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In this research, the spinnability of bioactive glass (BG) precursor solution was supplied by alkoxysilane sol with
appropriate molar ratio of HyO/silicon (R) to prepare bioactive glass fiber membrane (BFM) using electro-
spinning (ES) technique. Alkoxysilane could form a linear or chain-like colloidal aggregation in hydrolysis-
polycondensation with R = 2 or so, thereby exhibiting good spinnability. Therefore, the role of polymer

Electrospinni
M:z;:;g;n;lgpemes binders could be largely replaced. Due to the significant decrease of polymer binder, the defects within the fibers
Osteogenesis are largely reduced and degree of fiber densification was improved after calcination, leading to BFM drastically

enhanced strength and flexibility. The effect of R and calcination temperature on mechanical performance were
investigated in detail. The tensile strength could reach the highest value 2.31 MPa with R = 2 and calcination at
700 °C. In addition, under this preparation condition, the BFM also possessed good flexibility with bending ri-
gidity 37.7 mN. Furthermore, the great performance of promoting cell proliferation and osteogenesis could be
observed from in vitro cellular experiment. The BFM calcined at 750 °C exhibited the best promoting osteogenic

differentiation ability. The rat skull defect model revealed BFM could perform well in osteogenesis in vivo.

1. Introduction

Bone repair and reconstruction in both orthopaedic and dental ren-
ovations are still confronted with various challenges, although much
progress has been made in the past forty years [1-3]. Modern medicine
is committed to designing biomaterials with possess controllable
resorption and the capability of inducing tissue regeneration. An
important example is osteogenic biomaterials, conventionally termed
“scaffolds”, which have been gaining wide attention [4,5]. Typically, 3D
bioceramic scaffolds such as hydroxyapatite (HA), tricalcium phosphate
(TCP), and bioactive glass (BG) face significant challenges in clinical
applications due to their inferior mechanical properties compared to
natural bone [6,7]. This limitation stems from the inherent brittleness of
ceramic materials, which results in considerably lower tensile strength
and fracture toughness than those required for applications [8].
Consequently, in the current form as 3D scaffolds, bioceramic is un-
suitable for primary load-bearing applications. What’s more, scaffolds
fabricated using methods such as 3D printing or foam replication
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typically exhibit relatively large pore sizes (generally greater than 100
pm), which may not promote cellular adhesion and penetration into the
scaffold’s interior [9,10]. Furthermore, sintered bioceramics often
possess high density, which significantly diminishes their bioactivity
after implanted in vivo [11].

Bone extracellular matrix (ECM) secreted by osteoblasts is consti-
tuted of collagen fibrils and mineralized apatite [12]. An excellent bone
scaffold should imitate the fibrous structure of the ECM [13]. Electro-
spinning (ES) is an effective technique for manufacturing continuous
and high-quality fibers with diameters ranging from nanometer to
micrometer, which is beneficial for mimicking the structure of ECM
[14]. ES fibers have been applied for drug delivery, biological dressings
and enzyme immobilization [15]. ES for BG fibers derived from sol-gel
solution is becoming ever-increasingly widespread. Weng et al. [16]
fabrication of strontium (Sr) and copper (Cu) doped BG nanofibers by
electrospinning followed by a post processing heat treatment to remove
the polymer. In vitro cell culture studies testified Sr dopant significantly
enhanced osteogenesis and suppressed osteoclastogenesis, while
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meanwhile, Cu dopant promoted the angiogenesis. Chen et al. [17]
synthesized by combining L-Buthionine sulfoxide (BSO) loaded tannic
acid (TA)/Fe3t nanoparticles and vascular endothelial growth factor
loaded electrospun BG fibers. The implantable system possessed excel-
lent anti-tumor and tissue regeneration function. Most of above these
researches certainly didn’t apply electrospun BG fiber sample as a
membrane scaffold but just powder or stuffer because of the weak me-
chanical performance (low strength and brittleness). And few studies on
the mechanical properties of the bioactive glass fiber membrane (BFM)
have been reported.

In comparison, the ES fiber membranes of biocompatible polymer
including PLA, PCL and gelatin have been widely used as biological
dressings and tissue repair on account of its good practicability and
compatibility [18,19]. There are two main reasons causing such big gap
between BFM and polymer fiber membrane. One is because the inherent
brittleness of ceramics such as BG conflicts with the flexibility and
stretchability needs of membrane scaffolds. Moreover, since nearly all
electrospun BG fibers derived from sol-gel solutions are obtained with
the aid of polymer binders, the elimination of organic component at high
temperatures leads to mechanical properties deterioration and embrit-
tlement [12,20]. The mechanical properties of BG are crucial for the
practical application of flexible BFM. The improvement can be achieved
from the second point, now that the first can hardly be changed. Seeking
a method to reduce the polymer binder without affecting the ES process
is the key to solving this problem.

Previous researches on BG non-woven membranes need sufficient
addition of polymer binder to produce continuous fibers. The viscosity
increase mainly relies on the entanglement and chain overlap between
polymer molecules. The intermolecular forces (e.g., hydrogen bonding)
between alkoxysilane after hydrolysis-polycondensation is often
neglected [21,22]. Sakka et al. [23,24] reported a ES process of silica
(SiOy) fiber, using tetraethyl orthosilicate (TEOS, a kind of alkox-
ysilane)/ethanol/H20/hydrochloric acid (HCl) reaction system, when
the R is about 2 under appropriate acidic environment. The hydrolysis

linear or chain-like
polysiloxane
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and condensation of TEOS lead to linear or chain-like polysiloxane
(Scheme 1) and consequently great spinnability without polymer
binder. Larger R values (>4) cause the formation of non-linear SiO,
network structure. It can be seen from Sakka’s work that the interaction
between linear or chain-like polysiloxane is enough to support the
continuous stretching of jet in pure SiO, system. However, for BG sol
system electrospinning, the introduction of Ca®" increases the charge
density of the jet, which causes the great increase of conductivity and
repulsive force within the jet. Poologasundarampillai et al. [25] tried to
prepared electrospun BG fibers without polymer. Only 3D scaffolds
composed of “cotton-wool” short fiber was obtained, because the
introduction of Ca®* caused the stretching increase and wet jet breakup.
Therefore, glass precursor solutions with lower viscoelasticity still need
a small amount of high molar mass polymers to avoid splitting and
instability due to the repulsion.

