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Graphical Abstract
MGHA-introduced, an electrospun SF-based composite can exhibit improved physicochemical and

biological properties to stimulate bone tissue regeneration and repair.
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Abstract

Fabricating bioactive nanofibrous scaffolds from biodegradable polymers to mimic native tissue is an important
approach in repairing bony defects. Silk fibroin (SF) may contribute to bone regeneration because of its excellent
mechanical properties, slow degradability, and low osteoconductivity. A combination of bioceramic-polymer
materials is generally used to provide an improved osteoconductive environment for bone healing. This study
attempts develop for the first time an electrospun SF-based biocomposite system by introducing new bioceramics
based on mesoporous bioactive glass/hydroxyapatite nanocomposite (MGHA). The addition of MGHA into the SF
matrix could regulate the physicochemical properties and surface hydrophilicity, but induce a weakened tensile
properties as compared to pure SF. The excellent apatite-formation ability of MGHA-introduced nanocomposite also
improved the bioactivity of the composite. The biphasic composite increasingly degraded in PBS or enzyme solution
in vitro compared with pure SF. In vivo evaluation of bone formation confirmed that SF/MGHA is more
advantageous in bone reconstruction than the SF group for cranial bone defects. These results indicate the suitability
of the SF/MGHA composite system in bone defects, demonstrating its potential application in bone tissue
regeneration.

Keywords: Silk fibroin; MGHA nanocomposite; Scaffold; Bone regeneration; Calvarial

1. Indroduction

Bone defect treatment is a challenging dilemma for clinicians. Bone grafting materials such as autografts, allografts,
metallic screws, and prosthesis are applied to reconstruct bones. However, these treatment modalities have
well-known drawbacks.’® Bioactive porous scaffolds (e.g., natural and synthetic polymers as well as ceramic
scaffolds) have been explored and developed as candidates for bone tissue repair and regeneration. In principle, ideal
scaffolds as bone grafts should be biodegradable, nontoxic within a specific timescale, and exhibit favorable

mechanical properties.* Organic- and polymer-based scaffolds do not possess the desired compressive modulus.>®
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Alternatively, ceramic scaffolds with low porosity are stiff and fragile, resulting in loosening or fracturing of
implants in clinical operations.” Thus, the development of biomaterials that overcome these limitations has received
growing interest. At present, progress in new bone matrix synthesis has fueled interest in producing biocompatible
organic/inorganic biphasic scaffolds with appropriate mechanical feature.

Silk fibroin (SF), a fibrous protein from the silkworm Bombyx mori, has long been used for biomedical suture.
Notably, its mechanical flexibility, controllable biodegradability, and biocompatibility make SF a promising
biomaterial for both in vitro and in vivo tissue engineering application.® These impressive features are related to the
SF structure and molecular orientation. For instance, the remarkable mechanical properties of SF originate from the
formation of B-sheet secondary structures. The different degrees of B-sheet crystallization induced by different
treatments further allow fine control over silk degradation rates.” Multiple methods also tailor SF into different
morphological biomaterials such as films, hydrogels, fiber, sponges, and particles from aqueous processes.®**?
Electrospun silk-based nanofibers are relatively simple and well established for the fabrication of micro- and
nanoscale scaffolds with controllable pore size and porosity. The engineered electrospun structures display a high
surface area for cell attachment and high porosity for improved cell infiltration and nutrient diffusion. More
importantly, electrospun mats with fiber diameters between 100 nm and 5 um, as well as interfiber spacing (i.e., the
distance between two adjacent fibers in one plane and often referred to as pore size) within 200 um, can mimic the
topographical context of native extracellular matrix, thus directing both cell migration, proliferation, and
differentiation.**3*

As a new class of silicate-based bioactive glass called mesoporous bioactive glass (MBG) has recently been
proposed as an excellent candidate for bone tissue regeneration and drug carriers. MBG in the ternary
Si0,—Ca0-P,05 system possesses high surface area, large pore volume, and mesoporous structure, all of which

result in superior bone-formation bioactivity and degradability compared with non-mesoporous bioactive glass.”**’
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Currently, the rapid development of nanotechnology allows advancements in designing a novel MBG/apatite
nanocomposite (MGHA). The new MGHA nanocomposite developed by Cicuendez et al. broadens the MGHA
functionality beyond that of its pure state.'® Given its close similarities with bone mineral components, the presence
of HA nanocrystals is advantageous in increasing the bioactive and osteoconductive characters of this composite. Our
laboratory and other groups have reported that MGHA can be fabricated using carbon sphere and P123 as
co-templates.*# Recently, Cicuéndez et al. first reported a one-pot process to prepare hierarchical
meso—macroporous three-dimensional (3D) MGHA scaffolds by rapid prototyping technique. In particular, the amine
chemical modification of their surfaces significantly improved the biocompatibility of the nanocomposite scaffolds.??
However, to the best of our knowledge, no systematic report exists on such composite scaffolds with MGHA
additive for the formation of a biodegradable polymer.

