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A B S T R A C T   

We demonstrate a simple, effective and feasible method to address the shrinkage of Poly (lactic-co-glycolic acid) 
(PLGA) through a core-shell structure fiber strategy. The results revealed that introducing size-stable poly-cap
rolactone (PCL) as the core fiber significantly improved the PLGA-based fibrous scaffold’s dimensional main
tenance. We further utilized fish collagen to modify the PLGA shell layer (PFC) of coaxial fibers and loaded 
baicalin (BA) into the PCL core layer (PCL-BA) to endow fibrous scaffold with more functional biological cues. 
The PFC/PCL-BA fibrous scaffold promoted the osteogenic differentiation of bone mesenchymal stem cells and 
stimulated the RAW264.7 cells to polarize into a pro-reparative phenotype. Importantly, the in vivo study 
demonstrated that the PFC/PCL-BA scaffold could regulate inflammation and osteoclast differentiation, favor 
neovascularization and bone formation. This work tactfully combined PLGA and PCL to establish a drug release 
platform based on the core-shell fibrous scaffold for vascularized bone regeneration.   

1. Introduction 

Bone tissue regeneration is a complex interdisciplinary course of 
biomedical science and materials science, in which the regulation of the 
immune microenvironment, the dynamic balance between bone for
mation and bone resorption, and the construction of neovascularization 
network are extremely important [1,2]. Active regulation of the immune 
microenvironment in the early stage of implantation and subsequent 
vascular network formation is considered a prerequisite for successful 
functional bone regeneration because it was essential for cell recruit
ment, cytokine secretion and the transportation of oxygen, nutrients and 
metabolic waste [3–5]. Despite the fact that various bone regeneration 
scaffolds have been developed, researchers have never stopped 
exploring the construction of a scaffold that can genuinely realize vas
cularized bone regeneration [6]. In this work, we are committed to 
preparing a bone graft substitute with an extracellular matrix (ECM) like 
structure that can actively regulate the immune microenvironment and 
promote vascularized bone regeneration. 

Poly (lactic-co-glycolic acid) (PLGA) and poly-caprolactone (PCL) 
are commonly used biomedical polymers; they have already been 
approved by the Food and Drug Administration (FDA) as a constituent of 
many biopolymer-based devices and has been widely used in the fields 
of nerve, skin, muscle and bone tissue engineering due to its good 
biocompatibility [7–11]. However, a severe defect of PLGA itself does 
not seem to attract enough attention, that is, dimensional instability 
[12]. PLGA quickly shrinks and deforms when stimulated by physical or 
chemical factors such as ultraviolet irradiation, liquid medium immer
sion, thermal treatment and ethylene oxide atmosphere [13–16]. PCL, a 
semi-crystalline polymer, was not easy to shrink or was even slightly 
swelling, but the implantation of unmodified PCL in vivo could easily 
cause excessive inflammation [17–19]. These weaknesses of PLGA and 
PCL limited its broader application in tissue engineering. With these in 
mind, we intend to utilize the coaxial fiber strategy as a simple, practical 
and feasible method to solve electrospun PLGA fibrous scaffold 
shrinkage and the relatively weak wettability of PCL. The inner PCL can 
inhibit the shrinkage of PLGA, and the outer PLGA can also seclude the 
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weak wettability caused by PCL. Evidently, this design could maximize 
the advantages of PLGA and PCL, and remedy for respective 
disadvantages. 

Subsequently, we modified the coaxial fiber scaffold to confer good 
biological activity and make the scaffold more suitable for bone regen
eration. Based on our previous study, we planned to introduce fish 
collagen (FC) into the shell of the coaxial fiber to improve biocompati
bility and accelerate the degradation rate of the whole scaffold [20]. 
Another critical factor that should be considered is that the fibrous 
scaffold’s efficiency without bioactive factors was limited for promoting 
bone regeneration [21]. The incorporation of growth factors such as 
bone morphogenetic protein 2 (BMP-2) and insulin-like growth factor 2 
(IGF2) into biomaterials could effectively promote bone tissue regen
eration [22]. However, there is a problem of inactivation in the loading 
of these biological factors into scaffolds [23–25]. Therefore, we designed 
our scaffold to load a more stable Chinese herbal component, baicalin 
(BA), into the core layer of the coaxial fiber instead of growth factors to 
enhance the bioactivity of the scaffold. BA, a flavonoid compound, has 
numerous merits, including anti-inflammatory and antibacterial prop
erties, promotion of osteogenic differentiation and inhibition of osteo
clastic differentiation, which works in a dose-dependent manner 
[26–29]. In this study, we attempted to introduce BA into electrospun 

fibers and expected that loading BA could endow the composite fibrous 
scaffold with the ability to regulate inflammation and promote vascu
larized bone regeneration. Besides, it was gratifying that core-shell 
structural fibers were also conducive to the sustained release of a 
drug, and the holes resulting from the degradation of FC could provide a 
channel for the release of BA [30]. The hydrophobility and slow 
degradation of PCL also made it useful for long-term delivery [31]. 

Here, we propose a core-shell structure fiber strategy (Scheme 1) 
using PLGA and PCL in combination to maximize their advantages and 
overcome their shortcomings. We investigated the anti-shrinkage per
formance of the coaxial fibrous scaffold in several common liquid media 
by shrinkage tests. We also experimentally tested the physico-chemical 
properties and BA release behavior. Furthermore, we assessed the pro
liferation and osteogenic differentiation of bone mesenchymal stem cells 
(BMSCs), and investigated the polarization of macrophages cultured on 
fabricated scaffolds in vitro. The foreign body reaction and angiogenic 
activity of the PFC/PCL-BA scaffold were determined through subcu
taneous Implantation. Finally, we evaluated the vascularized bone 
regeneration ability of PFC/PCL-BA through a critical-sized calvarial 
bone defect model. 