In this work, we prepared the BFM with a unique method that was
different from previous researches. We improved the spinnability of the
bioactive glass sol greatly by utilizing the alkoxysilane under an
appropriate condition hydrolysis-condensation (i.e., R = 2 or so). This
specific water content caused the formation of linear or chain-like
colloidal aggregation in hydrolysis-polycondensation, thereby exhibit-
ing good spinnability. Therefore, the role of polymer binders could be
largely replaced. What’s more, due to the high concentration ions (such
as Ca%") in the concentrated BG sol, a very small amount of the specific
polymer binder still needed to be added to resist repulsive force and
avoid fiber breakage in this system. Due to the amount of polymer
largely decreased, the defects of the fibers caused by polymers removal
after calcination were greatly reduced and the fibers densification de-
gree was improved, so that BFM with flexibility and high strength was
obtained. It was capable of conforming to bone defects of any shape
while maintaining a lower stiffness to prevent undue pressure on sur-
rounding tissues. In contrast to bioceramic high density bulk or scaffold
with large pore size (>100 pm), the microscopic texture of fibrous
membranes facilitates intimate material and information exchange with
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Scheme 1. Schematic illustration of the construction of bioactive glass membranes and the bone defect therapy.
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the biological system. This endows it with better capabilities for ion
release, induced mineral deposition and cellular adhesion. Furthermore,
the great performance of promoting cell proliferation and osteogenic
differentiation could be observed from in vitro cellular experiment. The
rat skull defect model revealed BFM could perform well in osteogenesis
in vivo.

2. Experiments
2.1. Fabrication of BFM

The BFM (Si/Ca molar ratio: 85/15) were fabricated upon sol-gel
method. Firstly, 1.31 g CaCl, was dissolved in 7 mL ethanol, then 15
mL TEOS was added. After stirring for half hour, the solution was added
with different amounts of HyO (R = 1.8, 2.0, 2.2 and 2.4). Subsequently,
100 pL HCl (IN) was added into the above solution and stirring
continued another 2 h. Afterwards, 0.12 g PVP (MW:1,300,000) was
added into the sols. The obtained sols were stirred for 36 h under ice
bath conditions, while persistent volatilization to increase the viscosity
of the sols. The aged hybrid solutions were loaded in plastic syringes
equipped with a metallic needle (21 gauge) to spin the fiber. The high
tension field (12 kV) was adopted to the metal needle and a plate col-
lector. The obtained precursor of bioactive glass membrane (PBFM)
were transferred into the oven at 60 °C for 24 h to volatilize the residual
solvents. The PBFM obtained was denoted PBFM-R value, for example
PBFM-2.0. Finally, the PBFMs were heated up to specific temperatures
(600, 650, 700, 750, 800 °C) with a heating rate of 1 °C/min and
annealed at the corresponding temperature for 5 h in air. The BFM ob-
tained was denoted BFM-R value-calcination temperature, for example
BFM-2.0-700. For precursor of SiO5 fiber membrane (PSFM), due to the
absence of highly conductive phase calcium ions, the spinnability can be
accomplished easily without high polymer provided R approximate 2.0.
So the PSFM was prepared in a similar way with PBFM but not adding
PVP and R equal to 2.0. And SiO; fiber membrane (SFM) was obtained
by calcination at 600 °C.

2.2. Characterization

The morphology and elemental compositions of BFMs were investi-
gated using the field scanning electron microscopy (FE-SEM, JSM-7800,
20 kV) with an energy dispersive X-ray spectroscopy (EDS). The phase
compositions were measured by X-ray diffraction (XRD, D/MAX-Ultima
IV, Rigaku, Japan). Weight loss and possible phase transition during
calcination of PBFM and PSFM were measured using thermogravimetry
and differential scanning calorimetry (TG-DSC, TGA/DSC 3+, LER
TOLEDO, Switzerland) at a heating rate of 10 °C/min. The functional
groups and chemical structure of PBFMs and PSFM were examined using
Fourier-transform infrared spectroscopy (FTIR, Nicolet IS50, Thermo
Scientific, USA). The Si-O network structure of the BFMs was tested by
Raman spectroscopy (LabRAM HR evolution, Jobin Yvon-Horiba,
France) over the 50-2500 cm ™! range. The Attenuated Total Reflection
Fourier transform infrared spectroscopy (ATR-FTIR) was applied to
BFMs to detect the bond of Si-O. The chemical state of Calcium element
was analyzed by X-ray photoelectron spectrometer (XPS, scientific-
LabRAM HR evolution, Horiba, Japan). The Ca®* release of the BFMs
was measured by Ca?t colorimetric assay kit (elabscience, china) as
follows: 0.5 g of BFMs was soaked in 100 mL of phosphate buffered
saline (PBS), half of PBS was removed at specific time points (1, 3, 5, 7,
10, 14, 21 and 28 days) for assay analysis to determine the concentration
of Ca in the PBS, and equivalent fresh PBS was added to the immersed
samples.

2.3. Mechanical properties tests

Tensile strength of BFMs was analyzed using an electronic fiber
strength tester (LLY-06). The strength of BFMs with a thickness of 50 +
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10 pm and size of 10 mm * 5 mm was measured [26]. And softness was
evaluated with a softness analyzer (RRY-1000, Hangzhou Qingtong &
Boke Automation Technology Co., Ltd., China). The tensile strength of
BFM-2.0-700 was also measured after different degradation time (0, 7,
14, 21, 28 days, 0 day referred to testing immediately after soaking). The
softness of BFMs with a thickness of 55 + 8 pm and size of 10 cm x 10
cm was measured with the ASTM D2923-95 test [27].