The present study is designed to incorporate MGHA nanocomposites into SF scaffolds to improve the in vivo
bioactivity of polymer-based scaffolds. Based on the preparation of MBHA nanocomposite powders, electrospun
SF/IMGHA composite scaffolds were first fabricated by adjusting the optimized electrospinning parameters.
Physicochemical properties, surface hydrophilicity, mechanical strength, in vitro apatite mineralization, and in vitro
degradation behavior of SF/MGHA composite scaffolds were investigated against SF nanofibers. The cranical bone
defects model in rats were created to investigate the efficacy of SF/MGHA biocomposites for inducing new bone
regeneration. After 4 and 8 wk post-implantation, the degree of in vivo osteogenesis was evaluated by uCT,
histological, and immunohistochemical analyses.

2. Materials and methods
2.1 Materials
B. mori silkworm cocoons were obtained from Huzhou Academy of Agricultural Science (Huzhou, China).

Tetraethyl orthsilicate (TEO, 98%), triethyl phosphate (TEP), calcium nitrate (CaNT), ethanol and other reagents
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were purchased from Sinopharm Reagents Co., Shanghai and used without further purification. Surfactant pluronic
P123 (EO»—P0O7—EO,) was purchased from JIDA Co., China.

2.2 Preparation of spinning dope

The mesoporous bioactive glass/hydroxyapatite nanocomposite (MGHA) was prepared via hydrothermal synthesis
under glucose-assisted conditions as described previously.” The morphology and microstructure of this
nanocomposite were shown in Fig. S1.1 As for the organic component, SF was obtained from B. mori cocoons, using
the method shown in Fig. 1a. Briefly, B. mori cocoons were degummed twice with 2 wt% neutral soap at 100 <C for
3 h and then washed thoroughly with distilled water to remove sericin and surfactants. After drying, 5 g extracted
fibers were dissolved in 50 mL of CaCl, aqueous/ethanol solution (molar ratio, CaCl,/C,H;OH/H,0=1/2/8) at 70 C
for 2 h. The fibroin-salt solution was dialyzed against distilled water using cellulose tubular membranes for 3 days to
remove the salt. After centrifugation, the final concentration of aqueous silk solution was about 3 wt%, determined
by weighing the remaining solid after drying. To prepare spinning dope containing MGHA powders, the MGHA
nanoparticles were first added into SF solution to form a uniform mixture (mass ratio, SF/MGHA=100/5). During the
process, appropriate combinations of sonication and magnetic stirring were applied to minimize aggregation. The
mixture were transferred into polystyrene dishes and dried in an incubator at 25 <C for 12 h to obtain the blend films,
as shown in Fig. 1b. Then, the blend films were dissolved in hexafluoro-2-propanol (HFIP) under stirring to yield
spinning SF/MGHA solution with concentration of 8 wt%. Pure SF spinning solution with the same concentration
was also prepared for comparison.

2.3 Preparation of SF/MGHA nanofibers

The above viscous spinning solution was transferred into a glass syringe equipped with a stainless steel capillary
nozzle. The nozzle was connected to a high-voltage power supply (FC60P2; Glassman High Voltage). In the work

the feed rate of the solution (0.5 mL h™) was precisely controlled by a syringe pump system (KDS 220; KD
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Scientific), seen in Fig. 1c. The electrospun SF and SF/MGHA composite scaffolds were treated with 75% (v/v)
ethanol/water solution for 30 min to induce p-sheet secondary structures.

2.4 Structural and morphological characterization of the electrospun SF and SF/MGHA nanofibers

The molecular weight distributions (MWs) of the SF samples were measured by high performance liquid
chromatography (HPLC: Agilent 1100, USA). For sample preparation, the lyophilized SF sponges were dissolved in
high purity water and the solution of 0.1% wi/v were filtered with a 0.1 pum syringw filter before measurement. The
protein concentration was observed by UV absorbance at 215 nm. The MWs of SF were determined through a
calibration curve obtained by measuring with standard globular protein kits.?