Scheme 1. The preparation schematic for PFC/PCL-BA coaxial fibrous scaffold and its remarkable multi-functions.  
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2. Experimental section 

2.1. Materials and reagents 

Poly-caprolactone (PCL, Mn = 80 kDa) was purchased from Shenz
hen Esun Industrial Co., Ltd. (China). Poly (lactic-co-glycolic acid) 
(PLGA, LA/GA = 75:25, Mw = 105 kDa) was purchased from Jinan 
Daigang Biomaterial Co., Ltd. (China). Fish collagen (FC, from fish scale 
and skin) was purchased from Sangon Biotech Co., Ltd. (China). Baicalin 
(BA, C21H18O11), Coumarin-6, 1,1,1,3,3,3-hexafluoro-2-isopropanol 
(HFIP) and 2,2,2-trifluoroethanol (TFE) were purchased from Aladdin 
Co., Ltd. (China). Rhodamine B was obtained from Beijing Solarbio 
Science & Technology Co., Ltd. (China). All other analytical reagents 
were supplied by Chengdu Kelong Co., Ltd. (China). 

2.2. Fabrication of fibrous scaffold 

All fibrous scaffolds were prepared using an electrospinning device 
(SS-2535, Beijing Ucalery Co., Ltd., China). Pure PCL and PCL-BA scaf
folds were fabricated by a uniaxial flat-tipped needle. Core-shell nano
fibers were fabricated by a coaxial needle. For preparing the PFC/PCL- 
BA scaffold, 0.08 g of FC and 0.4 g of PLGA were dissolved in 2 mL of 
HFIP and used as the outer coaxial needle solution. Considering that the 
degradation of PFC30 (30 wt %, FC to PLGA ratio) was too fast and 
PFC10 (10 wt %, FC to PLGA ratio) was relatively too slow, we chose 
optimal FC content as 20 wt % (FC to PLGA ratio) in the further study 
(Fig. S1). In addition, the uniform pores formed on the surface of PFC20 
fibers during degradation may be conducive to drug release from the 
core-shell structural fibers (PFC/PCL-BA). Simultaneously, 0.12 g of PCL 
and 0.015 g of BA were dissolved in 1 mL of TFE and served as the inner 
coaxial needle solution. The flow rate of the outer solution and the inner 
solution during electrospinning were 0.32 mL/h and 0.16 mL/h, 
respectively. The theoretical mass ratio of BA in the final fibrous scaf
folds was 2.5 wt %. A high voltage of 7 kV and a distance of 15 cm were 
applied between the syringe needle and the flat-collector. The prepa
ration method of the core-shell fiber scaffold of PFC/PCL was like the 
method used for the PFC/PCL-BA scaffold. The Fourier Transform 
infrared spectroscopy (FTIR) was also performed to prove the fibrous 
membranes were fabricated successfully (Fig. S2). 

2.3. Shrinkage test 

All samples were cut into 10 mm diameter discs and then soaked in 
several common biological liquid media, i.e., phosphate buffer saline 
(PBS) solution, normal saline, 75% ethanol solution and culture medium 
(α-MEM; Gibco, USA). After immersion for 24h at 37 ◦C, all discs were 
collected, and the soaking solution on the surface of scaffolds was 
blotted up with the wiping paper; thereafter, drawing the outline of discs 
with a marking pen. Finally, and the area of every disc was measured by 
Adobe Photoshop CC. Scanning electron microscopy (SEM; JSM- 
6510LV, JEOL, Japan) was employed to observe fibrous scaffolds’ 
morphology. 

2.4. Characterization of nanofibrous scaffolds 

The morphology of the nanofibrous scaffolds was observed by SEM. 
Transmission electron microscopy (TEM; Tecnai G2 F20, FEI, USA) was 
employed to observe the nanofibers’ core-shell structure. To further 
determine the core and shell layer in the coaxial structure fibers, traces 
of fluorescent agents were mixed with the electrospun solution 
(Coumarin-6 in the shell layer and Rhodamine B in the core layer). 
Confocal laser scanning microscopy (CLSM; AIR MP+, Nikon, Japan) 
was used to collect fluorescence images of the fibers. An electronic 
universal testing machine (AG-IC 50 KN, SHIMADZU, Japan) was 
applied to test the mechanical properties. All samples for mechanical 
properties tests were cut into a dumbbell shape. The scaffold’s 

wettability was measured using a contact angle measuring instrument 
(JY-82 B, Chengde Dingsheng, China). 

2.5. In vitro drug release 

Three kinds of scaffold were used: 1) PCL-BA, uniaxial fibers; 2) P/ 
PCL-BA, coaxial fibers, the shell layer was pure PLGA, and the core 
layer was PCL loaded with BA; and 3) PFC/PCL-BA, coaxial fibers (the 
shell layer was PLGA modified by FC, and the core layer was PCL loaded 
with BA). All samples were cut into thin slices of 15 mm in length and 10 
mm in width. After that, they were immersed in a 15-mL centrifuge tube 
with 10 mL of PBS solution (pH 7.4) and placed in a thermostatic 
oscillator at 100 rpm and 37 ◦C. At a predetermined time-point, all of the 
released solutions were collected, and the fresh immersing solution was 
supplemented to 10 mL. The amount of released BA was measured by a 
fluorescence spectrometer (F-7000, Hitachi, Japan). 