2.4. Biomineralization experiments in vitro

Simulated body fluid (SBF) was prepared according to the usual
procedure [28] given using chemicals purchased from Sinopharm Chem.
Reagents Co Ltd. The bioactivity of BFMs calcined at different temper-
ature were tested in vitro through immersing sample fragments in SBF at
37 °C to monitor the formation of hydroxycarbonate apatite (HCA) for
different time intervals (3, 5, 7 days). The biomineralization behavior of
BFMs was analyzed using SEM and FTIR.

2.5. Cell proliferation on BFMs

In order to research the effect of heat treatment on evaluate cell
activity, MC3T3-E1 cells were cultured on BFMs calcined at different
temperature and SFM as control. Cell activity and proliferation were
determined by cell counting kit-8 (CCK-8) assay. Prior to seeding cells, a
12 mm circular BFM was placed into each well of a 48-well plate 4 h in
advance. After digesting the cells, 1 mL cell suspension (5 x 10> cells/
mL) was added into each membrane and cultured with culture medium
(oe-minimum essential medium, 1 % penicillin/streptomycin, and 10 %
fetal bovine serum) for periods from 1 to 7 days. At different culture time
points (1, 4 and 7 days), CCK-8 was mixed with culture medium in a
volume ratio of 10 %. After 4 h incubation, 100 pl the mixed solution
was transferred into a 96-well plate to measure the absorbance at 450
nm using a microplate reader (Thermo Labsystems, America). The
viability of MC3T3-E1 in the scaffolds was measured by the calcein AM
(Beyotime, China). The samples containing cells were washed with PBS
3 times and treated with calcein AM for 30 min at 37 °C. Cells on the
membranes were observed under the inverted fluorescent microscope
(Zeiss, Germany) in a dark environment.

2.6. Cell adhesion on BFMs

Confocal laser scanning microscope (CLSM, Andor, UK) and SEM
were used to characterize the adhesion and morphology of MC3T3-E1 on
SFM and BFMs. For CLSM observation, after culturing for 4 days, the
samples were washed 3 times with PBS for 5 min each time. The cells
were fixed with 4 % PFA for 30 min at 4 °C. The fixed cells were then
stained with FITC-phalloidin to mark the F-actin and DAPI to mark the
nucleus. After staining, the adhesion and morphology of MC3T3-E1
were observed using CLSM. For SEM observation, after culturing for 4
days, the SFM and BFMs were washed 3 times with PBS for 5 min each
time. The cells on membranes were fixed with 4 % PFA for 25 min at
4 °C. Then the cells were dehydrated with gradient ethanol (5 %, 10 %,
15 %, 20 %, 30 %, 50 %, 75 %, 80 %, 95 %, 100 %) 10min for each time,
and dried using the hexamethyldisilazane (HMDS) drying method.
Finally, cell adhesion and morphology was observed with SEM.

2.7. Gene expression of cells on BFMs

To evaluate the effect of heat treatment on osteogenic differentia-
tion, reverse transcription-polymerase chain reaction (RT-PCR) was
employed to evaluate it at the mRNA level. After 7 days culturing on
BFMs, 4 osteogenic-related genes including Runt-related transcription
factor 2(RUNX2), alkaline phosphatase (ALP), collagen type I (COL1)
and osteocalcin (OCN) were detected, while glyceraldehyde-3phosphate
dehydrogenase (GAPDH) was adopted as the reference gene to
normalize target gene expression levels. SFM which was set as the
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control group were also seeded and detected. At point of 7 days, the cells
were digested from samples with trypsin, then centrifuged and collected.
Messenger RNA (mRNA) was extracted from the cells using the RNA
extraction kit. Afterwards, mRNA was reverse transcribed into comple-
mentary DNA (cDNA) by using the ReverTra Ace qPCR RT kit (TOYOBO,
Japan). Finally, SYBR Green Realtime PCR Master Mix (TOYOBO,
Japan), the primers and the cDNA were mixed together. RT-PCR was
performed to reveal any fold changes in the expression of targeted genes
on BFMs compared to SFM as control.

2.8. Immunofluorescence (IF) staining of cells on BFMs

The expression of osteogenic differentiation-related proteins was
detected by IF staining. After culturing MC3T3-E1 on SFM and BFMs for
14 days, the medium in wells was removed and the cells-membranes
complexes were fixed using 4 % PFA for 30 min. Subsequently, the
complexes were permeabilized with 0.1 % Triton X-100 (Solarbio,
China) and blocked with 5 % bovine serum albumin (BSA, Solarbio,
China) blocking buffer. The samples were divided into two groups.
Respectively, each group complexes were incubated with OCN Poly-
clonal antibody (Proteintech, China) and COL1 Polyclonal antibody
(Proteintech, China) overnight at 4 °C and the CoraLite 488-conjugated
secondary antibody (Proteintech, China) for 1 h. Finally, the complexes
were stained with TRITC-Phalloidin (Solarbio, China) and DAPI. PBS
washing was required 3 times after each procedure. The complexes were
investigated using CLSM with 405 mm (blue fluorophore), 488 mm
(green fluorophore) and 561 mm (red fluorophore) wavelengths, for
DAPI, proteins and F-actin, respectively. The mean gray value of the
targeted protein was measured using Image J.

2.9. Western-blot (WB) assays

After culturing MC3T3-E1 on SFM and BFMs for 14 days, RIPA lysis
buffer including protease inhibitors (Sigma-Aldrich, USA) was used to
lyse the MC3T3-E1 cells. Then, the solution was centrifuged at 12,000
rpm at 4 °C for 15 min. SDS-PAGE was used to separate proteins at 100V.
Then proteins were transferred onto 0.22 pm polyvinylidene fluoride
membranes (Millipore, USA) at 300 mA. 5 % skimmed milk powder
solution was used to block the membranes at room temperature for 60
min. Then the membranes were treated with the following primary
antibodies at 4 °C overnight: ALP (1:1000, Abcam), RUNX2 (1:1000;
Cell Signaling Technology), OPN (1:1000, Affinity), COL1 (1:1000,
Proteintech). Finally, the membranes were incubated with secondary
antibody (1:2000, Proteintech) at room temperature for 1 h. An
enhanced chemiluminescence kit (Millipore, USA) was applied to detect
the membranes. Protein contents were quantified by Image J software.

