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A B S T R A C T

Bone regeneration is a complex process that requires the coordination of various biological events. Developing a
tissue regeneration membrane that can regulate this cascade of events is challenging. In this study, we aimed to
fabricate a membrane that can enrich the damaged area with mesenchymal stem cells, improve angiogenesis, and
continuously induce osteogenesis. Our approach involved creating a hierarchical polycaprolactone/gelatin (PCL/
GEL) co-electrospinning membrane that incorporated substance P (SP)-loaded GEL fibers and simvastatin (SIM)-
loaded PCL fibers. The membrane could initiate a burst release of SP and a slow/sustained release of SIM for over
a month. In vitro experiments, including those related to angiogenesis and osteogenesis (e.g., migration, endo-
thelial network formation, alkaline phosphatase activity, mineralization, and gene expression), clearly demon-
strated the membrane's superior ability to improve cell homing, revascularization, and osteogenic differentiation.
Furthermore, a series of in vivo studies, including immunofluorescence of CD29þ/CD90þ double-positive cells and
immunohistochemical staining for CD34 and vWF, confirmed the co-electrospinning membrane's ability to
enhance MSC migration and revascularization response after five days of implantation. After one month, the
Micro-CT and histological (Masson and H&E) results showed accelerated bone regeneration. Our findings suggest
that a co-electrospinning membrane with time-tunable drug delivery could advance the development of tissue
engineering therapeutic strategies and potentially improve patient outcomes.
1. Introduction

In the last decade, researchers have shown increased interest in bone
tissue engineering and have widely investigated the different approaches
to making an osteoinductive scaffolds [1]. Guided bone regeneration
(GBR) is a common technique in treating critical bone defects, particu-
larly in the cranial region [2]. One of the basic principles of these scaf-
folds is to prevent the fast-growing soft tissue from penetrating the
sealed-off defect area, in which they function as a mechanical barrier.
At the same time, this ensures the time to enable the osteoblast cells to
proliferate and differentiate in the damaged area [3]. Conventional
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electrospinning is a simple technique for fabricating GBR membranes
(GBRm) using various polymers (natural or synthetic). The acquired
membranes are flexible and biodegradable, so they can be left in place
without requiring a second surgery to be removed [4]. However, the lack
of osteoinductive ability of these membranes and the insufficient
regenerative capacity of the bone itself correspondingly determine the
unsatisfactory amount of new bone formed after injury [5]. Therefore,
the current research and development initiatives concentrate on creating
a bioactive GBRm that serves as an impediment scaffold while also
delivering bioactive components to accelerate bone reformation at the
defect site [6].
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Researchers have invented a unique approach using fiber membranes
as drug carriers. This approach provided a localized drug delivery into the
target site and significantly improved the function of the osteogenic-related
cells in the protected space below themembrane [7]. However, single-drug
delivery by electrospinning membranes may still be insufficient. Usually,
during the first week of treatment, some patients may require a single
administration of antibiotics, while others may benefit from a delayed and
continuous release of osteogenic factors combined with cell-homing fac-
tors. To address these limitations, the development of dual drug delivery
systems has emerged with the advancements in nanotechnology. These
systems have demonstrated excellent capabilities in delivering two drugs
simultaneously. For example, Gentile et al. produced electrospinning
nanofibers (NFs) loaded with nano-hydroxyapatite, followed by multilayer
nanoencapsulation of bio-functional peptides using layer-by-layer (LbL)
methods tomimic the early events in bone healing, including the formation
of a hematoma and the recruitment of inflammatory cells (neutrophils &
macrophages) [8]. They also found that within a few days, mesenchymal
stem cells (MSCs) began to migrate to the fracture site and differentiate. In
another study, Wang et al. proposed a core-shell nanofiber membrane that
had the potential to prevent infections and enhance bone growth [9].

Considering the bone tissue regeneration process, there are two
essential steps. It begins with recruiting osteoblast progenitor cells into the
injury site [10], followed by the need to cause and improve overall oste-
oblast function to accelerate bone regeneration [11]. In the past decades,
the connection between the cell homing and osteogenic promotion has
garnered considerable attention. Following a bone injury, the initial in-
flammatory response involves neutrophil infiltration into the damaged
area, recruiting a second wave of inflammatory cells (e.g., monocytes,
macrophages, and lymphocytes, etc.) through pro-inflammatory and
chemotactic signals [12]. The subsequent secretion of cytokines and che-
mokines by these inflammatory cells trigger the migration and recruitment
of mesenchymal stem cells (MSCs) and osteoprogenitor cells from their
respective local niches to the site of injury [12]. Liu et al. have studied the
differential impact of simvastatin (SIM) and stromal cell derived factor 1a
on promoting bone tissue regeneration [13]. However, in their study the
delivery means of the drugs lacked insight, and drug release in an un-
controlled and/or non-sequential manner. Therefore, a potential research
gap might be to develop a hierarchical nanofiber membrane with a dual
drug delivery system that can release cell-homing factors and osteogenic
agents in a controlled and tailored manner. This membrane could poten-
tially optimize the balance between early cell recruitment and overall
osteoblast function, accelerating bone regeneration in a way that is tailored
to individual patients' needs and circumstances.

In our previous research, we have successfully prepared a hierarchical
polycaprolactone/gelatin (PCL/GEL) co-electrospinning membrane with
the ability to deliver two different drugs in a tunable manner [14]. The
PCL in the membrane indirectly regulates the degradation of GEL, which
creates a tunable initial release of drugs from a hydrophilic GEL fiber and
subsequent sequential release from a hydrophobic PCL fiber, resulting in
a complex multifunctional copolymer-based drug delivery system. Based
on this, we plan to design a co-electrospinning membrane composed of
Substance P (SP)-loaded GEL fibers and SIM-loaded PCL fibers in this
study, using a cell homing method to enhance cell recruitment and
promote osteoblast progenitor cell differentiation. SP is a neuropeptide
initially secreted by sensory nerve fibres in the periphery and is a
member of the tachykinin neuropeptide family. It is bound to its receptor,
neurokinin type 1 (NK-1R), which is found on numerous cell types in the
body, including lymphatics, fibroblasts, vascular endothelial cells, white
blood cells, and neurons [15]. A previous study has revealed that injuries
have been shown to activate SP as a messenger that prompts the body's
natural repair mechanisms, which in turn recruits and migrates mesen-
chymal stem cells (MSCs) to the damaged area [16].

SIM is a drug used to lower cholesterol and reduce the risk of car-
diovascular disease. Recent studies have also shown that SIM has ther-
apeutic benefits beyond its cholesterol-lowering effects [17,18].
Specifically, SIM has been found to promote angiogenesis, which is
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important for bone regeneration and tissue repair. For example, Bitto
et al. claimed that SIM could increase the expression of vascular endo-
thelial growth factor (VEGF) and promote endothelial cell migration and
tube formation, leading to enhanced angiogenesis [19]. Pullisaar et al.
confirmed that SIM enhanced the expression of osteoblast-related genes
and the secretion of several osteogenic markers, including osteoprote-
gerin (OPG), vascular endothelial growth factor A (VEGFA), osteopontin
(OPN), and osteocalcin (OC), in human adipose tissue-derived mesen-
chymal stem cells (hAD-MSCs) cultured on scaffolds with SIM compared
to those without SIM [20]. These results suggest that SIM has positive
effects on angiogenesis and osteogenesis, and may have potential as a
therapeutic agent for tissue regeneration.