2.6. In vitro degradation behavior 

The PCL, PFC, PFC/PCL and PFC/PCL-BA fibrous membranes were 
cut into rectangles with a length of 15 mm and a width of 10 mm and 
weighed accurately (recorded as M0). Each membrane was put into a 5 
mL plastic tube with 4 mL of PBS solution (pH = 7.4), respectively, and 
then all tubes were put in a shaking incubator at 120 rpm and 37 ◦C. The 
incubating media were replaced every week. At each preset time point, 
the samples were collected and dried to constant weight (recorded as M). 
SEM was performed to observe the morphology of fibers after degra
dation. The weight loss was determined according to the following 
formula: 

Weight loss (%)=
M0 − M

M0
× 100%  

2.7. In vitro cell experiments 

The proliferation and cytotoxicity of BMSCs cultured on scaffolds 
were investigated by Cell Counting Kit-8 (CCK-8; KeyGEN BioTECH, 
China) on days 1, 3 and 5. Hoechst 33342, Alexa Fluor® 546 phalloidin 
and Mito Tracker® Green FM were used to dye the BMSCs’ nucleus, F- 
actin, and chondriosome, respectively, according to the manufactures’ 
instructions (Life technologies, USA). The osteogenic differentiation 
gene expression (osteopontin, OPN; osteocalcin, OCN) of BMSCs 
cultured on the different scaffold for 14 days was tested by Real-Time 
PCR (RT-PCR) and calculated using the 2-ΔΔCT method. GAPDH was 
selected as the reference gene, and the relative gene expression for all 
samples was normalized by the control group (cells were cultured on a 
tissue culture plate). The primer sequences are listed in Table S1. The 
polarization of the macrophage cultured on different scaffolds after 3 
days was investigated by flow cytometer. Macrophages (RAW264.7 
cells) were first identified as F4/80+ (BioLegend, USA), and the M2 
macrophages were further identified by the marker of CD206 (Bio
Legend, USA). 

2.8. Subcutaneous implantation 

All experiments involving animals in this study were performed ac
cording to the normative guidelines and were approved by the ethics 
committee of Sichuan University (2020253 A). All experimental animals 
were anaesthetized with chloral hydrate before surgery. C57BL/6 mice 
aged 8 weeks were used to investigate the foreign body reaction and 
angiogenesis. PCL, PFC/PCL and PFC/PCL-BA fibrous scaffolds (3-mm 
diameter disc) were implanted into the back of each mouse, and the 
sham group (surgery only, no implanted material) was set up. All sam
ples were collected when the mice were sacrificed at 1, 3, 7, and 14 days. 
Hematoxylin-Eosin (H&E) and immunofluorescence staining (F4/80, 
Servicebio; CD206, Abcam) were performed according to the 
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manufacturer’s instructions. 

2.9. Critical-sized calvarial bone defect repair 

Two cylindrical defects (5 mm in diameter) were prepared on both 
sides of the Sprague-Dawley (SD) rat calvarial bone to evaluate bone 
regeneration. A fibrous membrane completely covered the defect area in 
the experimental group with a diameter of 8 mm. The sham group was 
without any implants. All SD rats were sacrificed after implantation for 4 
and 8 weeks, and the neo-bone formation was analyzed by μ-CT 
(VivaCT80, SCANCO Medical AG, Switzerland) using 55 kV and 135 μA 
at high resolution. Those calvarial samples were decalcified by EDTA, 
and then, the H&E, tartrate-resistant acid phosphatase (TRAP), immu
nohistochemistry (Osterix, Abcam) and α-smooth muscle actin (α-SMA, 
Servicebio) fluorescence staining was performed. 

2.10. Transcriptome sequencing and RT-PCR confirmation 

Bulk RNA-Seq and RT-PCR of mouse calvarial bone was used to 
analyze the effect of BA on angiogenesis and bone formation/resorption- 
related gene expression. A 5-mm diameter defect was created on the 
middle seam of the calvarial bone. The bone defects were entirely 
covered by the PFC/PCL and PFC/PCL-BA fibrous scaffolds, respec
tively. Calvarial samples were collected and stored with RNAlater™ 

stabilization solution (ThermoFisher Scientific, USA) after one week of 
implantation. Bulk-RNA-Seq was performed by Beijing Novogene 
Technology Co., Ltd. (China). We also further confirmed the key genes 
(Pecam1, Vegfa, Tnfrsf11a and Ocstamp) expression by RT-PCR utilizing 
calvarial bones. The primer sequences are listed in Table S1 and the 
β-actin was selected as the reference gene. 

2.11. Statistical analysis 

Data were expressed as means ± standard deviation of n = 3–6 
replicates. One-way ANOVA with Tukey posttest in GraphPad InStat was 
used to analyze the significant difference between samples. The values 
were considered significantly different at P < 0.05. *p < 0.05, **p < 0.01 
and ***p < 0.001; NS, no significant difference. 

3. Results and discussion 

3.1. Shape stability of core-shell structure fibrous scaffold 

We evaluated the anti-shrinkage properties of the designed fibrous 
scaffold composed of PFC/PCL coaxial fibers by an immersion test 
(Fig. 1). Obviously, PCL and the core-shell structured PFC/PCL fibrous 
scaffold maintained their size and shape in general. However, PFC 
shrank and curled severely (Fig. 1a). The area maintenance ratios of the 

Fig. 1. a) The macroscopic photos of the fibrous scaffold after immersion in liquid media for 24 h; b) corresponding quantitative statistical analysis of the area 
maintaining ratio; c) SEM images of the fibrous scaffold before and after immersion; and d) schematic of the interaction between the core layer and the shell layer 
(black arrow, axial force; blue arrow, radial force). 

S. Jin et al.                                                                                                                                                                                                                                       



Bioactive Materials 8 (2022) 559–572

563

PFC fibrous scaffold in four kinds of liquid media were less than 30% 
(Fig. 1b). In contrast, PCL had almost no change in dimension in PBS and 
normal saline, and even swelled slightly in 75% ethanol and medium. 
PFC/PCL fibrous scaffold maintained its size in PBS, normal saline, and 
medium (103.4 ± 4.4%, 103.1 ± 3.6% and 97.8 ± 9.5%, respectively), 
and shrank only mildly in 75% ethanol (88.8 ± 7.7%). Furthermore, we 
observed the morphology of these fibrous scaffolds after immersion by 
SEM (Fig. 1c). After immersion, only some PCL fibers were bent because 
of the stress relaxation in the fibers. The morphology of the coaxial PFC/ 
PCL fibrous scaffold was like the morphology of PCL. However, due to 
the shrinkage of the PFC fibrous scaffold, the fibers became thicker, the 
pore was less structured, and the fiber network was denser. The PFC 
fibrous scaffold exhibited worse performance, as it almost completely 
lost the morphology of fibers and connected into one piece in 75% 
ethanol. 