2.10. ALP staining and alizarin red S (ARS) staining of cells with BFMs
leach liquor

For ALP staining and ARS assays, the condition medium was pre-
pared by soaking SFM and BFMs in inductive medium (5 mg/mL) to
induce osteogenic differentiation of MC3T3-E1. For ALP staining, the
cells were fixed with 4 % PFA for 30 min and stained with BCIP/NBT
Alkaline Phosphatase Color Development Kit (Beyotime, China). For
ARS assay, cells were fixed with 4 % PFA and stained with ARS Staining
Kit (Beyotime, China) for 30 min. The excess ARS stain was removed and
cells were washed 3 times using deionized water. Images were captured
using an optical microscope. In a quantitative analysis for ARS, the stain
was dissolved in 1 mL 10 % cetylpyridinium chloride (Macklin, China)
solution for 30 min, and the absorbance of the obtained solution was
measured at a wavelength of 562 nm on the microplate reader.

2.11. In vivo bone regeneration study

Animal experiments were approved by the Laboratory Animal
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Ethical and Welfare Committee of Shandong University Cheeloo College
of Medicine. Male Sprague-Dawley(SD) rats (8 weeks) were supplied by
Beijing Vital River Laboratory Animal Technology Company and raised
in a specific pathogen-free (SPF) environment with a 12 h light-dark
cycle. In this study, rat cranial defect model was used to assess bone
regeneration. The membranes were cut into 4 mm diameter discs and
sterilized using UV irradiation, then washed and soaked in 10 % peni-
cillin/streptomycin PBS for 24 h. 15 rats were divided into three groups:
control group (CN), SFM group and BFM-2.0-750 group. After anes-
thesia with isoflurane, the rats were placed in a stereotaxic frame and
fixed during surgery. The hair on the skull was shaved off, and then a
surgical incision was made along the midline from the nasofrontal lobe
to the occipital region to expose the skull. A PBS-cooled stainless steel
ring drill (4 mm diameter) was used to remove the full layer of bone and
create a 4-mm defect on both sides of the dorsal aspect of the skull for
membrane implantation.

After 8 weeks, rats were executed and their skulls were collected and
fixed in 4 % paraformaldehyde for Micro-CT (Quantum GX2, Perki-
nElmer, Japan) analysis. Scanning parameters were set to a source
voltage of 90 kV, a source current of 88 pA, and a scanning slice
thickness of 7 pm. Three-dimensional (3D) images, bone volume (BV)/
tissue volume (TV) ratios, trabecular separation (TB.N) and bone min-
eral densitywere (BMD) were reconstructed and analyzed. Afterwards,
these samples were decalcified in EDTA-Na2 and then embedded in
paraffin for sectioning and subjected to hematoxylin-eosin (HE), Mas-
son’s trichrome staining and immunohistochemistry.

2.12. Statistical analysis

Data were expressed as the mean + standard deviation from at least
three independent experiments. Differences among groups were
analyzed by ANOVA (SPSS Statistics 26). VP < 0.05, VWP < 0.01 and
VVYVP < 0.001 compared with the first group in chart. #P < 0.05, ##P <
0.01 and ###P < 0.001compared with the second group in chart. sP <
0.05, 5P < 0.01 and 555P < 0.001 compared with the third group in
chart. *P < 0.05, **P < 0.01 and **P < 0.001 compared with the fourth
group in chart. AP < 0.05, AAP < 0.01 and AAAP < 0.001 compared
with the fifth group in chart. ®P<0.05, ®PP<0.01 and PPDP<0.001
compared with the sixth group in chart.

3. Result and discussion
3.1. Morphology and phase composition analysis

The electrospinning ability depends on the specific components
during the BFM precursor solutions setting. Due to the high concentra-
tion polysiloxane and Ca®" of the sol, the polymer dissolution would
become extremely hard, in which the choice of calcium source played a
vital role. As shown in Fig. S1a, the combinations of PVP + Ca(NO3), or
Polyvinyl Butyral (PVB) + CaCly couldn’t form the uniform and stable
BFM precursor solutions. However, the combinations of PVB + Ca
(NO3)2 and PVP + CaCly both possessed good compatibility between
components, which could be applied for electrospinning. For PVP + Ca
(NOs3)2, the NO3 and PVP competed form hydrogen bond with chain-like
polysiloxane (Fig. S1b). Therefore, the high concentration of NO3 would
inhibit the formation of hydrogen bond of PVP, which suppressed it
dissolution, while CaCl,; would not. Nevertheless, PVB itself could form
hydrogen bond with NO3 and promote the PVB dissolution inversely
(Fig. S1c). For PVB + CaCly, the PVB couldn’t dissolute because of the
lack of hydrogen bond forming.

The morphology of BFMs with different R values (Fig. 1a) and
calcined at different temperatures (Fig. 1b) was imaged under SEM. As
Fig. 1a shown, the change of fibers diameter was not obvious as the R
increased, but some fibers (R = 1.8 and 2.4) underwent fracture and
crack, owing to fact that the reduction of spinnability caused the dete-
rioration of the mechanical properties. The continuity of the fiber could



J. Mao et al.

(a)

BFM-1.8-700

Materials Today Bio 28 (2024) 101224

BFM-2.0-600 BFM-2.0-650

BFM-2.0-750

(9)

2 theta (degree)

100
BFM-2.0-800 %4 2
964 .
_ BFM-2.0-750 L40 €
) v g o1 z
= £ Fleo @
a | BFM-2.0-700 > 924 5
& T A s et poepon, z 5
2 e
= 904 . %
A BFM-2.0-650 Fe0 8
88 4
M BFM-2.0-600 L -100
86 4
10 156 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 0 200 400 600 800 1000

Temperature (°C)

(h)