Accordingly, inspired by the structure of extracellular matrix (ECM)
and the natural bone healing process, a hierarchical PCL/GEL membrane
was aimed to fabricate with SP-loaded GEL as the nanofiber (easy to
degrade) and SIM-loaded PCL as the microfiber (relatively difficult to
degrade). The co-spinning membrane was designed to provide a sus-
tained release for SP over two weeks. Simultaneously, the slow degra-
dation of the PCL could allow SIM to sustain release for over a month,
where it can ensure continuous osteogenic induction until the new bone
is formed. The purpose of the current work as drawn in Scheme 1 was as
follows: 1) to develop a bio-active membrane loaded with SIM and SP;
and 2) to evaluate its biological effects on early cell recruitment and
investigate the effect on angiogenesis and osteogenesis in vitro and in vivo.

2. Materials and methods

2.1. Membrane fabrication and characterization

The target membranes were prepared using the co-electrospinning
method with two separate needles, as illustrated in Scheme 1 and as
previously described in our work [14]. In detail, to prepare the solutions,
15 w/v% PCL and 20 w/v%GEL were dissolved in 2,2,2-Trifluoroethanol
(TFEA) and a mixed solution of H2O/TFEA (v/v ¼ 4:1), respectively,
resulting in solutions A and B. Subsequently, SIM (0.5, 1, 2.5, 5, or 10
mg/mL) and SP (100 μg/mL) were added to the PCL and GEL solutions,
respectively, yielding solutions C and D. Regarding SP concentration, we
chose 100 μg/mL based on a previous study that showed similar migra-
tion rates and cell viability of MSCs on the surface of materials loaded
with 100 and 500 μg/mL SP after 24 h of culture [21]. So, we chose the
lower concentration of 100 μg/mL to reduce material cost in our exper-
iments. It is worth noting that all four solutions were stirred overnight
until a clear and homogenized solution was obtained. The
co-electrospinning process was then conducted using two syringes, each
filled with either solution A or B, or solution C or D. The flow rates were
set at 2 and 1 mL/h for the respective syringes. A voltage of 20 kV and a
rotational speed of 300 rpm were applied during the electrospinning
process. The distance between the needles and the drum collector, which
was covered with an aluminum foil sheet, was maintained at 15 cm.
Based on the initial electrospinning solution with/without SIM (2.5
mg/mL) and SP (100 μg/mL), the resulting samples were labeled as
follows: PCL/GEL (solution A & B), PCL/GEL-sp (solution A & D),
PCL-sim/GEL (solution C & B), and PCL-sim/GEL-sp (solution C & D),
respectively. After the electrospinning process, all samples were
vacuum-dried for 24 h to remove any residual solvent.

To evaluate the structure of the different PCL/GEL co-electrospinning
membrane and their fibers size and distribution, different PCL/GEL
samples were observed using scanning electron microscopy (SEM, Zeiss
AURlGAFlB, Germany) at 10 kV voltage. Different membranes were
placed on the SEM sample plate by conductive tape and sprayed with
gold for 45 s (Leica EM ACE600). The distribution and average diameter
of PCL and GEL fibers were then analyzed by measuring 100 random
fibers from twelve SEM images with Image J software according to our
previous study [14]. When PCL/GEL co-electrospinning was prepared
using PCL15% and GEL 20%, micrometre sized fibers were confirmed to
be PCL fibers, while nanoscale fibers were GEL fibers. The Fourier



Scheme 1. Schematic illustration of the composition of co-electrospinning membrane and its biological effects on early cell recruitment, angiogenesis and osteo-
genesis in vitro and in vivo.
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transform infrared spectroscopy (FTIR) was used to study the chemical
structure of different drug-loaded films. The samples were mixed with
potassium bromide (KBr) at a ratio of 1:20, compressed into sheets under
20 MPa conditions, and then analyzed by a Fourier transform infrared
spectroscopy (FTIR, Thermo scientific, Nicolet 6700, USA).

2.2. In vitro drug release of SIM and SP

Before electrospinning, SIM (2.5 mg/mL) was dissolved in the TFEA
solution containing PCL (15 wt%), while FITC-SP (10 μg/mL) was dis-
solved in the mixture solution of deionized water and TFEA (v/v ¼ 4/1)
containing GEL (20 wt%). For drug release determination, samples (50
mg) were soaked in 5 mL of phosphate-buffered saline (PBS) and incu-
bated at 37 �C.

Firstly, to assess the release rate of SIM, 1 mL of the soaking medium
was withdrawn and replaced with fresh PBS at each predefined time
point (1, 6, 24, 48, 72, 144, 216, 336, 432, 504, 600, 672, 744 h). The
amount of SIM in the supernatant was measured at 238 nm using a
UV–Visible spectrophotometer (Thermo ScientificTM, Nanodrop 2000
and 2000c, USA) [14]. Secondly, the release of SP was measured using
fluorescein isothiocyanate-labeled SP (FITC-SP), following a previously
reported method [22]. The FITC-SP was loaded in GEL in PCL/GEL-sp
and PCL-sim/GEL-sp membranes using the same procedures. Then, 1
mL of soaking medium was collected and replaced by new PBS at each
predefined point (0.5, 1, 24, 48, 120, 168, 216, 288, 336 h). The FITC-SP
was detected by recording the fluorescence intensity of emission wave-
length at 540 nm and excitation wavelength at 488 nm utilizing the
spectrophotometric microplate reader (Bio-Rad 680, USA) [22]. It is
worth noting that the release behavior of FITC-SP was only investigated
within 336 h because of the sensitivity limitation and quenching char-
acteristics of fluorescence. Each of the release experiments was repeated
four times.

Next, to determine the loading efficiency, different co-electrospinning
membranes were collected from the aluminum foil, vacuum dried for 24
h at 40 �C, and then weighed one by one. The theoretical loading dose of
drugs in 50 mg PCL/GEL co-electrospinning membranes was obtained by
theoretical calculation: theoretical dose ¼ total weight of the loaded
drug/total weight of the co-electrospinning membrane � 50 mg. In
addition, after fully dissolving the drug-loaded films (50 mg) in TFEA
solution, the actual loading dose of two drugs could be directly measured.
The SIM and FITC-SP were detected using UV–Visible spectrophotometer
and microplate reader, respectively. The drug release percentage at
3

different time points and the drug loading efficiency in different samples
were obtained by calculating the ratio of the drug release content to the
actual total dose mentioned above. Furthermore, to investigate the drug
distribution of SIM and SP in the PCL/GEL co-electrospinning mem-
branes, we utilized a confocal laser microscope (CLSM, Nikon A1, Japan).
The CLSM allowed us to visualize and analyze the spatial distribution of
the drugs within the membrane samples.

2.3. In vitro osteogenesis-related experiments

Before commencing the cell studies, the dried membranes were cut
into squares measuring (1.5 mm � 1.5 mm) and sterilized using UV
irradiation for 2 h. Each experimental group consisted of four replicate
samples in all cell-related experiments. A 24-well plate was used for in
vitro cell culture investigations, and the membrane was fixed with a
sterilized custom-made titanium ring to prevent the membrane from
floating. MSCs were collected from the tibia and femur of male Sprague
Dawley (SD) rats and cultured in DMEM (low glucose) medium supple-
mented with 10% FBS and 1% penicillin-streptomycin. Every three days,
all of the culture medium was discarded and replenished.

2.3.1. Cell viability
The cell viability was assessed using the Cell Counting Kit-8 assay

(CCK-8), which is a widely used method for evaluating the cytotoxicity of
membrane. Mesenchymal stem cells (MSCs) with an initial density of 1�
104 cells/cm2 were cultured on co-electrospinning membranes for 3 and
7 days. Afterward, the medium was gently discharged at the pre-
determined time, and then a 400 μL culture medium containing a 10%
CCK-8 solution was added. After further incubation for 2 h, a new 96-well
plate was filled with 200 μL of the incubated medium and transferred to
record the OD value. The absorbance value was determined using a
spectrophotometric microplate reader (Bio-Rad 680) at 450 nm.