The fiber morphologies of pure SF and SF/MGHA composites were observed using an optical microscope
(BX51; Olympus), field-emission scanning electron microscopy (FESEM: Ultra-55; Carl Zeiss), and transmission
electron microscopy (TEM: JEM2100; JEOL). The FESEM images were analyzed with the Image-Pro Plus (IPP)
software to acquire the average fiber diameters from 100 fibers random measurements. Pore size distribution of the
scaffold was investigated by a capillary flow porometer (Porometer 3Gzh; Quantachrome Instruments). The liquid
GQ-16 (GaoQ. Funct. Mater. Int.) was used as the wetting agent for porometry measurements.?® The pore size
distribution of electrospun nanofibrous scaffolds were measured with the aid of the computer software coupled to the
capillary flow porometer.

The apparent density and porosity characteristics of the electrospun scaffolds were determined using the

mass (mg)

following equations: Scaffold apparent density (g/cms) = hick (um) (cm?)
thickness (xzm) x area (cm

H 3
Scaffold porosity (%) _ 1_scaf'fold apparent d_en5|_ty (g/cms)
bulk density of native silk (g/cm®)

]xlOO, where bulk density of silk is 1.25 g/cm®as

reported elsewhere.? ?" Swelling properties were tested by immersing the sample in distilled water for 24 h at 37 <C.

The swelling ratio of the scaffold and the water content in the scaffolds were calculated as
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follows:*® Swelling ratio = (Wz-W1)/W1 ; Water uptake (%) = [ (W2-W1)/W2|x100 , Where W, represents  the
weight of the sample after immersion in water and W, represents the dry weight of the scaffold.

Surface wettabilities of the electrospun scaffolds were characterized by the water contact angle goniometer
(DSA100; Kriss Gmbh, Germany). A droplet of 5 uL water was placed on the surface of pure SF and SF/MGHA
mats through a stainless steel needle at a rate of 2 pL/s. Under the ambient condition of constant temperature and
humidlity (i.e., 35 % relative humidity at 27 <C), the water contact angles for three independent mats were achieved
and presented as the mean £SD. The mechanical properties of the samples were characterized using a multi-purpose
tensile tester (KES-GI; Kato-Tech, Japan) in tensile mode. *° Firstly, a white paper was cut into template with width x
gauge length, and double-side tapes were glued onto the top and bottom areas of one side. The fiber scaffolds with
planar dimension of 5 mm> 40 mm were then glued onto the top and bottom side of the paper template along the
vertical lines. Each Sample was firstly stored in 65% relative humidity at 20 <C for 24 h and then tested at 10
mm/min elongation speed for five times. Attenuated total reflectance—fourier transform infrared spectroscopy
(ATR-FTIR) data were gathered with a Nicolet 5700 (Thermo Fisher, USA). The measurements were taken in the
range of 4000-600 cm™ at a resolution of 4 cm™.

2.5 Bioactivity in vitro

The SBF with ion concentration nearly equal to that of human blood plasma was prepared according to the method
proposed by Kokubo.*® For in vitro bioactivity, the electrospun SF and SF/MGHA nanofibrous matrices were soaking
in SBF at 37.5 <C for 7 days. The SBF was refreshed every other day. At the preset time interval the samples were
gently rinsed with DI water several times to remove the soluble inorganic ions completely, and then dried at room
temperature for SEM observation and energy dispersive spectrometer (EDS).