T T T
Joiil H,08&C=0 | 0! | Si0-Si 0.30 4
OH | BFM-2.0-700 ' L SEO i OO BFM-2.0-800
11
ke : - 50254
_ ! — ! ! BFM-2.0-750 E
3 W’————W\L\,/v««\ = 2 0204
s i ]
3 d PBFM-2.2 : : s BFM-2.0-700 3
S | 1 2 . — © 0154
R e Ve 7 | 3
2 | | 1 2 —" e £ 0104 —=— BFM-2.0-600
2 : PBFM-2.0 | : : = S —o— BFM-2.0-650
; . BFM-2.0-600 E 005 ] BFM-2.0-700
| PBFM-1.8 | I e 4-fold O:S —v— BFM-2.0-750
1 = 4 SFM —— BFM-2.0-800
| | i 0.00
| 1l ]
4000 3500 3000 2500 2000 1500 1000 500 0 500 1000 1500 2000 2500 S p © 15 20 25 20

Wavenumber (cm")

Raman shift (cm™)

Incubation time (day)

Fig. 1. Characterization of BFMs. (a) SEM images of BFMs with different R calcined at 700 °C. (b) SEM images of BFM at different calcination temperatures with R =
2.0. (c) EDS of BFM. (d) XRD of BFMs calcined at different temperatures with R = 2.0. (e) TG-DSC curves of PSFM and PBFM. (f) FTIR spectra of PBFMs with different
R and BFM-2.0-700. (g) Raman spectra of SFM and BFMs at different calcination temperatures. (h) Cumulative Ca’" release profile of BFMs during 28 days.

be well retained at different calcination temperatures. The element
mapping of BFM (Fig. 1c) displayed that the elements Si, Ca, O were
distributed evenly within the fibers and the distribution signals resem-
bled the contours of the corresponding fibers. According to the element
composition quantitative analysis (Fig. S2), the elements Si, Ca, O had
an approximate ratio at different calcination temperatures. There was a
small amount of residual chlorine (about 1.2 %) in BFM-2.0-600. This
result implied that the calcination temperature need to exceed 600 °C to
eliminate chlorine.

The XRD patterns of BFMs at different temperatures were shown in
Fig. 1d. All samples exhibited typical amorphous halos, which indicated
that BFMs did not be devitrified calcined at 800 °C. While the temper-
ature exceeded 800 °C, the crystalline phase which was identified as
calcium silicate (CS) occurred in BFM (Fig. S3a). The BFM calcined at
850 °C became brittle, which was easy to be broken and cannot be
operated and tested (Fig. S3c), while calcined at 800 °C could keep
flexibility and high-strength (Fig. S3b). Based on the above two reasons,
the calcination temperature was set between 600 and 800 °C. According
to TG curves (Fig. le), the first significant weight loss occurred near
120 °C, which was mainly attributed to the evaporation of small mo-
lecular solvents such as CoHsOH and Hy0. The second weight loss

continued up to about 800 °C due to further polycondensation of Si-OH
and decomposition of organic matter. The weight loss during calcination
of PBFM was close to that of PSFM, which proved the PVP content in the
PBFM was very low. This result was in accordance with the preparation
method. The BFM with high density and good mechanical property
could be obtained on account of fewer defect and porosity. A distinct
exothermic peak appeared near 827 °C in DSC curves which implied a
phase change near this temperature. The XRD of PBFM calcined at
850 °C (Fig. S3a) confirmed this result that BFM transition from amor-
phous phase to crystalline phase calcium silicate. The formed crystalline
grains (calcium silicate crystals) caused the formation of cracks and
fractures, hence damaging the flexibility and strength of BFM [29,30].

3.2. Atom state and chemical structure analysis

Fig. 1f illustrated the FTIR spectra for PBFMs and BFM-2.0-700 to
explore the process of hydrolysis-polycondensation. The FTIR spectra
for all samples showed a peak at 1660 cm ™', which could be attributed
to the overlap of the carbonyl stretching vibration of PVP and the
bending vibration of absorbed water [31]. The peak at 1153 cm !
gradually broadened from PBFM-1.8 to PBFM-2.4, indicating the
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extension of the Si-O network and promotion of polycondensation [32].
This was in agreement with the fact that the amount of HyO increased
from PBFM-1.8 to PBFM-2.4. In addition, the increased intensity of the
peak at 1082 cm ™! assigned to the asymmetrical stretching vibration of
Si-O-Si was observed after calcination, implying the removal of the
organic content and further polycondensation [33]. The peak at 3400
cm™! belonging to —OH stretching vibration was present for all samples
[34]. Thus, according to the FTIR results, the larger amount of HoO
promotes the polycondensation of Si-O network, which largely affected
the spinnability. Low degree of polycondensation means insufficient
entanglement between the chain-like polysiloxane for retaining the
continuity of electrospinning jet, while overly high degree of poly-
condensation led to the reduction of spinnability owing to the structure
conversion from Si-O linear chains to 3D network.

The BG network structure was explored by Raman spectra (Fig. 1g).
Compared with SFM, the peaks at 423 and 495 cm™! disappeared. The
peaks at 423 and 495 cm ™! were ascribed to breathing modes of >5 and
4 membered rings of [SiO4], respectively [35]. Hence, the result
demonstrated that the Ca?* disrupted the continuity of the glass
network, leading to the formation of non-bridging silicon-oxygen bonds
(Si-O-NBO).What’s more, the ATR-FTIR spectra (Fig. S4a) also
confirmed the vitreous SiO2 network destroy (decrease of Si-O-Si bond
intensity) and creation of the local defects (peak of Si-O-NBO bond)
[36]. And the higher calcination temperature led to the lower Si-O-Si
bond intensity and the higher Si-O-NBO bond intensity. In addition,
the XPS high-resolution peaks for Ca 2p was tested to investigated the
chemical state of Ca (Fig. S4b). The Ca 2p3,2 peak was located at 347.47
eV, which was significantly different from its peak in CaCl, (348 eV) and
CaO (346.6 eV) [37]. This implied that Ca didn’t exist individually, but
generated a certain connection with the SiO2 network. Assessment of
Ca®* release was conducted for 28 days (Fig. 1h and Fig. S5). The ca®t
release decreased with the increase of calcination temperature, indi-
cating that the higher temperature, higher density of BG fiber. The
higher calcination temperature was more conducive to the slower
release of Ca2™. Compared to 3D bioceramic scaffolds [38,39], BFM
exhibited a significantly larger specific surface area, facilitating more
intimate contact with bodily fluids and accelerating the release rate of
ions such as Ca®. This enhanced ion release promoted the differentia-
tion of osteoblasts more effectively.