2.3.2. Cell morphology
The cell morphology was investigated by staining the cell nucleus and

cytoskeleton, as reported elsewhere [23]. Briefly, MSCs with a density of
4 � 103 cells/cm2 were grown on the co-electrospinning membranes.
After incubation for 2 d, the medium was discarded, and the samples
were gently washed with PBS. After that, the cells were fixed using 4%
paraformaldehyde for 1 h. Then, the cell nuclei were stained with 40,
6-diamidino-2-phenylindole (DAPI) (10 min, blue-fluorescent), and the
cytoskeleton was stained with Phalloidin (40 min, green-fluorescent).
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Finally, the cell was observed under an inverted fluorescence microscope
(FM, OLYMPUS IX81, Japan). Moreover, the cell morphology was further
observed under SEM. After fixation with 4% paraformaldehyde for 1 h,
the membranes were gradually dehydrated using ethanol (20, 40, 60, 80,
and 100%) and then left to dry overnight. Before the SEM observation,
samples were coated with platinum for 1 min to improve the
conductivity.

2.3.3. Cell migration
The transwell assay was used to investigate the long-term ability of

co-electrospinning membranes loaded with SP and SIM to stimulate the
migration of MSCs in vitro. Before the experiment, the different groups
were soaked in sterilized PBS and incubated at 37 �C for different times
(0 and 5 d). Afterward, the pre-soaked samples were inserted into 24-well
plates, and 600 μL of α-MEM medium containing a low-serum 1% FBS
was added. After that, transwell chambers (pore size ¼ 8 μm, Corning,
USA) were inserted. MSCs with an initial density of 1 � 104 cells/cm2

were cultured in upper chambers and incubated. After incubation for 12
and 24 h, the upper chamber was collected, and the migrated cells
through the pores to the bottomwall were fixed by 4% paraformaldehyde
and stained with 0.05% crystal violet for 10 min. The non-migrated cells
on the upper side were carefully removed using a cotton swab. Finally,
five separate random areas were captured using an inverted microscope
(Axio Observer), and Image J software was used for quantitative analysis.

2.3.4. Alkaline phosphatase (ALP) activity
MSCs at an initial density of 1 � 104 cells/cm2 were seeded onto

different membranes for 4 and 7 d. For ALP staining to be visualized, at
each predetermined time point, cells were fixed with 4% para-
formaldehyde for 1 h, and then stained following the protocol provided
by 5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium (BICP/
NBP) Alkaline Phosphatase Color Development Kit (Beyotime, China).
Finally, the stained membranes were captured using a stereoscopic mi-
croscope (NIKON, Japan). For the ALP activity assay, cells were subjected
to lysis using 1% Triton X-100 in ice for 40 min. The supernatant was
collected by centrifuging at 12,000 rpm for 10 min. The total protein
content and ALP activity were measured using a Bicinchoninic acid assay
kit (Beyotime, China) and an alkaline phosphatase assay kit (Nanjing
Jiancheng Bioengineering Institution, China). The OD values for protein
and ALP detection were recorded using a spectrophotometric microplate
reader (Bio-Rad 680, USA) at 562 nm and 520 nm.

2.3.5. Alizarin red S staining assay
MSCs at an initial density of 1 � 104 cells/cm2 were seeded onto

different membranes for 14 and 21 d. At each time point, cells were fixed
with 4% paraformaldehyde for 1 h and then stained with alizarin Red S
solution for 45 min in the dark. Subsequently, the samples were washed
with ddH2O until no more stains appeared in the washing solution. Then,
the samples were imaged using a stereoscopic microscope (NIKON,
Japan). The stained calcium nodules were subjected to 10% cetylpyr-
idinium chloride for 30 min for quantitative analysis. The dissolved
staining solution was extracted and transferred to a new 96-well plate,
and the corresponding OD values were recorded at 540 nm. Furthermore,
the mineralized nodules on different membranes after 21 d were further
observed by SEM.

2.3.6. Real-time PCR
To assess the expression of osteoblast-related genes [ALP, collagen І

(COL І), runt-related transcription factor 2 (Runx2), and osteocalcin
(OCN)], MSCs were grown on different membranes at an initial density of
2 � 104 cells/cm2 for 7 d. Subsequently, 2 μL of the RNA was used to
synthesize single-stranded cDNA through reverse transcription reactions
using the PrimeScriptTMRT reagent kit (TaKaRa, Japan). The expression
levels of the four target genes were then analyzed using SYBR Premix
4

ExTM TaqII (TaKaRa, Japan) with specific primers listed in Table S1. The
relative expression levels of the target genes were normalized to the
expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH).

2.4. In vitro angiogenesis-related experiments

2.4.1. Preparation of the extract
Human umbilical endothelial cells (HUVECs) obtained from the Cell

Resource Center (Chinese Academy of Sciences, China) were selected for
establishing an in vitro angiogenesis model. The HUVECs were cultured in
Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10%
FBS and 1% penicillin. The culture mediumwas refreshed every two days
until the cells reached approximately 80%–90% confluency, at which
point cell passage was performed. The angiogenesis-related experiments
were conducted using an indirect approach. The supernatants and factors
secreted from different PCL/GEL membranes were collected by
immersing the samples in DMEM (1.25 cm2/mL) at 37 �C under a 5%
CO2 atmosphere for three days, following a protocol described in a
previous study [24]. The extract was carefully collected and stored at
�20 �C to serve as a culture medium for the HUVEC experiments.

2.4.2. Wound healing assay
HUVECs were cultured with a complete extract-added medium sup-

plemented with 10% FBS at a density of 3 � 105 cells/cm2, and cultured
in 24 well plates until reaching about 90% confluence. A horizontal line
was created at the center of each well by gently scratching the cell layer
using a P10 pipette tip. The HUVECs were further incubated with
extracted medium supplemented with low-serum 1% FBS. The scratched
wound area was captured using a microscope (Axio Observer) at 0, 6, and
12 h after scratching. Three views of the wound area (upper, lower, and
middle) were selected for image capture. The width of the scratched area
was quantitatively analyzed using Image J software. The rate of wound
closure was calculated as the percentage decrease in the original scratch
width over time [25].

2.4.3. Tube formation
The tube formation assay was performed according to the protocol

provided by another study [23]. Before cell culture, all tools were
pre-cooled. Afterward, the Matrigel matrix (50 μL/well) was added to
plates and incubated at 37 �C for 30 min. Subsequently, HUVECs were
prepared at an initial density of 1.5 � 105 cells/cm2 with different
extract-added medium and seeded on the pre-treated Matrigel matrix
plate to produce capillary-like structures. After 3 and 6 h, the HUVECs in
the random areas were photographed with an inverted microscope (Axio
Observer). Finally, the different parameters, including the numbers of the
junction and the total length of tube formation, were quantified by the
plugin tool in Image J software [26].

2.4.4. RT-qPCR assay
The expression of angiogenesis-related genes [VEGF, endothelial ni-

tric oxide synthase (eNOS), platelet-derived growth factor (PDGF),
transforming growth factor-beta 1 (TGFβ1)] was determined by RT-qPCR
following the protocol as mentioned above (section 2.3.6). HUVECs were
cultured at a density of 2 � 104 cells/cm2 with extract-added mediums.
After that, we used the procedure mentioned earlier to measure relative
gene expression using the primers in Table S2. The relative expression
levels of the target genes were normalized to the expression of GAPDH.