2.6 Biodegradation in vitro

Biodegradation in vitro was measured by monitoring the weight change of the electrospun mats in enzyme and
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sodium phosphate buffer (PBS, pH 7.4) solution. Briefly, each sample (70 5 mg, N= 3 per time point) were allowed
to incubate in 5 mL solution of 1.0 U/mL Protease XIV (from Streptomyces griseus, EC 3.4.24.31, Sigma) in PBS or
in 0.01 M PBS as negative control at 37 <C. At the same time, SF nanofibers were treated in the same manner. The
enzyme solution and PBS solution were replaced freshly every 24 h. At designated time points the samples were
rinsed in deionized water and prepared for mass balance assessment. The morphologies after degradation or
dissolution were also examined using a Carl zeiss FESEM. And the percentage of weight loss of SF scaffolds after
different period of degradation was calculated using the formula: Water loss (%) = [(WO—Wt)/WO] %100, where W,
and W, are the dry mass of the sample before and after degradation.
2.7 Scaffold transplantation into calvarial defect of rats
Eighteen male 8-week-old Sprangue-Dawley rats (250-300 g) were divided into three groups: (1) blank group; (2)
pure SF group; (3) the composite SF/MGHA group. Animals experiments were approved by the committee for
animal studies of Zhejiang Sci-Tech Univeristy. For establishing the calvarial defect model, all the rats were
anesthetized with 10% sodium pentobarbital (4 mg kg™) and the cranium was exposed through a medial incision.
Unilateral round bony defect of 5-mm diameter was created by a dental bur. Each defect in rats flushed with saline to
remove bone debris and then implanted with two layers of scaffolds (i.e., pure SF and SF/MGHA with 6-mm
diameter). The other rats without filling materials were used as a blank control. After that, the tissues were closed
with skin staples layer by layer and these rats were allowed free activity in the cages. The rats were sacrificed by
cervical dislocation at 4 and 8 weeks postoperatively.

The micro-CT imaging system (uCT-80; Scanco Medical, Switzerland) at an image resolution of 18.0 um was
used to evaluate new bone formation. The three-dimensional (3D) images were reconstructed within the defect
region. Meanwhile, the bone volume (BV) was automatically collected and analyzed using the built-in software.

After scanning, all the extracted crania were fixed in 4% polyoxymethylene for 48 h and decalcified in 10% EDTA,
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changed twice weekly for 4 weeks. The specimens were embedded in paraffin blocks. The hostological sections (5
um) were stained with haematoxylin and eosin (H&E), Masson’s trichrome (MT), and Alizarin red S (ARS), and
then observed using an optical microscope (DM6000b; Leisa). For immunohistochemical assessment, collagen type |
(COLI) and osteocalcin (OCN) stainnings were also expressed in the de novo bone in the specimens. Under the
microscope, IPP software was used to quantify the intensity of immunostaining in per specimen. A fixed threshold
was applied for positive stain evaluation. And positive pixel areas of new bone formation were divided by total tissue
available for growth within the area of interest. The mean optical density (MOD) was reported as relative staining
intensities, applying the equation: MOD= (sum I0D)/(sum new bone area).**

2.8 Statistical analyses

The results were expressed as mean =+ standard deviation (mean =+ SD). Statistical analysis was carried out using
one-way ANOVA, and differences of p < 0.05 were considered to be statistically significant.

3 Results and discussion

3.1 Morphology of the electrospun scaffolds

The MWs of regenerated silk solution is a key factor influencing the structure, biodegradability and mechanical
properties of SF, which are important in biotechnological application. Fig. S2.+ shows the MWs of regenerated SF
prepared at the same dissolution conditions. The SF prepared by dissolving in CaCl, mixed solvent for 2 h, showed a
broad peak at 32 kDa and two other peaks at 6 kDa and 4 kDa. In the present study, the characteristic MWSs of SF
were used to fabricate the spinning dope during the whole process. Optimized electrospinning technique was
employed to prepare pure SF and SF/MGHA non-woven mats. The spinning parameters were identified as follows:
8% concentration, 12 kV voltage, and 12 cm spinning distance. Under fixed spinning conditions, the calculated mean
porosity from apparent density measurements of SF/MGHA and SF matrices ranged from 63% to 74% (Table 1).

FESEM images (Figs. 2a—2d) show the structure, surface, and cross section morphologies of the obtained electrospun
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pure SF and SF/MGHA nanofibers. Both SF and SF/MGHA mats presented belt-like morphologies with highly
porous and randomly interconnected structures. The surface morphologies of the blend nanofibers appeared to vary
with the addition of MGHA (Fig. 2c). Contrary to the smooth morphology of pure SF nanofibers, SF/MGHA
nanofibers yielded a rough surface with nanoparticle protuberances. In some segments of the fibers, the MGHA
particles were well oriented along fiber axis, and in other segments some particles were exposed on the fiber surface
because of the agglomeration of MGHA particles. Belt-like SF fibers in the electrospun mats were also observed in
the non-woven mats from the aqueous SF solution (Figs. 2b—2d).** With respect to the belt-like morphology,
Koombhongse et al.** considered that these flattened fibers resulted from the presence of a thin, mechanically distinct
polymer skin. In the electrospinning process, atmospheric pressure tended to collapse the tube formed by the skin as
the solvent evaporated. Consequently, the circular cross section became elliptical and gradually flat similar to a
ribbon. Therefore, this phenomenon resulted from the rapid evaporation of the solvent on the fiber surfaces, thereby
causing the solidification and flatness of the nanofibers on the aluminum foil.