The dimensional stability of tissue engineering scaffolds is an 
essential condition for clinical application. The adverse changes (or even 
damage) to fiber morphology and pore structure caused by dimensional 
shrinkage were fatal to implanted fibrous materials. The dimensional 
shrinkage of materials would weaken their ability to maintain space and 
disturb cells’ behavior on the implants [32]. Although PLGA has 
numerous merits, the shortcoming of its size shrinkage needed to be paid 
more attention to. Considering that the amorphous PLGA will shrink 
dramatically while the semi-crystalline PCL has a good stability of 
dimension, we utilized the characteristics of PCL and PLGA to combine 
them into core-shell structure fibers, thereby resisting the dimensional 
shrinkage through the axial and radial reverse interaction between them 
(Fig. 1d). Previous studies also provided some ideas to solve the 
shrinkage of PLGA, but the practicability of the existing strategies was 
limited [32,33]. For example, with degradation, the scaffold surface 

modified by plasma processing may gradually lose its dimensional sta
bility, and the introduction of additional chemical components may 
cause cytotoxicity and reduce the biocompatibility of the scaffold. The 
results demonstrated that the PFC/PCL fibrous scaffold’s core-shell 
structure could resist the dimensional shrinkage, as desired. Therefore, 
we further used the PFC/PCL coaxial fibrous scaffold as the drug carrier 
system in this study. 

3.2. Morphology and coaxial structure of fibers 

From Fig. 2a, we can see that the fibers of PCL, PFC/PCL and PFC/ 
PCL-BA are randomly arranged, mimicking the typical structure of 
ECM. Compared with the PCL fibers, the diameter of the core-shell fibers 
decreased significantly (Fig. S3), mainly because the incorporation of FC 
and BA decreased the electrospinning solution’s viscosity. In contrast to 
PCL-BA fibers, TEM images of PFC/PCL-BA fibers certified the core-shell 
structure (Fig. 2b and c). We further verified the coaxial fibers by 
fluorescence staining (Fig. 2d–g). CLSM images showed that the core 
and shell fibers were dyed red and green, respectively. The diameter of 
the core fiber was obviously smaller than the diameter of the coaxial 
fiber, and the coaxial fibers showed a yellow color derived by the mixing 
of red and green fluorescence. The high-resolution image also directly 
displayed the yellow color mainly distributed in the center of the fibers, 
indicating that the core-shell fiber was successfully fabricated. The core- 
shell structure of the fiber ensured the anti-shrinkage performance and 
was possibly beneficial to the sustained release of BA [34]. 

3.3. Mechanical properties and evaluation of wettability 

Tensile tests were performed to evaluate the mechanical behavior of 

Fig. 2. a) SEM morphology of PCL, PFC and PFC/PCL-BA fibrous scaffold; b) TEM image of uniaxial PCL-loaded BA fiber and c) core-shell structure PFC/PCL-loaded 
BA fiber; d-g) The CLSM images of PFC/PCL-BA fibers. 
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the fibrous scaffold. Fig. 3a shows that the tensile behavior of PLGA, 
PFC/PCL and PFC/PCL-BA was similar, while the PCL fibrous scaffold 
had better elasticity. Concretely, the tensile strength of PCL fibrous 
scaffold reached 4.20 ± 0.25 MPa, which was significantly higher than 
the tensile strength of PLGA (3.22 ± 0.12 MPa) and PFC/PCL (3.59 ±
0.35 MPa). Importantly, there was no significant difference in the tensile 
stress of PFC/PCL-BA (3.89 ± 0.29 MPa) compared to PCL (Fig. 3b). This 
lack of difference was mainly attributed to the finer fiber diameter and 
the presence of FC, although the shell framework, PLGA, had lower 
tensile stress [20]. From Fig. 3c and d, the elastic modulus of PCL (14.65 
± 1.47 MPa) was significantly lower than the elastic modulus of PLGA, 
PFC/PCL and PFC/PCL-BA, but its elongation at break was dramatically 
higher than the elongation of PLGA, PFC/PCL and PFC/PCL-BA. In 
general, the PFC/PCL-BA coaxial fibrous scaffold showed high tensile 
stress, elasticity modulus and appropriate elongation ratio. 

Most of the biomaterials implanted in bone defects need to bear 
complex compressive or tensile stress from the host tissue [35]. This 
property determines whether the biomaterials can perform their func
tions, such as providing space for tissue regeneration and conducting 
mechanical force [36]. In this study, PCL, as the framework of the 
core-shell fibers, provided tensile strength support for PFC /PCL-BA 
fibrous scaffold, as we designed. The moderate elasticity modulus and 
elongation at break of PFC/PCL-BA depended mainly on PLGA. Fortu
nately, the designed core-shell structure fibrous scaffold retained the 
admirable characteristics of PCL and PLGA, respectively. In addition, we 
found that BA loading had no adverse effect on the overall mechanical 
properties of the coaxial fibrous scaffold. 

The hydrophilicity of the implant material directly determines the 
behavior of the host cells on the fabric. Moreover, the hydrophilicity of 
the material significantly affects the drug release process of the drug- 
loaded material system. As shown in Fig. 3e, the contact angle of the 
coaxial fibrous scaffold remained the same with the addition of BA but 
was slightly lower with the shell layer’s addition. 