2.5. In vivo membrane implantation

Before conducting the animal experiments, the protocols and re-
quirements related to animal care and use were approved by the Insti-
tutional Animal Care and Use Committee of China and the Ethics
Committee of Wenzhou Medical University. A total of twenty female
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Sprague Dawley (SD) rats weighing between 220 and 250 g were selected
for the calvaria defect implantation study. Each rat was implanted with
two different membranes to assess their performance.

The experimental procedure began by anesthetizing the SD rats
through intraperitoneal injection of pentobarbital sodium (30 mg/kg).
To expose the calvarium, a longitudinal incision was made in the middle
of the rat's scalp following standard disinfection protocols. The sur-
rounding soft tissue was gently dissected, and the periosteum was
removed using an elevator. Bilateral defects were created on the
calvarium using a trephine bur with a diameter of 5 mm, and normal
saline irrigation was performed during the procedure. Next, the different
membranes were implanted to cover the defects, and the incisions were
closed using simple interrupted sutures. Following the surgery, the rats
received daily intravenous penicillin for the first three days. After 5 or 30
days of implantation, the SD rats were sacrificed, and specimens were
collected for further analysis.

2.5.1. Micro-computed tomography (Micro-CT) detection
After a 30-day period of implantation, the long-term regenerative

potential of the various PCL/GEL membranes within the defect areas was
assessed using Micro-computed tomography (Micro-CT) imaging. The
Micro-CT scans were performed using a Skyscan1176 system (Bruker,
Germany). The samples were subjected to a 360� rotation of the X-ray
beam, with the following scanning parameters: 45 kV, 550 mA, and a 0.2
mm aluminium filter. The spatial resolution of the scans was set at 18 μm.
To generate 3D images, the acquired scan data were reconstructed using
the SCANCO software, specifically the Data Viewer module. For quanti-
tative analysis, the SCANCO software tools, including CTVox, CTAn, and
CTVol, were utilized. These tools allowed for the calculation of key pa-
rameters in the region of interest, including bone volume/total volume
(BV/TV), trabecular thickness (Tb⋅Th), and connectivity density
(Conn.Dn).

2.5.2. Histological analysis
Following an implantation period of 5 and 30 days, the collected

samples were subjected to histological analysis to examine the MSC
recruitment, angiogenesis, and new bone regeneration. Initially, the
harvested specimens were fixed in 4% formaldehyde for three days,
followed by decalcification with 10% formic acid over a 14-day period.
Subsequently, the specimens were carefully extracted, gradually dehy-
drated in alcohol, and embedded in paraffin blocks. Sections, approxi-
mately 3–5 μm thick, were then cut from the center of the embedded
pieces and used for subsequent staining procedures. The deparaffinized
and rehydrated samples were blocked with 5% BSA at room temperature
for 30 min.

To assess the chemotactic capability of the SP/SIM-loaded PCL/GEL
membrane in vivo after 5 days of implantation, monoclonal antibodies
targeting CD29 (mouse source; Santa Cruz Bio., China) and CD90 (rabbit
source; Affinity Biosciences, China) were employed. The samples were
probed with these antibodies diluted in 5% BSA and incubated overnight
at 4 �C. Subsequently, the samples were washed with PBS and incubated
with Cy3-conjugated Donkey Anti-Mouse IgG and FITC-conjugated
donkey anti-rabbit IgG antibodies (Sangon, China) for 1 h. Nuclei of
somatic cells were stained with Hoechst 33,258. Confocal laser scanning
microscopy (CLSM, TCS SP5, Leica, Germany) was used to capture im-
ages of the stained samples. Additionally, the samples were subjected to
CD34 and von Willebrand Factor (vWF) immunohistochemical staining
to assess neovascularization density. Hematoxylin/eosin stain (H&E) and
Masson's trichrome staining were performed to evaluate the histological
characteristics of new bone regeneration after 30 days of implantation.

2.6. Statistical analysis

The data were presented as mean � standard deviation. Data analysis
(GraphPad Software, USA) was tested by One-way ANOVA followed by
Tukey's multiple comparison test to evaluate the differences between the
5

four groups unless otherwise stated. P* <0.05 and P** <0.01 were
defined as statistically significant.

3. Results

3.1. Surface characterization

The surface characterization of different membranes was investigated
in terms of morphology and chemical composition. The morphology was
first studied using SEM at various magnifications (Fig. 1A). At low
magnification, the PCL and GEL fibers showed a hierarchical, uniform,
and randomly oriented micro-nanofibrous structure. While, at high
magnification, both fibers were smooth, continuous, interconnected, and
had no bead-shaped defects. Furthermore, the quantitative analysis of
fibre diameter is displayed in Fig. 1B, we can find that the GEL fibre had
consistency in fibre size in all groups, with average diameters of 0.32 �
0.15 μm (consistent with the size of our previous study [14]), indicating
that the addition of SP has a negligible impact on the GEL fibre size. On
the contrary, adding SIM considerably impacted PCL fibre diameter,
where it decreased from about 1.5 μm in PCL/GEL and PCL/GEL-sp to
approximately 1.3 μm in PCL-sim/GEL and PCL-sim/GEL-sp membranes.

Next, the FTIR spectra were carried out to investigate the chemical
composition of the target material, including two single fibers (PCL,
GEL), SIM drug, and four co-electrospinning membranes (PCL/GEL, PCL/
GEL-sp, PCL-sim/GEL, PCL-sim/GEL-sp). As demonstrated in Fig. 1C, for
the GEL fibers, strong peaks appeared at approximately 1652 cm�1 and
1540 cm�1, which is attributed to amide I (stretching vibration of C––O)
and amide II (stretching vibrate of C–N and coupling of bending vibrates
of N–H), respectively. The infrared spectra of PCL single fibers were
defined by stretching modes at 2869 cm�1 (symmetric CH2 stretching),
1734 cm�1 (C––O), and 1170 cm�1 (C–O–C). While, SIM characteristic
peaks were observed in a specific band at 1692 cm�1 (C––O) and 1272
cm�1 (C–O–C). The spectra of these drug-loaded PCL/GEL co-
electrospinning membranes were identical to those of single polymers
or/and drugs, without distinctive features. This similarity could be
attributed to the comparatively tiny amounts of loaded drugs that might
have been shifted or replaced by the peaks of the polymers, resulting in
this effect [27].

3.1.1. SP and SIM drugs loading and release
During the electrospinning process, the loading efficiency of drugs

depends on their solubility in the polymer solution. If the drug
completely dissolves and does not volatilize, a loading efficiency of 100%
can be achieved [28,29]. The simplest method for incorporating drugs
into nanofibers is to dissolve the drugs and polymer in the same solvent
and electrospin them together. This method typically results in high
drug-loading efficiency [30]. In our study, the solubility of SIM/PCL in
TFEA and the solubility of GEL/SP in water enabled the formation of
transparent polymer solutions containing the drugs. This suggests that
the drugs were uniformly dispersed in the polymer solution at a molec-
ular level. As a result, we achieved high loading efficiencies of 98.7% for
SIM and 98.4% for SP, respectively. The high encapsulation efficiency
observed can be attributed to the large surface area of the nanofibers and
the absence of drug loss during the preparation process [31]. These
factors collectively contribute to the successful incorporation of the drugs
into the nanofibers and the high loading efficiency observed in our study.