The fiber diameter distributions of the electrospun pure SF and SF/MGHA fibers are shown in Figs. 2(e) and
2(f). The fiber diameters for pure SF and SF/MGHA matrices were 0.94 +0.23 and 1.39 +0.41 um, respectively. The
addition of MGHA particles increased the fiber diameters of the blend fiber, which may be due to conductivity.
Solution conductivity is important in determining the fiber diameter and distribution under similar solution
concentrations and solvents. In this study, this phenomenon could be explained by the decrease in blend solution
conductivity with increasing MGHA content, similar to the decreasing SF content in the matrix. SF is a typical
amphiprotic macromolecule electrolyte composed of hydrophobic and hydrophilic blocks.* Compared with the SF
solution, fewer ions were formed in the blend solution when SF/MGHA was affiliated. The conductivity of the
composite solution decreased with ion reduction. On the other hand, the decreased charge density caused by the

fewer ions also decreased the stretching forces, thus yielding a higher fiber.*® Consequently, pure SF nanofibers had a
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smaller average fiber diameter than SF/MGHA blend nanofibers.

Electrospun fibrous membranes with micro- and nanoscale porous structure are generally favorable for cellular
growth and tissue regeneration. The pore size distributions of pure SF and SF/MGHA mats are shown in Fig. 2g.
Along with the incorporation of MGHA powders into the SF scaffolds, the pore diameter increased from 1.25 #0.07
um to 2.87 £0.19 um (Table 1). A similar result was reported by Eichhorn et al.,** who found that fiber diameter
played a dominant role in controlling the scaffold pore diameters, and the increasing fiber diameter also increased the
mean pore radius. Thus, SF/MGHA possesses a larger mean pore diameter compared with pure SF because of the
increased mean fiber diameter. The internal structure of SF/MGHA composite nanofibers was evaluated by
transmission electron microscopy (TEM) as shown in Figs. 3(c) to 3(d). The TEM image (Fig. 3b) of MGHA
powders also show a cluster-like dark zone distributed around the mesopores corresponding to nanocrystalline apatite
phase particles. The high-magnification micrograph (inset) of the dark zone shows the lattice spacing at 0.27 nm,
corresponding to the (112) HA reflection. This result confirms the presence of HA nanoparticles in the MG
nanocomposite. During the fabrication of the blend composite, these MGHA powders were incorporated into the SF
polymer. Contrary to the homogeneous internal structure observed in the pure SF nanofiber (Fig. 3a), the MGHA
nanoparticles were embedded in the blend fibers (Fig. 3c). However, the nanoparticles in the composite tended to
agglomerate and even protrude from the outer surface layers of the composite fibers in some regions (Fig. 3c). Based
on a high-magnification image (Fig. 3d), the area presented one-dimensional cylindrical channels from hexagonal
structures in the MGHA nanocomposite.

3.2 Swelling, hydrophilic, and mechanical properties
The water-binding ability of scaffolds is important in the evaluation of biomaterial properties for tissue engineering.
The related abilities of SF and SF/MGHA mats are listed in Table 1. The swelling ratio and water uptake of the blend

SF/MGHA scaffolds were higher than that of pure SF scaffolds, which indicates that the incorporation of MGHA into
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SF resulted in improved SF bulk hydrophilicity. The surface hydrophilicity of the biomaterials is also important in
cell adhesion and growth.*” Thus, the hydrophilicity of the electrospun fiber mats was investigated by measuring the
water contact angle (WCA) (Fig. 4a). The initial WCA of the pure SF mat was 64.7°+0.3< which decreased to 33.7°
+1.0<after 4 s. By contrast, SF/MGHA mat had an initial WCA of 59.2°%1.7 °which decreased to 5.6 0.2 “after
4 s. The shapes of the water drops for pure SF and SF/MGHA are shown in Fig. 4b. Pure SF nanofibrous mats show
hydrophilicity because of their hydrophilic amino groups and carboxylic groups.®® The effect of MGHA on the
surface of SF/MGHA scaffolds displayed a decrease in the measured static contact angle, suggesting better
hydrophilicity than with pure SF. Hence, the introduction of MGHA into SF could improve the SF hydrophilicity
because of the MGHA texture in the composite scaffold. For MGHA particles, the coordinated effects of the
mesoporous channels and capillarity within the pores influenced the contact angle of the composite scaffolds.*
Higher hydrophilicity was also observed with the appearance of the micron pore size in the composite structure.*
This phenomenon may have been cause by water penetration through some large pores, and the water was then
absorbed by the membrane.