3.3. Mechanical properties of BFMs

The mechanical properties of flexible nanofiber membranes are
important for their practical application. However, as far as we know, no
studies on the tensile strength of BFM have been reported up to now. To
quantitatively evaluate the mechanical properties of the BFMs, tensile
strength tests were conducted. As shown in Fig. 2a, the tensile strength
values at 700 °C were 1.30, 2.31, 1.47 and 0.12 MPa for R = 1.8-2.4,
respectively. According to previous analysis, too low water content
couldn’t generate enough condensation to prevent jet break up leading
to fiber fracture, hence leading a lot amount short fibers in BFM-1.8-700,
as shown in Fig. 1a. As for BFM-2.4-700, the high water content induced
a large amount of hydrolyzed alkoxy groups and excessive condensation
of silicon monomers, leading to transition from chain to non-chain or
network polysiloxane and consequently reduction of spinnability. The
obtained fiber represented significant fracture and the decline of con-
tinuity, which was in correspondence with SEM result. Alkoxysilane sol
with high water content usually exhibits less spinnability and gel into
elastic bulk masses that are easily converted to porous bulk glass. The
fibers defect and fracture of BFM-2.4-700 likely resulted in severe
degradation of mechanical performance. The influence of calcination
temperature on tensile strength was illustrated in Fig. 2b. The tensile
strengths obtained at 600-800 °C were 1.19, 1.27, 2.31, 1.57 and 0.94
MPa, respectively. Generally, the density of ceramic fibers increased
with the elevation of calcination temperature. The decrease of tensile
strength from 700 to 800 °C was possibly due to the micro crystal within
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the BG fibers, which couldn’t be detected by XRD. To evaluate the
flexibility of BFMs, the bending rigidity of samples with different R
values were tested as shown in Fig. 2c. The result displayed that BFM-
2.0-700 and BFM-2.2-700 were slightly higher than BFM-1.8-700 and
BFM-2.4-700. Due to the existence of many short fibers in BFM-1.8-700
and BFM-2.4-700, the friction and entanglement between fibers receded
a lot contributing to fiber fast slide. As for BFM-2.0-700 and BFM-2.2-
700, BFM-2.0-700 possessed better density and less porosity, hence
exhibiting better tensile strength and similar flexibility. According to the
above analysis, BFM-2.0-700 displayed the best tensile strength due to
good spin ability and nice density. As shown in Fig. S6, the tensile
strength of BFM would decrease steadily from 2.07 MPa to 0.94 MPa
with degradation of 28 days. This indicated that BFM could still main-
taining a certain strength and stability to support bone tissue regener-
ation while releasing inorganic ions to promote osteogenic
differentiation.

Medeiros et al. [40] produced a BG nanofibrous scaffolds by one-step
solution blow spinning (SBS) process. Barros et al. [41] prepared a 3D
fibrous structure of ICIE16 BG by air-heated solution blow spinning
(A-HSBS). These researches of preparing BG fiber by SBS method ob-
tained a 3D “cotton-wool” fibrous scaffold rather than 2D fiber mem-
branes scaffold. Yuan et al. [42] prepared PVP-BG fibers (PVP content up
to 50 %) with sol-gel process and converted electrospun PVP-BG fibers
into short BG fibers through calcination and homogenization. The short
BG fibers were used to fabricate aerogel scaffolds by blending the
appropriate proportions including gelatin and dopamine. Yiicel et al.
[43] prepared a polyvinyl alcohol (PVA)-based nanofibrous membranes
containing prepared nano-sized 45S5 BG particles loaded with chlor-
hexidine gluconate. Because of the limitation of the procedure of ES, the
maximum load capacity of the 45S5 BG was only 5 %. Mahmoudi et al.
[44] prepared a biocompatible fibrous scaffold containing PVA, 70S30C
BG, silver (Ag) nanoparticles and curcumin (Cur) through ES method.
The 70S30C BG was introduced into fibers in the form of sol and wasn’t
calcined, which could be degraded easily from the fibers after contact
with body fluid.

Based on the above previous researches, without polymers binder,
only short fiber could be obtained with any spinning method. However,
only depending on the spinnablity of the polymer binder and adding
sufficient amount to the system, the mechanical property of fiber would
deteriorate after calcination and couldn’t be used as self-supported fi-
bers membranes. In addition, the introduction of BG in any form (par-
ticle or sol) as organic-inorganic composite fiber also had vital defects
(lower loading content or too fast degradation). Therefore, the spinn-
ability of the BG sol could be greatly improved by utilizing the alkox-
ysilane hydrolysis-condensation under an appropriate condition in this
work. Therefore, the amount of polymer added can be significantly
reduced, which greatly minimized the defects in the fibers caused by
polymer removal during calcination. This improvement increases the
density of the fibers, resulting in flexible and high-strength BFM.