Furthermore, in order to provide additional evidence of fiber type and
drug distribution within the fiber, we used FITC-SP and rhodamine B
(RB) to label GEL (green) and PCL (red) fibers, respectively. Because SIM
is difficult to achieve fluorescent labeling, it is necessary to use the model
substance (RB) to study its distribution in PCL fibers. As demonstrated in
Fig. S2, it was discovered that both drugs were evenly distributed in the
corresponding fibers. It is important to highlight that the two different
colors representing the microscale PCL and nanoscale GEL fibers in the
figures appear to overlap each other. This can be observed by examining
the SEM images (Fig. 1A), where the PCL and GEL fibers can be seen



Fig. 1. (A) SEM images of different co-electrospinning membranes at various magnifications; (B) the average fiber diameter of GEL and PCL fibers according to SEM
data; (C) FTIR spectra of single fibers (PCL, GEL), free drugs Sim and co-electrospinning films (PCL/GEL, PCL/GEL-sp, PCL-sim/GEL, PCL-Sim/GEL-sp); (D) releasing
curve of FITC-SP from PCL/GEL, PCL/GEL-sp, and PCL-Sim/GEL-sp membranes; and (E) releasing curve of SIM from PCL/GEL and PCL-Sim/GEL-sp membranes.
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overlapping, as confirmed in our previous research [14]. In certain areas,
it is evident that the GEL fiber is partially covered by the PCL fiber,
indicating a degree of interlayering and intertwining between the two
types of fibers.

The release of SP from PCL/GEL-sp and PCL-sim/GEL-sp samples was
assessed by observing the fluorescence intensity. As illustrated in Fig. 1D,
we could see an initial fast SP release from GEL fibre in both groups, with
approximately 43.5% of the drug being released on the first day. While in
the following time, the SP released from PCL/GEL-sp and PCL-sim/GEL-
sp membranes exhibited a sluggish and sustained release rate, dependent
on the size and amount of PCL fibre in the membrane. Notably, after two
days, the SP released from PCL/GEL-sp group was found to decrease by
almost 12% in all-time points compared to PCL-sim/GEL-sp group. This
inconsistency in controlling the drug release curve may be due to PCL
fibre size changes after loading SIM, as mentioned in section 3.1.
Furthermore, as demonstrated in Fig. 1E, the release of the SIM showed
an initial rapid release rate within the first two days of incubation, fol-
lowed by a slowly continued curve over one month.

It is worth noting that in our study, we observed that GEL fiber
exhibited inherent fluorescence properties due to its degradation. Our
results revealed that the accumulated fluorescence from the GEL
component accounted for approximately 7% of the total drug fluores-
cence, as demonstrated in Fig. 1D. Similarly, the total accumulated
6

detection of ultraviolet absorption interference at 280 nm from GEL was
approximately 4% of the total ultraviolet absorption, as demonstrated in
Fig. 1E. These findings indicate that the release behavior of the drugs in
Fig. 1D and E is primarily attributed to the drug components rather than
the degradation of the GEL itself. The small contribution of GEL fluo-
rescence or ultraviolet absorption interference to the overall drug release
confirms that the drug-loaded fibers dominate the release profiles
observed in the study. Therefore, we can conclude that the release curves
presented in Fig. 1D and E primarily reflect the release behavior of the
drugs and are not significantly influenced by the degradation of the GEL
component.

Based on these results, the PCL-sim/GEL-sp co-electrospinning
membrane demonstrated the ability to deliver SP (loaded in GEL) to the
bone microenvironment at a very fast and sustained rate during the
critical first stage of bone healing. Meanwhile, SIM (loaded in PCL) was
released in a relatively slow and sustained manner, ensuring continuous
osteogenic induction during bone healing.

3.2. Membrane cytocompatibility

To assess the cytocompatibility of the PCL/GEL co-electrospinning
membranes, we evaluated the cell morphology and viability of MSCs
cultured on different membranes. Firstly, we determined the appropriate
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concentration of SIM by loading various concentrations (0.5, 1, 2.5, 5,
and 10 mg/mL) into PCL fibers in the PCL/GEL co-electrospinning
membrane to evaluate their cytocompatibility. We found that higher
concentrations of SIM (5 and 10 mg/mL) caused significant cytotoxicity
and inhibited cell viability, while lower concentrations ranging from 0.5
to 2.5 mg/mL had no significant effect on cell proliferation, as shown in
Fig. S1. Based on these results, we selected 2.5 mg/mL as the optimal
concentration for our experiments.

After screening the appropriate concentration of SIM, we further
examined the cytocompatibility of SP/SIM-loaded PCL/GEL samples. As
demonstrated in Fig. 2A, from the fluorescence and SEM images, it was
clear that the cells in PCL/GEL and PCL/GEL-sp groups showed elongated
and irregular shapes. Notably, theMSCs grown on PCL-sim/GEL and PCL-
sim/GEL-sp membranes (especially the latter) presented a larger
spreading area and more pseudopodia. The quantitative analyses of the
relative cell area (Fig. 2B) showed a similar trend to the fluorescence and
SEM images. Next, from the cck-8 results in Fig. 2C, it can be noticed that
Fig. 2. Cytocompatibility of the co-electrospinning membranes. (A) Representative n
after 2 d. Cell nuclei and cytoskeleton were stained by Hoechst33258 (blue) and P
fluorescent staining images; (C) cell viability evaluated by CCK-8 assay, *p < 0.05, **
reader is referred to the Web version of this article.)
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four electrospinning groups had no toxicity at both 3 and 7 d. However,
the tissue culture polystyrene (TCPS, blank group) group showed a sig-
nificant increase in cell viability compared to the PCL/GEL-Sp and PCL-
SIM/GEL-Sp groups with significant values (p < 0.05 or 0.01) after 3 d.
With an extension of culture time to 7 d, MSCs cultured on all groups
proliferated at the same rate with no significant difference.
3.3. In vitro MSC migration

Transwell migration assay was used to study the capability of
different membranes to induce MSC migration in vitro, as represented in
Fig. 3A. From Fig. 3B, it is intelligible that the three groups (PCL-sim/
GEL, PCL/GEL-sp, and PCL-sim/GEL-sp) had distinct effects on promot-
ing the migration of MSCs from the upper chamber to the lower chamber
in varying degrees, which was related to the incubation time and the
samples pre-soak duration.

Furthermore, the cell count results (Fig. 3C) displayed that when the
ucleus/cytoskeleton staining and SEM images of MSCs on different membranes
halloidin (green), respectively; (B) average cell area obtained from the above
p < 0.01. (For interpretation of the references to color in this figure legend, the



Fig. 3. Investigation of MSC migration properties by transwell assay. (A) Scheme of MSC migration by transwell assay; (B) staining images of migrated cells after
culturing for 12 h and 24 h on different membranes presoaked with PBS solution for 0 and 5 d; (C) quantitative analysis of migrated cells in presoaked (0 d) test; and
(D) quantitative analysis of migrated cells in presoaked (5 d) test, *p < 0.05, **p < 0.01.
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pre-soaked (0 d) samples were used for the experiment, the number of
migrating cells in the other three groups (especially PCL/GEL-sp and PCL-
sim/GEL-sp) was significantly higher in comparison with the PCL/GEL
group (p < 0.01). A similar trend was also observed in the pre-soaked (5
d) groups (Fig. 3D). Meanwhile, with the increase in culture time (12–24
h), the number of migrating cells in each group increased slightly. These
results have important implications for developing a concept of how the
sustained release of SP and delivering SIM at an appropriate concentra-
tion from the PCL/GEL co-electrospinning membrane could significantly
promote MSCs migration.