The mechanical properties of a biomedical scaffold are important design parameters for maintaining mechanical
stability while using the scaffold to fill a damaged area in a host.** Before strength measurements (Fig. 4d),
electrospun fiber mats were cut and glued in tensile mode at a speed of 1 mm s™at constant room temperature. The
tensile properties of SF and SF/MGHA composite mats were investigated (Fig. 4c). The mats initially indicated a
linear increase in stress and then were significantly stretched with increasing strain. A sudden stress drop was also
observed with the visible facture. However, the tensile strength and Young’s modulus of the SF/MGHA mat
weakened after the MGHA particles were blended. Notably, the brittle characteristic of the SF/MGHA composite
mat was expected after glass particles were used in the polymer because of their inherent brittleness. This

phenomenon may be related with the particle dispersion in the polymer. Such uniformly distributed HA particles
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may strengthen the conventional composite and pure PCL.** Based on the FESEM and TEM images of the
SF/IMGHA composite, MGHA particles tended to agglomerate in the SF matrix, thereby influencing the mechanical
properties of the composite nanofibers. Incorporation of the MGHA in this composite system slightly decreased the
tensile properties. These observation occurred in tensile strength could be further analysed by detecting the
secondary structure of SF.

3.3 Secondary structure of SF and SF/MGHA nanofibers

FTIR is universally applied to monitor the secondary structure of SF. Fig. 5a shows FTIR spectra of pure SF and
SF/MGHA nanofibers when treated with ethanol solution. According to Knight’s assignment for characteristic bands,
%344 the broad band at 1650 cm™ (amide 1) is assigned to random coil structure; the bands observed at 1628 and 1698
cm'™ (amide 1) are corresponding to B-sheet and B-turn conformations, respectively. The bands centered at 1540 and
1520 cm™ (amide 11) are classified as the random coil and B-sheet conformations. Besides, the peaks at 1233 and
1264 cm™ (amide I11) are assigned to the random coil and B-sheet conformations. Both of pure SF and SF/MGHA
exhibited the characteristic absorption bands from amide group, indicating the random coil and B-sheet structure
co-existed in the mats. In particular, the incorporation of MGHA into SF matrix resulted in the appearance of the new
bands at 1090 and 1070 cm™in FTIR spectra, which were associated with Si-O-Si asymmetric stretching mode and
P-O stretching vibration, respectively. Additionally, curve-fitting was done in the amide | region to compare the
effect of MGHA on the secondary structure of SF (Fig. 5b and 5¢). The deconvolution results showed that SF/MGHA
nanofibers had relatively lower B-sheet content and random coil content than pure SF. Meanwhile, the B-sheet and
B-turn contents in the composite mats showed downward trends after adding nanoparticle content into SF matrix. The
change of structural characteristics observed here might induce the low tensile strength when mixing SF with MGHA

powders.