3.4. Biomineralization experiments of BFMs

Fig. 2d showed the SEM images of BFMs with different calcination
temperatures after soaking in SBF. After incubation of BFMs for 3 days,
some cauliflower-like HCA particles were deposited on the fibers
calcined at low temperatures (600 and 650 °C), while the other samples
just generated part fibers break up. When incubated for 5 days, large
degree of biomineralization occurred for BFM- 2.0-600, 650 and less for
BFM-2.0-700, 750, with the fibers coated with a layer of HCA. The
deposited cauliflower-like HCA particles grew and expanded further.
After 7 days of soaking, the former 4 samples displayed that the fibers
originally covered by HCA particles were devoured by newly deposited
HCA, while BFM-2.0-800 showed no any obvious mineralization all the
time. Fig. 2e showed the FTIR spectra of BFMs calcined at 600-800 °C
after soaking in SBF for 7 days, and some new peaks associated with
deposited biomineralization matter appeared. The double bands at
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Fig. 2. Mechanical properties and biomineralization of BFMs. (a) Tensile strength of BFMs with different R at 700 °C. (b) Tensile strength of BFMs at different
calcination temperatures with R = 2.0. (¢) Bending rigidity of BFMs with different R calcined at 700 °C. (d) SEM images of BFMs after immersion in SBF for 3, 5 and 7

days. (e) FTIR spectra of BFMs at different calcination temperature after immersion in SBF for 7 days. (f) FTIR spectra of BFM-2.0-700 after immersion in SBF for
different time.
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about 560 and 600 cm ™! were assigned to the P-O bond bending vi-
brations, while the peak at 1040 cm™* was ascribed to the P-O bond
stretching vibrations [45]. The peak at 1040 ecm ! was reduced and
covered by the characteristic band of Si-O-Si as the calcination tem-
perature rose from 600 to 800 °C. The result implied that higher
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calcination temperature led to lower degree of biomineralization, in
accordance with the SEM results. Higher calcination temperatures led to
higher densities, which was unfavorable for biomineralization since
enough surface energy (roughness) was required. BFM-2.0-700 was
selected to study the influence of soaking time on biomineralization
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Fig. 3. Cell viability of MC3T3-E1 on BFMs. (a) Proliferation of MC3T3-E1 growing on SFM and BFMs calcined at 600-800 °C after 1, 4, and 7 days of incubation. (b)

Adhesion and morphology of MC3T3-E1 growing on SFM and BFMs.
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(Fig. 2f). A weak and broad FTIR band belonging to P-O was observed
when incubated for 3 days, while the distinct band of P-O bond at 1040
cm ! was obtained after 7 days of soaking. According to the SEM images
and FTIR spectra, biominerazation in vitro decreased as the calcination
temperature increased, and BFMs calcined at 600, 650, 700 and 750 °C
could be deposited with crystalline HCA in a short time. In comparison
to 3D bioceramic scaffolds [46], BFM offered a more extensive specific
surface area and porosity, resulting in a faster release rate of Ca. This
enhanced the availability of surface sites and pH conditions conducive to
HCA crystal nucleation, thereby significantly improving mineralization
performance.

3.5. Cell adhesion and proliferation on BFMs

Heat treatment has a direct impact on BFM degradation and ion
dissolution, determining the bone repair progress and osteogenesis
healing time. On the other hand, the heat treatment could cause a terrific
amount of cost due to very slow heating rate (1 °C/min) and long
holding time (5 h), so finding an appropriate calcination temperature is
quite necessary. As shown in Fig. 3a, as the culture time increased, the
OD value of all samples increased persistently. The BFMs were far ahead
of the SFM, displaying great performance of promoting cell prolifera-
tion. At the 1-day point, there were few difference between these sam-
ples because of a small amount of cells. By day 4, BFMs demonstrated a
significant enhancement in MC3T3-E1l cell proliferation compared to
SFM. This indicated that BFMs provided better support for cell adhesion
and further promoted cell growth compared to SFM. However, no sta-
tistically significant differences were observed among the various BFMs
groups, suggesting that the released Ca* concentrations across all
groups remained within a cell-compatible range and that there was no
apparent dose-dependent effect on cell proliferation. With higher
calcination temperature, the BFMs degraded slower as well as fewer
dissolved ion, as shown in Fig. 1h. At the point of the 7-day, there was a
growing trend from BFM-2.0-650 to BFM-2.0-800. This indicated that
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BFM slower degradation and ions release became the more important
factor of supporting cell growing for long time cell culture in vitro. The
Calcein AM staining (Fig. S7) conformed the CCK-8 result. The living
cells marked with Calcein AM (green) increased apparently as the
culturing time increased. At point of the 4 days, BFM-2.0-700 demon-
strated the maximum living cells, which was in coincidence with CCK-8
result.

The morphology of MC3T3-E1 revealed spindle-like shapes on BFMs
and polygon or round-like on SFM (Fig. 3b). There were more extended
pseudopodia of MC3T3-E1 to spread and adhere the BFMs fibers (SEM
images enlarged). The cation exchange of BG fibers increased surface
energy, hence adsorbing more ECM proteins (fibronectin, lamin) [47].
Consequently, more cellular receptors can bind to the adsorbed proteins
leading to numerous focal adhesive sites enhancing cell adhesion [48,
49]. On contrary, SFM wasn’t suitable for cell spread and adhesion
because of its relatively low dissolution rate and little adsorbed protein.
However, no significant differences on cell morphologies between these
BFMs at different calcination temperatures. This demonstrated that heat
treatment temperature didn’t have a significant impact on cell adhesion.
In addition, due to the lack of through-holes smaller than 100 pm, 3D
bioceramic scaffolds cannot effectively guide cells to extend and grow
inside the scaffolds [50,51]. In contrast, MC3T3-E1 cells were able to
adhere along BFM fibers and migrate continuously into the scaffold
through the interstitial spaces between the fibers (Fig. 3b SEM).

3.6. Cell osteogenic differentiation on BFMs

To evaluate the effect of heat treatment on osteogenic differentia-
tion, RT-PCR was employed to evaluate it at the mRNA level by
detecting 4 osteogenic —related genes, including RUNX2, ALP, COL1 and
OCN. In Fig. 4a, the expression level of RUNX2 in BFM-2.0-750 was
obviously higher than other group, and all BFMs were higher than SFM.
RUNX2 is a representative gene at early stage of osteogenic differenti-
ation, which works as a transcription factor to activate the expression of
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Fig. 4. Osteogenic differentiation of MC3T3-E1 growing on BFMs. (a) Relative genes expression level of MC3T3-E1 growing on SFM and BFMs. (b) IF staining of