3.4. In vitro osteogenic differentiation

A series of osteogenic-related tests were performed on MSCs cultured
on different membranes, including staining, ALP activity, ALP/alizarin
red staining, and RT-PCR to determine their ability to promote osteo-
genesis. Firstly, looking at Fig. 4A, it is apparent that the PCL-sim/GEL
and PCL-sim/GEL-sp groups exhibited significantly more ALP-positive
cells than the other two groups after 4 and 7 d. Furthermore, the re-
sults were obtained from the quantitative analysis of ALP activity, as
shown in Fig. 4B. It is clear that the ALP activity on the 4th day was
increased in the PCL-sim/GEL and PCL-sim/GEL-sp groups compared
with the PCL/GEL and PCL/GEL-sp groups, with a significant difference
(p < 0.05 or 0.01).

After 7 d of incubation, the ALP activity also showed a similar trend,
and these values in PCL-sim/GEL and PCL-sim/GEL-sp groups were well
over twice as high as those in other groups (p< 0.01). It indicates that the
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SIM-loaded membranes had a significant impact on improving osteo-
genic differentiation.

Next, the mineralization level was investigated by detecting the cal-
cium nodules formation using alizarin red staining. SEM was further
observed as an important marker for the later stage of osteoblast differ-
entiation. As shown in Fig. 4C, after 14 and 21 d of induction, calcium
nodules with wider distribution and deeper staining intensity were
noticed in the PCL-sim/GEL and PCL-sim/GEL-sp samples. In compari-
son, no differences between the control group and PCL/GEL-sp were
noticed. In fact, after 21 d, PCL/GEL-sp showed a negligible increase in
the intensity and distribution of alizarin stain. Moreover, after incubation
for 21 d, the calcium nodules amount was detected by SEM and shown in
Fig. 4D. The high and low magnification SEM photos suggest that PCL-
sim/GEL and PCL-sim/GEL-sp membranes had a superior ability to
stimulate more mineralized nodule formation (red arrows). Furthermore,
the quantitative analysis (Fig. 4E) shows that the mineralization level of
the PCL-sim/GEL and PCL-sim/GEL-sp groups was significantly higher (p
< 0.01) in comparison with the other two groups.

Finally, the qRT-PCR assay was employed to further explore osteo-
genic differentiation at the gene level. As can be seen from the data in
Fig. 4F, the MSCs of the PCL-sim/GE and PCL-sim/GEL-sp groups showed
significantly higher expression of COL І, Runx2, and OCN compared with
the other two groups (p < 0.05 or 0.01). For these three genes, there was
a negligible difference between the two groups (PCL-sim/GE and PCL-
sim/GEL-sp). Moreover, PCL-sim/GEL-sp displayed the highest expres-
sion of the ALP gene among the four groups. PCL-sim/GEL also sub-
stantially enhanced the ALP expression compared with the PCL/GEL



Fig. 4. Study on osteogenic differentiation of MSCs on different co-electrospinning membranes. (A) ALP staining images of MSCs cultured for 4 and 7 d; (B)
quantification analysis of ALP activity; (C) Alizarin staining images of MSCs cultured for 14 and 21 d; (D) SEM images of mineralized nodules produced by MSCs after
21 d (red arrows refer to the formed mineralized nodules); (E) quantification analysis of Alizarin red stain; (F) expression of some osteogenic genes (Runx2, ALP, Col I,
and OCN) after 7 d, *p < 0.05, **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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group (p < 0.05), with no notable difference with PCL/GEL-sp. These
findings demonstrate that the sustained and synergistic effects of SP and
SIM secreted from the co-electrospinning membrane could play a crucial
role in promoting osteogenic differentiation at the early and late stages.
3.5. In vitro angiogenesis investigation

Angiogenesis effects of PCL-sim/GEL-sp membrane were investigated
indirectly by using the secreted factors in the extraction medium to act as
a stimulator on HUVECs. Angiogenesis-related assays included wound
healing, tube formation, and gene expression, which were thoroughly
examined and shown in Fig. 5. Firstly, the results obtained from the
scratch assay were displayed in Fig. 5A. It can be found that, at 0 h, a
scratch in a straight line was made, leaving a gap area with the same
width in each well. Then, after further incubating for 6 and 12 h, the gap
width became narrower or completely closed by the migrated cells,
concerning the presence of bioactive components (SP or/and SIM) and
the incubation time. Moreover, in comparison to the PCL/GEL group, the
quantitative analysis confirmed that the three groups (PCL-sim/GEL,
PCL/GEL-sp, and PCL-sim/GEL-sp) had a superior ability to improve the
HUVEC migration (Fig. 5B). Especially, PCL-sim/GEL-sp showed the best
ability to stimulate cell migration (p < 0.05 or 0.01).

Secondly, it can be seen from Fig. 5C that after 3 and 6 h, the primary
capillary-like network structure was formed by the cell arrangement,
which was obviously in PCL-sim/GEL and PCL-sim/GEL-sp groups. In
contrast, only a few indistinguishable tubes were noticed in PCL-/GEL
and PCL-/GEL-sp groups. Furthermore, the quantitative results of the
tube length and junction were shown in Fig. 5D and E. PCL-sim/GEL, and
PCL-sim/GEL-sp groups had the highest number of junctions (118 � 7
and 127 � 6 at 6 h, respectively), which was significantly higher (p <

0.01) than other groups (PCL/GEL: 80 � 5; PCL/GEL-sp: 88 � 3).
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Moreover, we also discovered that the mean tube length of PCL-sim/GEL
and PCL-sim/GEL-sp was in the majority compared to PCL/GEL and PCL/
GEL-sp groups, with a significant p-value (p < 0.01). To be precise, the
mean tube length of the PCL-sim/GEL-sp group was 3401� 507 μmat 3 h
and 5742 � 370 μm at 6 h.

Finally, to further confirm and understand how the extracts from PCL-
sim/GEL-sp promoted angiogenesis, we analyzed the gene expressions of
VEGF, eNOS, PDGF, and TGFβ1 using RT-qPCR. As demonstrated in
Fig. 5F, it is clear that the target genes in the PCL-sim/GEL-sp group was
accounted for the highest level in comparison to other groups (p < 0.01).
Also, there was a significant increase in the levels of the genes in PCL-
sim/GEL and PCL/GEL-sp compared to the PCL/GEL group (p < 0.01).
Interestingly, compared with the PCL-sim/GEL group, the TGFβ1 gene
expression in the PCL/GEL-sp group was increased, with a significant p-
value (p < 0.01). Overall, these findings clearly indicate that the syner-
gistic effect of SP and SIM played a critical and significant role in
improving the HUVECs migration and angiogenesis.
3.6. In vivo cell migration

To further confirm and determine whether SP or/and SIM-loaded
membranes could improve the migration potentiality of MSCs in vivo,
we used double immunofluorescence labeling to detect the number and
distribution of MSCs around the co-electrospinning membranes after five
days of implantation. A closer inspection of the images (Fig. 6A) shows
that in the PCL/GEL-sp and PCL-sim/GEL-sp groups, there was an
increasing trend of CD29/CD90 positive cells (CD29þ/CD90þ) compared
with the PCL/GEL and PCL-sim/GEL groups. Furthermore, the quanti-
tative analysis of the CD29þ/CD90þ displayed a similar trend as the
immunofluorescence images. It can be seen from the data (Fig. 6B & C)
that the PCL-sim/GEL-sp group had significantly more positive cells than



Fig. 5. Evaluation of different co-electrospinning membrane extracts on angiogenesis of HUVECs. (A) The migration images of HUVECs after culturing for 0, 6, and 12
h; (B) Images of endothelial network formation in HUVECs after incubation for 3 and 6 h; (C) quantitative analysis of the migration areas according to the above
migration images; (D) the number of junctions and (E) total length per high power field (HPF) obtained from the above network images; (F) expression of some
angiogenesis genes (VEGF, eNOS, TGFβ1, and PDGF) after 3 d, *p < 0.05, **p < 0.01.
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the PCL/GEL and PCL-sim/GEL groups, with approximately 17.3 (PCL/
GEL), 18.4 (PCL-sim/GEL), 24.8 (PCL/GEL-sp), and 27.1 (CL-sim/GEL-
sp) per view field for CD29þ/CD90þ cells, respectively. These findings
indicated that the SP-loaded membranes have a superior ability to
improve early MSC migration in vivo.

