetic skin wound healing through 
immu-nomodulation. Biomaterials. 2020;269:120608.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Electrospun fibrous sponge via short fiber for mimicking 3D ECM
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results and discussion
	The fabrication of scaffolds
	Morphology and FTIR spectra of scaffolds
	Water absorption capacity of scaffolds
	Mechanical analysis of scaffolds
	Biocompatibility and angiogenesis of HUVECs
	Evaluation of diabetic wound healing
	Histological analysis

	Conclusions
	Materials and methods
	Materials
	Preparation and characterization of EF-Sponge
	Cell experiments
	HUVECs proliferation and migration assessment
	Western blotting
	In vivo diabetic wound repair evaluation
	Statistical analysis

	Acknowledgements
	References