3.4. The release behavior of BA in vitro 

We prepared three fibrous scaffolds with different drug loading 
methods to study the release behavior of BA, and the results are pre
sented in Fig. 3f. Evidently, although the PCL-BA scaffold was hydro
phobic, water molecules can also infiltrate the thin fibers, so large 
amounts of BA can be released rapidly from the PCL fibers through a 

diffusion-based mode [37]. In contrast, P/PCL-BA showed a slower 
release profile, mainly because of the barrier effect of the fibres’ 
core-shell structure [34]. However, the cumulative amount of BA 
released from the P/PCL-BA scaffold was only 73.2 ± 5.6% after 28 days 
of incubation. For the PFC/PCL-BA scaffold, the fibre’s core-shell 
structure had a certain physical barrier effect on the diffusion of BA. 
The hydrophilic FC in the shell layer was more favorable to the infil
tration of water molecular [20]. In addition, the FC was dissolved and 
diffused from the shell layer rapidly and then generated the holes in the 
surface of the PFC/PCL-BA fibers, thus providing a physical channel for 
the release of BA from the core layer. The cumulative amount of BA 
released from the PFC/PCL-BA scaffold reached 96.4 ± 1.6% at day 28, 
which was significantly higher than the cumulative amount of BA 
released from the P/PCL-BA (73.2 ± 5.6%), guaranteeing that the con
centration of BA released from the PFC/PCL-BA scaffold after 14 days 
was still higher than the concentration of BA reported effective to pro
mote ALP activity and mineralization [38]. The results demonstrated 
that BA’s release mode in the PFC/PCL-BA fibrous scaffold was a com
bination of diffusion-based and degradation-based modes [39]. 

In this study, the designed coaxial PFC/PCL-BA fibrous scaffold was 
shown to achieve a continuous release of BA. The core-shell structure of 
fibers and the introduction of FC played a vital role in the release of BA. 
On the first day, there was a certain degree of burst release, followed by 
a sustainable release for nearly four weeks and the almost complete 
release of BA. The initial release of BA may be beneficial for regulating 
the immune cells’ function and the expression of inflammatory cyto
kines to alleviate the acute inflammatory response after biomaterials 
implantation, providing a beneficial local immune microenvironment 
for bone tissue regeneration [40]. The release of BA in the middle and 
later stages is conductive to regulating the formation and resorption of 
bone. 

3.5. Degradation behavior 

The degradation property was of great importance for bone tissue 
engineering applications [41,42]. The degradation behavior of PCL, 
PFC, PFC/PCL and PFC/PCL-BA was shown in Fig. 4. The degradation 
rate of the neat PCL fibrous scaffold was the slowest, and the weight loss 
after 14 days of degradation was only 3.06 ± 0.75%. In contrast, the 
degradation rate of PFC fibrous scaffold was the fastest, with a weight 
loss of 22.13 ± 2.22% after 7 days of degradation, and 27.71 ± 1.03% 

Fig. 3. Mechanical properties of fibrous scaffolds, a) typical strain-stress curve, b) tensile stress, c) elasticity modulus and d) elongation at break; e) Water contact 
angle of fibrous scaffolds; f) The release behavior of BA from PCL-BA, P/PCL-BA and PFC/PCL-BA fibrous scaffold. 
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after 14 days. The core-shell structure of the fibrous membranes showed 
a relatively moderate degradation rate, and the drug in the core layer, 
BA, had no significant effect on the degradation behavior of the fibrous 
scaffold. In addition, it could be seen from the morphology of the 
degraded fibers that PFC, PFC/PCL and PFC/PCL-BA fibrous scaffolds 
showed a typical hole-like degradation, which was mainly caused by the 
rapid degradation of FC [20]. The PFC fiber was partially broken after 14 

days of degradation, but PFC/PCL and PFC/PCL-BA fibers did not break, 
indicating that PCL could effectively maintain the stability of the 
core-shell structured fibrous scaffolds. The results of degradation ex
periments indicated that the presence of PCL could maintain the struc
tural integrity and stability of the fibrous membranes, and the PFC of the 
shell layer could effectively accelerate the degradation rate of the whole 
fibrous scaffold. 

Fig. 4. Degradation behavior of fibrous scaffolds. a) The SEM images of PCL, PFC, PFC/PCL and PFC/PCL-BA fibrous scaffolds after degradation for 7 and 14 days; b) 
the corresponding weight loss of different fibrous scaffolds. 

Fig. 5. The cell behavior of BMSCs and RAW264.7 on fibrous scaffolds. a) The proliferation of BMSCs on fibrous scaffolds; b) Relative expression of OPN and OCN 
genes in BMSCs cultured on fibrous scaffolds after 14 days; c) CLSM images of BMSCs cultured on fibrous scaffolds after 3 days; d) The polarization ratio of M2 
phenotype (F4/80++CD206+) after 3 days of culturing. 
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3.6. Cell viability and osteogenic differentiation of BMSCs 

Both PLGA and PCL, as the framework of the designed coaxial fibers, 
were FDA-approved biocompatible biomedical polymers. FC was also 
recognized as a protein molecule with reliable bioactivity [43]. There
fore, the cell viability of the PFC/PCL-BA scaffold group depended 
mainly on the function of BA in the scaffold. We performed the CCK-8 
assay to test the effect of the loaded BA on cell proliferation. As 
shown in Fig. 5a, the optical density (OD) value of the PFC/PCL and 
PFC/PCL-BA groups was significantly higher than the OD value of 
pristine PCL scaffold almost during the whole culturing process. These 
results indicated that PFC provided better cell attachment than PCL. 
Moreover, the difference between the PFC/PCL-BA and PFC/PCL groups 
increased gradually, contributing to the positive role of BA. Previous 
studies have shown that BA at a concentration greater than 50 μM can 
expedite cell viability [26]. Excitingly, there was no difference between 
the PFC/PCL-BA and the TCP group after 5 days of culturing. Taken 
together, the cell viability of BMSCs on the PFC/PCL-BA scaffold was 
significantly higher than the cell viability on other scaffolds. These re
sults demonstrated that the design of the coaxial fibers and the presence 
of BA improved the cytocompatibility of the fibrous scaffold. Also, we 
detected the proliferation of BMSCs cultured on those scaffolds for 3 
days by flow cytometry (Fig. S4), and the results corresponded to the 
CCK-8 assay. The F-actin microfilaments showed a long and thin 
morphology, indicating that the skeleton of BMSCs was intact and the 
cells spread adequately on the surface of the PFC/PCL and PFC/PCL-BA 
fibrous scaffolds (Fig. 5c). From these results, BA played an affirmative 
role in the proliferation of BMSCs, which was similar to the results from 
a previous study reported that BA could promote the proliferation of 
human ligament cells [44]. 