3.7. In vivo blood vessels formation

It is well known that vWF, as a blood glycoprotein factor, is expressed
by endothelial cells and megakaryocytes, and plays a role in mediating
hemostasis, especially platelet adhesion. In addition, hematopoietic
marker CD34 is also highly expressed by endothelial cells. They are
considered as most well-known markers for assessing the condition of
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revascularization in vivo. Therefore, immunohistochemical staining of
the abovementioned factors was used to confirm the potential ability of
SP or/and SIM-loaded PCL/GEL membranes to improve the new blood
vessel formation in vivo. Looking at Fig. 7A and B), it is apparent that both
PCL-sim/GEL and PCL-sim/GEL-sp groups had a superior ability to
enhance early angiogenesis in the defect area after 5 d of membrane
implantation. The quantitative analysis data (Fig. 7C & D) further
confirmed a clear trend in the increasing number of positive blood vessels
in PCL-sim/GEL and PCL-sim/GEL-sp groups compared with the PCL/
GEL and PCL-sim/GEL groups. As shown in Fig. 7C, the density of CD34þ

vessels in the PCL/GEL and PCL/GEL-sp group was in the minority, with
nearly 0.7 � 0.2 and 0.8 � 0.1 per view field, respectively. By contrast, a
higher density of CD34þ vessels were found in PCL-sim/GEL and PCL-



Fig. 6. Analysis of MSCs homing after five days of membrane implantation in vivo. (A) Immunofluorescence images of CD29þ/CD90þ double-positive cells in different
samples; quantitative analysis of (B) CD29þ and (C) CD90þ positive cells in different samples, *p < 0.05, **p < 0.01.
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sim/GEL-sp groups, with approximately 1.0� 0.2 and 1.1� 0.3 per view
field, respectively. Likewise, as can be seen in Fig. 7D, the density of
vWFþ vessels per view field was 1.9 � 0.3 in the PCL-sim/GEL-sp group,
with a clear significant difference (p < 0.01) compared to the PCL/GEL
and PCL/GEL-sp groups. Notably, there was a negligible decrease in the
density of vWFþ vessels in the PCL-sim/GEL group, with 1.3 � 0.2 per
view field. These findings indicated that both PCL-sim/GEL and PCL-sim/
GEL-spmembranes have an excellent ability to improve revascularization
in vivo.
3.8. In vivo osteogenic performance

To investigate the potential ability of PCL-sim/GEL-sp membrane to
accelerate a new bone reconstruction in the damaged area, the samples
were scanned using a micro-CT after 4 weeks of membrane implantation.
From Fig. 8A, it is observed that the scanned areas of the PCL/GEL and
PCL/GEL-sp groups had weak healing ability. Only tiny and unconnected
high-density spots were observed. In contrast, the healing ability of the
PCL-sim/GEL group was enhanced. The scanned area exhibited that the
small landmasses of new bone nodules formed in the center and along the
edges of the defect. Interestingly, the PCL-sim/GEL-sp group showed the
most excellent ability in bone reformation within the defect. New bone
tissues with higher bone density were clearly distributed over the entire
bone defect area. Further analysis (Fig. 8B & D) of the BV/TV, Tb⋅Th and
Conn-Dens levels also showed an increasing trend in the PCL-sim/GEL-sp
group with a significant difference compared to PCL/GEL and PCL/GEL-
sp groups (p < 0.01).

H&E and Masson's trichrome staining were further carried out to
estimate the effectiveness of the PCL-sim/GEL-sp membrane in acceler-
ating bone regeneration. The H&E staining images (Fig. 9A) provided a
view of the various tissues in the implantation area, where the new bone
tissue presents dense dark red staining.

In Masson's trichrome stain pictures (Fig. 9B), the calcified bone with
multi collagen fibers appeared in blue, while the other granulation
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tissues or red blood cells are dark red. High magnification histological
images showed that a bone matrix with a considerable amount was
conclusively demonstrated in the PCL-sim/GEL-sp membrane group,
which provided significant evidence for bone regeneration one-month
post-implantation. Some Haversian canals could also be found in PCL-
sim/GEL-sp group, which is distributed in some middle space of the
new bone formed, with an average diameter between 75 and 300 μm. By
contrast, the implantation area in the PCL/GEL sample was packed with
loose soft granulation growing into the implantation area, which pre-
vents new bone formation. In addition, the PCL/GEL membrane material
has been degraded to various degrees during the reconstruction process.
Accordingly, inconsistently white spots were observed in histological
sections.

4. Discussion

The process of natural bone formation is closely reflected in the
process of bone regeneration after bone injury, including the initial in-
flammatory stage, the subsequent remodeling stage, and so on. These
phases are interrelated and must occur one after another [32]. However,
despite the complexity and difficulty of mimicking the natural healing
process, this complexity has driven many researchers to design a bio-
materials scaffold as a promising strategy to simulate these healing
events. Therefore, a biomaterial scaffold that could improve early cell
migration and blood vessel formation, followed by a continuous osteo-
genic induction, would be a good alternative. Accordingly, inspired by
the structure of ECM and the natural bone healing process, in this study, a
hierarchical PCL/GEL membrane was successfully fabricated with
SP-loaded GEL as the nanofiber and partially protected by the SIM-loaded
PCL as the microfiber. The co-electrospinning membrane was designed to
provide a rapid initial release in the first two days, followed by a slow and
sustained release for two weeks of SP-loaded GEL nanofiber to enhance
the MSC recruitment to the injury site. At the same time, the slow
degradation of PCL microfiber could provide controlled and sustained



Fig. 7. Histopathological analysis of vascularization in vivo five days post-implantation. Immunohistochemical staining for (A) CD34 and (B) vWF in different groups;
quantitative analysis of (C) CD34þ and (D) vWFþ positive vessel density, *p < 0.05, **p < 0.01.
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release of SIM for up to one month. It could significantly improve
revascularization and continuous osteogenic induction until the new
bone was formed.

The strong interaction between the fiber and water can play a critical
role in the release profile of drugs loaded on the fibers, resulting in a
more intense burst release. In our previous study, we found that the water
absorption resistance of the PCL/GEL co-electrospinning membrane
became stronger as the amount and concentration of PCL increased [14].
This indicated that as the amount of PCL increased, the hydrophobicity of
the membrane also increased, resulting in slower water absorption and
prolonged drug release. Moreover, the strong intra-fiber interaction of
PCL repelled water and prevented direct contact between water and GEL,
thereby delaying GEL degradation and initial drug release [14]. These
findings combined with the drugs release results (Fig. 1D & E) suggest
that PCL-sim/GEL-sp co-electrospinning membranes have good water
interaction and could serve as complex multifunctional
co-polymers-based drug delivery systems with tunable release profiles.