COL1 and OCN of MC3T3-E1 growing on SFM and BFMs.
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downstream osteogenic-related genes. ALP is a hallmark enzyme of
osteoblast differentiation, which is involved in the regulation of calci-
fication and promote mineral deposition in bone tissue, also expressing
at early stage. BFMs exhibited a very huge promotion in ALP expression
compared to SFM. And BFM-2.0-750 displayed a higher expression
among these BFMs groups. Presumably, a moderate and continuous
dissolution of Ca®* could stimulate the expression of ALP. Too fast
(BFM-2.0-600 and 650) and slow (BFM-2.0-800) dissolution rate
couldn’t effectively promote it either. COL1 is a major component of the
extracellular matrix, which provides a template for the deposition of
bone minerals, as a prerequisite for bone tissue formation. The expres-
sion of COL1 increased from BFM-2.0-600 to BEM-2.0-750 and reached
the highest in BFM-2.0-750 group. It also indicated that relatively low
degradation rate was more beneficial to COL1 expression. OCN is a
marker of advanced osteogenesis, a regulator of bone mineral formation

@

SFM BFM-2.0-600

BFM-2.0-650
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and growth, and increases until the mineralization stage. The expression
of OCN showed a similar trend with ALP. Consequently, the higher ALP
expression in BFM-2.0-750 perhaps facilitated the OCN expression.
The COL1 and OCN were selected as the remarkable osteogenic
proteins indicators to investigated the osteogenesis expression via IF
staining. From the IF images and quantitative analyses (Fig. 4b and
Fig. S8), the BFM-2.0-750 displayed enhanced expression of COL1 and
OCN, which were accordant with PCR result. The COL1 expression rose
from BFM-2.0-600 to BFM-2.0-750 and declined in BFM-2.0-800 group.
As for OCN, BFM-2.0-750 displayed a higher expression among these
BFMs groups. This may be due to the fact that more sustained and slower
release of Ca®" is more conducive to the expression of OCN. Based on
above results, all BFMs possessed great performance of supporting
osteogenic differentiation in comparison with SFM. Higher calcination
temperature (700-750 °C) greatly improved the MC3T3-E1 osteogenic
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Fig. 5. Osteogenic differentiation of MC3T3-E1 with SFM and BFMs leach liquor. (a) ALP staining of MC3T3-E1 cultured with SFM and BFMs leach liquor. (b) ARS
staining of MC3T3-E1 cultured with SFM and BFMs leach liquor. (c) Quantitative analysis of ARS staining. (d) WB assays of MC3T3-E1 cultured with SFM and BFMs

leach liquor. (e) Quantitative analysis of WB assays.
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differentiation performance on BFMs, especially 750 °C.
3.7. Cell osteogenic differentiation with BFMs leach liquor

According to ALP and ARS staining and the quantitative analyses
(Fig. 5a—c), all the BFMs revealed good osteogenic differentiation and
mineralization ability, compared to SFM and the CN. In general, higher
calcination temperature (700-750 °C) implied better osteogenic differ-
entiation performance and BFM-2.0-750 was the best, which was
consistent with osteogenic differentiation of MC3T3-E1 growing on
BFMs.

Four osteogenesis-related proteins were detected by Western bloting
and their relative protein expression levels were evaluated, including
COL1, RUNX2, OPN, ALP (Fig. 5d and e). The expression levels of these
four proteins were similar to the results of RT-PCR, and the expression
levels were higher in the BFM-2.0-750 group. The above results in vitro
indicated that higher calcination temperatures led to longer ion release
and degradation times, thus favoring prolonged osteogenic differentia-
tion processes.

SFM
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3.8. BFMs in vivo studies

The performance of BFM promoting osteogenesis was also verified by
animal experiment. After 8-week implantation, rat skull samples were
extracted and evaluated by Micro-CT. Within 8 weeks, the BFM-2.0-750
group showed more regeneration of new bone, with the most recon-
struction of bone defects in the area. These results were further quan-
tified by calculating BV/TV, TB.N and BMD at 8 week (Fig. 6b—d), which
were consistent with the Micro-CT results. The BFM-2.0-750 group had
the highest values for each. This was owing that BFM could provide
mechanical and spatial support for cell growth and promote prolifera-
tion and differentiation.

Tissue sections HE and Masson staining were shown in Fig. 7a and b.
After 8 weeks of in vivo implantation, only connective tissue regenera-
tion with little bone formation was observed in the CN and SFM groups,
whereas new bone tissue regeneration was observed in the BFM-2.0-750
group. The highest amount of bone regeneration was in the BFM-2.0-750
group, which was superior to the SFM group (Fig. 7b), as reflected in the
more mature and thicker new bone. In vivo immunohistochemistry
showed that the positive expression of OCN and ALP (Fig. 7c-e) in the
BFM-2.0-750 group was much larger than that in the other two groups,
which could also indicate that the BFM-2.0-750 group had a stronger

BFM-2.0-750

T T
CN SFM BFM-2.0-750 CN

104
0.2+
I
| :
0 0.0 -

D (g/cc)

BM|
o o )
= = o
8 & =
o.—
z

SFM BFM-2.0-750 SFM BFM-2.0-750

Fig. 6. Micro-CT evaluation of bone repair post-implantation in skull defect model at 8 week. (a) Micro-CT evaluation and (b-d) quantitative analysis of BV/TV, TB.

N and BMD within harvested samples.
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osteogenic ability. binder was developed, combining the spinnability of alkoxysilane sol
with specific condition and polymer binder. The effect of R was inves-
4. Conclusion tigated particularly. When R was 2.0, the obtained BFM possessed best

tensile strength and great flexibility. The BFM could remain good me-
In summary, the electrospun BFM with minute quantity polymer chanical performance from 600 to 800 °C. In cell study, all BFM
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demonstrated great cell adhesion and morphology. The CCK-8 result
revealed that the higher calcination temperature could support cell
proliferation better. Similarly, the BFM calcined at higher temperature
(especially 750 °C) possessed a better promoting effect on osteogenic
differentiation. The BFM calcined at 750 °C was selected to be inspected
with rat skull defect models, demonstrating a good effect on osteo-
genesis in vivo. So to sum up, the BFM obtained from independent-
polymer binder electrospinning not only possessed great mechanical
performance and practicability, but also exhibited good bone tissue
regeneration potential.
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