The effect of BA on the osteogenic differentiation of BMSCs in vitro 
was evaluated by detecting the expression of typical osteogenic differ
entiation markers. Fig. 5b shows the relative expression of the marker of 
early and late osteogenic differentiation, osteopontin (OPN) and osteo
calcin (OCN), respectively. Notably, the expression of OPN and OCN was 
dramatically higher in BMSCs on the PFC/PCL-BA scaffold than on the 
PCL and PFC/PCL scaffolds. The Alizarin Red staining also showed that 
the PFC/PCL-BA scaffold had a better ability to promote osteogenic 
differentiation (Fig. S5). The in vitro experimental results demonstrated 
that BA in the scaffold could upregulate the expression of osteogenic 
related genes in BMSCs, which may be beneficial for accelerating bone 
regeneration. Previous studies also proved that BA could promote 
osteogenic differentiation by activating the Wnt/β-catenin pathway [26, 
45]. 

3.7. Polarization of RAW264.7 cells in vitro 

The macrophage’s polarization is considered as an important bio
logical process in foreign body reaction and tissue repair [46,47]. 
Typically, macrophages exhibit pro-inflammatory (M1 phenotype) and 
pro-reparative (M2 phenotype) polarization phenotypes in the interac
tion with implant materials and the regulation of the local immune 
microenvironment [48,49]. In this study, we observed the morphology 
of RAW264.7 cells, and further assessed the number of M2 phenotype 
cultured on scaffolds after 3 days. More M2 macrophage phenotypes 
with elongated morphology emerged on the PFC/PCL-BA scaffold 
(Fig. S6). The positive expression of the F4/80+and CD206+ (M2) cell 
ratio on TCP, PCL, PFC/PCL and PFC/PCL-BA was 0.57 ± 0.13%, 1.3 ±
0.21%, 0.76 ± 0.39% and 2.09 ± 0.9%, respectively (Fig. 5d). The 
percentage of RAW264.7 cells polarized to the M2 phenotype on the 
PFC/PCL-BA scaffold was significantly higher than the percentage of 
RAW264.7 cells polarized to the M2 phenotype on the TCP and the 
PFC/PCL group. Xu et al. demonstrated that BA could also switch 
macrophages’ polarization from M1 to M2 in vivo [50]. These results 
showed that BA played a positive role in regulating macrophage polar
ization to a pro-reparative phenotype, which provided a basis for 

creating the local immune microenvironment to promote tissue 
regeneration. 

3.8. In vivo evaluation of foreign body reaction 

Foreign body reaction is a series of complex reaction of host tissue to 
resist excessive physiological response and stimulation caused by 
infection. The magnitude of the stress response of immune cells induced 
by implanted material plays a crucial role in material-mediated tissue 
repair [51]. The foreign body reaction caused by the prepared scaffolds 
implanted subcutaneously into mice is shown in Fig. 6. Obviously, many 
immune cells were recruited around those fibrous scaffolds and the 
sham group after 1 day of implantation. Remarkably, there were more 
inflammatory cells around the PCL scaffold compared with the PFC/PCL 
and PFC/PCL-BA scaffolds, which lasted until 14 days after implanta
tion. In a worse reaction, there were thick collagenous fibrosis capsules 
around the PCL scaffold but not around the PFC/PCL and PFC/PCL-BA 
scaffolds at 14 days. Due to the homeostasis regulation of host tissue, 
the inflammation around PFC/PCL and PFC/PCL-BA scaffolds was 
gradually relieved. Immune cells interacted with the coaxial fibrous 
scaffold, some cells infiltrated into the scaffold, and the scaffold 
degraded mildly. Many foreign body giant cells formed around the PCL 
scaffold, showing a chronic inflammatory response, which was similar to 
results from previous studies [19]. 

More importantly, 14 days after implantation, we observed that 
there were mature blood vessels around the PFC/PCL-BA scaffold, and 
there were some blood capillaries in the PFC/PCL and sham group. In 
contrast, almost no neovascularization occurred in the PCL group. This 
result was further confirmed by fluorescence staining of CD31 and 
α-SMA (Fig. S7). This may benefit from the excellent biological activity 
of BA and FC in the coaxial fibers. The coaxial structure fibrous scaffold 
performed well in the moderation of the local microenvironment. Of 
course, BA also played an anti-inflammatory role and inhibited the 
fibrosis role in the whole process of foreign body reaction [52–54]. 
Previous research has shown that BA could regulate anti-inflammation 
through the miR-124-STAT3 signaling pathway [55]. The immunoflu
orescence staining showed that a large number of macrophages 
(F4/80+) were recruited around fibrous scaffolds one day after im
plantation, indicating the occurrence of an early acute inflammatory 
reaction, which weakened after 14 days (Fig. 7). Obviously, the 
PFC/PCL-BA group showed more pro-reparative macrophages (F4/80+

and CD206+) than the PCL and PFC/PCL group. In general, the designed 
PFC/PCL-BA scaffold can create a pro-regenerative immune microen
vironment by regulating the macrophage phenotype transition. 

3.9. Bone regeneration evaluation via critical-sized calvarial bone defect 
model 

The capacity of the PCL, PFC/PCL and PFC/PCL-BA scaffolds to guide 
bone regeneration was investigated in SD rats with the critical-sized 
calvarial bone defect model. We analyzed the formation of new bone 
and the spatial structure of bone trabecula by μ-CT scanning analysis at 4 
weeks and 8 weeks (Fig. 8) after implantation. At 4 weeks after surgery, 
the BV/TV of PFC/PCL-BA was significantly higher than the BV/TV of 
the sham and PCL group. The trabecular connection density (Conn.D.) 
was also higher in the PFC/PCL-BA group than the PCL group and the 
sham group. The trabecular number (Tb.N) of the PFC/PCL-BA group 
was obviously higher than that of other groups. The trabecular separa
tion (Tb.Sp) of PFC/PCL-BA group was lower than the Tb.Sp of the sham 
and PCL group. After 8 weeks of implantation, we observed that the BV/ 
TV of the PFC/PCL-BA group was remarkably higher than the BV/TV of 
the PFC/PCL, PCL and sham group. Similarly, the Tb.N of the PFC/PCL- 
BA group was dramatically higher than other groups. A lower value of 
the Tb.Sp was found in the PFC/PCL-BA group compared with both the 
PFC/PCL and the sham groups. 