Another important consideration for the development of an ideal
guided tissue regeneration membrane is its mechanical stability and
integrity. The mechanical properties of the membrane play a crucial role
in ensuring its ability to resist mechanical forces throughout the surgical
procedure and the bone tissue regeneration process. As indicated by a
previous study, bone tissue regeneration will take up to 4–6 weeks, and
during this time, the GTR membrane must be able to maintain its
structural integrity to prevent unwanted cell migration and facilitate a
smooth bone regeneration process [33]. Our previous research has
confirmed that by co-electrospinning PCL and GEL at a flow rate of 2:1
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(the same preparation parameters as PCL-sim/GEL-sp membrane), an
ideal mechanical barrier can be created [14]. This observation can be
ascribed to the extensive interlacing and interlocking of the PCL/GEL
fibers [34].

Simultaneously, GEL, a protein component within the co-
electrospinning fiber network, plays a crucial role in promoting cell
adhesion and enhancing the cytocompatibility of the membrane [35].
Our findings indicate a correlation between the surface structure of the
membrane and initial cell adhesion. The incorporation of hierarchical
micro-nanofibrous structures in the membrane improves various cellular
responses, including cell viability, attachment, and proliferation.
Numerous studies have demonstrated that hierarchical micro/-
nanofibrous structures are well-suited for tissue regeneration and
reconstruction, encompassing skin tissue, ligaments, tendons, bone tis-
sue, and neurons [36]. Furthermore, the integration of GEL as a protein
component in the membrane structure satisfies the requirements for bone
tissue regeneration by providing a stable mechanical microenvironment
and essential biochemical factors necessary for cell proliferation and
differentiation [34]. However, despite the significant influence of
membrane structures on membrane biocompatibility, their ability to
induce cell homing and promote osteogenesis remains limited [37].
Consequently, a series of experiments were conducted to investigate the
cell migration capacity and osteogenic differentiation activity of MSCs
seeded on SP/SIM-loaded membranes.

The controlled and sustained release of SP and SIM from the mem-
brane creates a microenvironment that mimics the natural osteogenesis
events, facilitating the repair of bone defects. This controlled release



Fig. 8. Micro-CT analysis of the bone defect region one-month post-implantation. (A) Representative micro-CT reconstruction images in coronal and sagittal views.
The red dotted lines marked the initial boundary of the critical cranial defect; quantitative analysis of (B) BV/TV, (C) Tb⋅Th, and (D) Conn-Dens in the cranial defect
area after one month, *p < 0.05, **p < 0.01. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

M.A. Al-Baadani et al. Materials Today Bio 21 (2023) 100692
mechanism ensures early revascularization in the defect area and induces
migration of MSCs to the wound sites. Subsequently, it provides a sus-
tained osteogenic induction factor, ultimately leading to successful bone
repair. In line with our findings, previous studies suggest that SIM has a
positive effect on cell migration. Han et al. found that SIM improved cell
migration and promotes neuroregeneration after spinal cord injury,
potentially through upregulating BDNF and VEGF [38]. In another study,
Bing et al. demonstrated that SIM enhanced cell migration through the
chemokine receptor 4 signaling pathway and might have the potential to
promote stem cell therapy [39]. Moreover, Song et al. found that SIM
induced endothelial progenitor cells (EPCs) homing and enhanced vas-
culogenesis, which could promote bone defect repair [40]. Overall, these
findings suggest that SIM may have beneficial effects on cell migration in
different contexts and have the potential to promote tissue repair and
regeneration. However, further studies are needed to fully understand
the mechanism of SIM-induced cell migration and its potential thera-
peutic applications.

Moreover, SP is a widely used bioactive peptide that is naturally
secreted from the peripheral sensory nerve fibers. Several studies have
confirmed the essential role of SP in numerous biological functions,
particularly its significant and direct effects on cell homing and recruit-
ment initiation [15,41]. Osteogenic differentiation of MSCs upon
reaching the site of a bone defect is a crucial step in the process of bone
regeneration. However, our findings indicate that the involvement of SP
did not have a significant impact on cell viability, ALP activity, and
mineralization. Similar observations were made by Mu et al. who found
that SP at different concentrations had a negligible effect on enhancing
the osteogenic differentiation of MSCs [21]. However, upon reviewing
the literature, inconsistent results were found, and clear evidence
regarding the association between SP and the mechanisms involved in
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osteoblast differentiation is lacking [42,43]. These findings suggest that
further investigations are necessary to gain a better understanding of the
role of SP in osteogenic differentiation and bone reformation. In contrast,
numerous in vitro and in vivo studies have extensively documented the
success of SIM in promoting bone repair. For instance, Zhang et al.
claimed that the SIM could upgrade the MSCs differentiation via acti-
vating the Wnt/β-catenin pathway [44]. In another study, Tai et al. re-
ported that SIM played an essential role in maintaining the actin
cytoskeleton intact and improving osteoblast cell functions, which
boosted the expression of BMP-2 and RUNX-2 in MSCs. Moreover, using
SIM-loaded mesoporous hydroxyapatite microspheres, Yu et al. demon-
strated a superior ability to accelerate bone repair by improving osteo-
genesis and angiogenesis [45]. On the other hand, dozens of studies
confirmed the positive involvement of SIM in promoting revasculariza-
tion [18,46]. It was illustrated that SIM could enhance wound healing by
upgrading the SDF1/CXCR4 pathway [47]. Moreover, there was a broad
agreement that SIM has been found to have an outstanding ability to
stimulate angiogenesis via activating Akt/PKB in HUVECs, thus inhibit-
ing apoptosis and revving vascular structure formation [39]. Based on
our findings, we have concluded that delivering SIM at appropriate
concentrations has a direct and positive impact on angiogenesis and
osteogenesis. The distinct roles and release profiles of SIM and SP in the
co-electrospinning membrane contribute to their combined effect, with
SP enhancing cell recruitment and SIM promoting revascularization and
osteogenic differentiation. These complementary actions result in
improved overall bone regeneration outcomes.

Taken together, this study presents compelling evidence regarding
the mechanisms of bone regeneration, which strongly rely on the
controlled release of SP and SIM facilitated by the co-electrospinning
membrane. Firstly, during the early stage of bone healing, a substantial



Fig. 9. Histological analysis of the bone defect region one-month post-implantation. (A) H&E and (B) Masson's trichrome staining images of the calvarial defect.
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number of MSCs were recruited and stimulated to migrate to the im-
plantation site through the release of SP from the GEL nanofiber. Sub-
sequently, the hierarchical micro-nano structure of the targeted
membrane provided a favorable environment for the initial adhesion and
differentiation of MSCs. Moreover, the sustained release of SIM from the
PCL fiber enhanced endothelial cell functions and promoted revascular-
ization at the injury site, ensuring an adequate supply of nutrients.
During the subsequent stage of bone remodeling, the continuous
osteoinduction mediated by the sustained release of SIM from the PCL
fiber significantly enhanced the osteogenic differentiation of MSCs, ul-
timately leading to complete bone repair.

5. Conclusion

In summary, the co-electrospinning technique successfully fabricated
a hierarchical dual drug delivery system (PCL-sim/GEL-sp) with a
tunable drug release function. A series of cellular experiments in vitro
demonstrated that PCL-sim/GEL-sp membrane effectively enhanced the
migration/angiogenesis of HUVECs and the recruitment/osteoblastic
differentiation of MSCs. Furthermore, the in vivo results, including
immunohistochemical staining, micro-CT scanning observation, and
H&E/Masson's trichrome staining, further indicated that PCL-sim/GEL-
sp membrane could significantly stimulate cell recruitment, revascular-
ization, and osteogenesis, thus accelerating the bone regeneration pro-
cess. In conclusion, our results advance our knowledge of co-
electrospinning membranes and lay the groundwork for potential clin-
ical applications.
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