The volume fraction of bone directly reflects the formation of new 
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bone. The trabecular microarchitecture can also show the progress of 
bone regeneration and the health of new bone [56]. After 4 weeks of 
implantation, the overall osteogenic effect of the PFC/PCL-BA group was 
significantly higher than other groups. Although there was no significant 
difference in BV/TV between the PFC/PCL-BA group and the PFC/PCL 
group, the Tb.N in the PFC/PCL-BA group was higher than the Tb.N in 
the PFC/PCL group. It was satisfactory that the PFC/PCL-BA group 
distinctly overmatched other groups in both BV/TV and trabecular 
spatial microarchitecture parameters after 8 weeks implantation, which 
may be due to the increase in bone formation by osteoblasts and the 
decrease in bone resorption by osteoclasts at the trabecular surface [57]. 
The results demonstrated that the PFC/PCL-BA scaffolds could guide 
bone regeneration as desired, and BA in the scaffold may promote bone 
regeneration by enhancing the microarchitecture of the trabeculae. BA 
provided a beneficial immune microenvironment for bone regeneration 
by regulating pro/anti-inflammatory mediators in the early implanta
tion stage. Then, BA further regulated bone remodeling by the 
osteoblast-mediated bone formation and osteoclast-mediated related 
bone resorption [58,59]. Besides, we found that the unmodified PCL and 
PFC-modified PCL scaffolds did not show a satisfactory bone regenera
tion effect. This result indicates that, in the absence of osteogenic in
duction cues, the PCL and the PFC/PCL scaffolds only acted as a barrier 
to provide space for osteogenesis without sufficient osteoinductivity, but 
this effect was limited in the critical-sized calvarial bone defect model of 
SD rats, consistent with the results reported in other studies. Zha et al. 
showed that the coaxial chitosan/PLA nanofibrous scaffold lacked the 
ability for promotion of bone formation in rat cranial defects repair [21]. 
Other experimental results also showed that 
PLGA-collagen-gelatin-bioactive glass hybrid nanofiber aerogels did not 

perform well in bone regeneration [60]. This suggested that the intro
duction of osteogenic clues was critical in the design of polymer-based 
bone regeneration scaffolds. 

3.10. Histological analysis 

The bone formation and neovascularization were further investi
gated by histomorphological analysis following H&E, Masson (Fig. S9), 
immunohistochemistry and immunofluorescence staining, as shown in 
Fig. 9. At 4 weeks postimplantation, there was newly formed bone in the 
center of the defect area in the PFC/PCL-BA group, and a relatively 
smaller new bone area was observed in the PFC/PCL group. By contrast, 
the newly formed bone in the PCL and sham groups was mainly located 
at the periphery of the defect in a limited amount and surrounded by 
fibrous connective tissue. A large amount of dense new bone tissue was 
formed in the PFC/PCL-BA group, and the defect area was almost wholly 
closured at 8 weeks after implantation. In contrast, the PFC/PCL, PCL, 
and sham groups formed new bone in the defect’s middle region without 
integrally bridging in the defect site. During the bone regeneration, we 
did not observe evident inflammation in all groups except the PCL 
group. We also further confirmed the expression of transcription acti
vator (Osterix) essential for osteoblast differentiation at 8 weeks (Fig. 9c 
and f). Compared with other groups, the PFC/PCL-BA group had more 
Osterix-positive expression cells, indicating that the PFC/PCL-BA fibrous 
scaffold created a more favorable osteogenic microenvironment. More
over, all the fibrous scaffolds were not entirely degraded, and the 
macroscopic integrity of the scaffold was maintained (Fig. S10), which 
indicated that the degradation rate of the designed coaxial fibrous 
scaffold could meet the requirement of guided bone regeneration. Most 

Fig. 6. Representative H&E staining images of subcutaneous implantation after 1, 3, 7 and 14 days; the image on the right is the corresponding high magnification 
image of the red box on the left. The red arrow indicates blood vessels, the green arrow indicates fibrosis location, and the black scale bar represents 50 μm. 
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importantly, we found that mature blood vessels formed within the new 
bone in the PFC/PCL-BA group after 8 weeks, whereas only a small 
number of newly developing capillaries were found in the PFC/PCL and 
PCL groups. The fluorescence staining also confirmed the formation of 
neovascular in the new bone tissue (Fig. 9d and e). The positive 
expression of blood vessel marker (α-SMA) in the PFC/PCL-BA group 
was significantly higher than that in other groups. 

We further investigated the balance of the bone regeneration process 
by TRAP staining markers of osteoclasts. The PFC/PCL, PCL and sham 
groups showed obviously positive expression of TRAP (Fig. 9b, g and h) 
at 4 and 8 weeks; however, the PFC/PCL-BA group only exhibited the 
positive expression of TRAP at 8 weeks after implantation, suggesting 
that the coaxial fibrous scaffold loaded with BA can significantly inhibit 
the osteoclast activity in early osteogenesis. Compared with other 
groups, the PFC/PCL-BA group presented a highly retarded bone 
resorption during the regeneration. Interestingly, we found that the 
TRAP-positive region in the PFC/PCL-BA group was precisely where the 
neovascularization occurred, indicating that osteoclasts provide chan
nels for blood vessels’ formation. These results explained that the TRAP 
activity of the PFC/PCL-BA group was significantly higher than that of 

the Sham and PFC/PCL group at 8 weeks. It was the coupling of 
angiogenesis and osteoclast differentiation that promoted functional 
bone regeneration in the defect area. These results suggested that we 
have successfully constructed a BA-loaded coaxial fibrous scaffold to 
mediate vascularized bone regeneration. 

3.11. Bulk-RNA-seq 

Finally, the role of BA in bone regeneration was preliminarily 
investigated using the RNA-Seq of mouse calvarial defect samples. Ac
cording to each sample’s distribution in the 2D principal component 
analysis (PCA) graph, the RNA expression profiles of the PFC/PCL and 
PFC/PCL-BA groups were obviously different (Fig. 10a). We further 
validated the expression of the key genes associated with angiogenesis 
and osteoclast differentiation. An angiogenesis heatmap showed the 
positive regulation of vascular sprout-, development- and maturation- 
related genes (Fig. 10b). For example, Vegfa, involving angiogenesis 
and endothelial cell growth, was significantly upregulated in the PFC/ 
PCL-BA group compared to the PFC/PCL group. Likewise, Angpt1 and 
Angpt4, which activate PTK2/FAK and the downstream kinases and 

Fig. 7. Immunofluorescence staining of the macrophages around different scaffolds. The positive expression and fluorescent intensity of F4/80 and CD206 after 1d 
(a, b and c) and 14d (d, e and f) subcutaneous implantation. 
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ultimately stimulate sprouting angiogenesis, also showed high expres
sion in the PFC/PCL-BA group. The expression of other blood vessel 
development- and maturation-related genes in the PFC/PCL-BA group 
was also higher than in the PFC/PCL group, indicating that BA played an 
active role in vascularization. We further confirmed the gene expression 
of angiogenesis-related regulators by RT-PCR (Fig. 10c). The results 
showed that the Pecam1 and Vegfa were significantly upregulated in the 
PFC/PCL-BA group. The osteoclast differentiation heatmap represented 
the gene expression of the positive and negative regulation of osteoclast 
differentiation or bone resorption (Fig. 10d). Remarkably, the genes 
expression of the negative regulation of osteoclast formation and dif
ferentiation were upregulated in the PFC/PCL-BA group compared to 
the PFC/PCL group; however, the positive regulation of the osteoclast 
differentiation was just the opposite. We noted that the expression of 
Tnfsf11, which induces osteoclastogenesis by activating multiple 
signaling pathways in the osteoclast precursor cells, was downregulated 
in the PFC/PCL-BA group. Similarly, the Tnfrsf11a was essential for 

RANKL-mediated osteoclastogenesis and was also downregulated in the 
PFC/PCL-BA group. RT-PCR results also confirmed that Tnfrsf11a gene 
expression was significantly downregulated in the PFC/PCL-BA group, 
although there was no significant difference in Ocstamp gene expression 
(Fig. 10e). Therefore, compared with the PFC/PCL group, BA indeed 
suppressed osteoclast formation and differentiation in early osteo
genesis. Overall, the results demonstrated that the PFC/PCL-BA scaffold 
could motivate angiogenesis and inhibit osteoclast differentiation, 
thereby promoting bone regeneration. 

4. Conclusion 

This work describes a simple, feasible and effective approach to 
overcome the shortcomings of PLGA and PCL electrospun fiber. We 
demonstrated that the core-shell structure fibrous scaffold could effec
tively inhibit the shrinkage of PLGA. This strategy overcomes the 
weakness of PLGA-based fibrous scaffolds and expands its application in 

Fig. 8. The repair effect of rat calvarial bone after 4 weeks of implantation: a) μ-CT panoramic view of the rat calvarial bone; b) Images of neo-bone and trabecular 
thickness (Tb.Th) distribution in the defect area; c) Images of Tb.Sp in the defect area; d) Quantitative analysis of BV/TV, Conn.D., Tb.N and Tb.Sp; e-h) The 
corresponding repair effect of rat calvarial bone after 8 weeks of implantation. The reconstructed micro-CT images of defect site were also provided in supporting 
information (Fig. S8). 
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Fig. 9. Histological section analysis: a) H&E staining; b) TRAP staining of calvarial bone samples and corresponding semi-quantitative statistics (g, 4 weeks; h, 8 
weeks); c) the immunohistochemistry staining of osteoblast differentiation-related transcription activator (Osterix) and corresponding semi-quantitative statistics (f) 
at 8 weeks post-implantation; d) the fluorescence staining of blood vessels (α-SMA/DAPI) and corresponding semi-quantitative statistics (e) at 8 weeks post- 
implantation. The red arrows in the H&E images indicate blood vessels; NB, newly formed bone. 

Fig. 10. RNA expression levels after 1 week of implantation determined utilizing Bulk-RNA-Seq and RT-PCR. a) The 2D PCA of RNA expression profile in PFC/PCL 
and PFC/PCL-BA, respectively; b) Heatmap representing the expression of angiogenesis-related regulators; c) Detection of gene expression of key angiogenesis-related 
regulators (Pecam1 and Vegfa) by RT-PCR; d) Heatmap representing the expression of positive and negative regulators of osteoclast differentiation; e) Detection of 
gene expression of osteoclast differentiation-related regulators (Tnfrsf11a and Ocstamp) by RT-PCR. 
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bone tissue engineering. The PFC/PCL-BA scaffold exhibited good 
comprehensive mechanical properties and the ability to release BA 
continuously. The presence of BA did not cause cytotoxicity and 
significantly promote the osteogenic differentiation of BMSCs in vitro. 
Moreover, the PFC/PCL-BA scaffold could mediate anti-inflammatory 
response by regulating the macrophage phenotype transition. Most 
importantly, the PFC/PCL-BA scaffold remarkably promoted functional 
bone formation with favorable trabecular microarchitecture and 
vascular network by enhancing angiogenesis and regulating osteoclast 
differentiation. Taken together, this work strongly supports that the 
effectiveness of dimensionally stable core-shell structured fiber as a drug 
release platform, which was a promising candidate for vascularized 
bone regeneration. 
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