3.4 Bioactivity in vitro
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Bioactivity is an important concern in the chemical interactions between the implant materials and bone tissue,
ultimately affecting the in vivo success of bone grafting materials.*® Changes in the surface morphology of pure SF
and SF/MGHA nanofibers upon SBF reaction are shown in Fig. 6. After incubation in SBF for 7 d, a few
cauliflower-like HA particles started to appear on the SF nanofiber surfaces. The high-magnification FESEM images
show that the crystal lengths approximately ranged from 3 um to 5 um (Fig. 4a3). Subsequently, numerous ball-like
HA crystals became denser on the SF/MGHA surface, indicating that more apatite particles formed in the composite
system. Under high magnification, one part of the composite nanofibers was found to be fully covered by a layer of
nanotextured CaP coatings. The increase in phosphorous and calcium content in the EDS analyses (Figs. 6¢ and 6d)
confirmed the fast deposition of apatite on the surface of nanofiber scaffolds after exposure to SBF. Thus, the CaP
nature of all deposits was confirmed by XRD and FTIR (Fig. S37). Interestingly, the MGHA addition into the
composite significantly enhanced its apatite-formation ability in SBF, contrary to pure SF. Based on the mechanism
of apatite formation on silicate bioactive glass,**® SFF/MGHA scaffolds may have released more Ca and Si ions to the
SBF solution than SF scaffolds, whereas the Si content of MGHA was approximately 85%. MGHA with a high
surface area in the biocomposites also contributed to the formation of more Si-OH groups on the surface, thus
inducing more bone-like mineral deposition on the SF/MGHA surface. More importantly, the lower contact angle
facilitated the penetration of the SBF solution into scaffolds, which improved bioactivity. Therefore, tailoring MGHA
into the polymer matrix may be an effective method to adjust the apatite-like formation of these biomaterials,
enhancing their cell response for optimal application performance.

3.5 Biodegradation in vitro

SF and SF/MGHA scaffolds were incubated in protease X1V and PBS (as a control) solutions to evaluate quantitative
changes and assess their in vitro degradation behavior. The weight loss percentage of both scaffolds after immersion

in protease XIV and PBS solution for various time periods is shown in Fig. 7a. The weight loss of pure SF scaffolds
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in PBS can be ignored similar to previous phenomena reported by many researchers.*’*® SF scaffolds fabricated by
various methods show almost no weight loss in PBS. However, SF mats demonstrated a quicker weight loss in
protease X1V than that in PBS solution, indicating that protein-based scaffolds would be susceptible to the enzyme
solution and be biodegradable in vivo. Based on these SF in vitro data, a quicker degradation rate may have occurred
for SF/MGHA composites in the enzyme solution. The composite biodegradation behavior confirmed this
observation. When the MGHA particle was embedded in SF, the composite scaffold degradation rate increased
significantly and was higher than that of pure SF scaffolds, whether in protease XIV solution or in PBS solution. The
potential reason for this result may be due to the fact that high silicon content in the MGHA system can improve its
degradation rate.** When immersed in the solution, the powder particles were attacked by the surrounding
environment, and ions were leached from the particles. Consequently, the particles exposed on the fiber surface were
gradually degraded, affecting the weight variation of the composites. In particular, the high surface area and large
pore volume of the MGHA powders led to increased water adsorption in MGHA and resulted in faster degradation of
the composite scaffolds.

Images of the pure SF and SF/MGHA scaffolds incubated in enzyme and PBS solutions are shown in Fig. 7b.
During degradation with protease XIV, several cracks and holes appeared on the SF scaffolds after exposure for 21 d,
and these features increased with prolonged exposure time. The SF mats gradually became thinner and could not
retain their original form after 28 d in the protease XIV solution, indicating more surface erosion with several larger
holes. Similar morphological changes were also observed on the surface of SF/MGHA scaffolds. Some fiber
fragments were also visible under the action of the protease XIV solution. Comparatively, SF scaffolds incubated in
PBS for 21 and 28 d also showed few visible holes from the surface erosion. The formation of some irregular holes
on the SF/MGHA surface was probably due to the degradation behavior of these protruded granule-like MGHA

particles in PBS. Weight loss was not significantly different, and the structure integrity could be maintained over
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time during incubation in PBS. Combined with in vitro bioactivity, the results obtained for SF/MGHA clearly

represent the appropriate MGHA additive in the silk-based scaffolds, which mainly altered the material bioactivity

and degradation kinetics favorable for bone repair and regeneration.

3.6 In vivo bone formation in the calvarial defect model

A rat critical bone defect model, with 5 mm diameter established as the critical size of the nonhealing defect (Fig. 8a),

to further evaluate the bone regeneration ability and in vivo osteogenesis of the prepared scaffolds. Pure SF and

SF/IMGHA scaffolds were implanted into punched rat calvarial and then recovered at the designated time after the

operation. In particular, the untreated control without filling scaffolds served as the blank group. Notably, none of the

animals died during the in vivo experiments, and no inflammation at the surgical interface sites was observed. Digital

images of the cranial bones separated from rats are shown in Fig. 8b. The defect zone in the blank control was intact

after 4 wk to 8 wk. Similarly, the implanted scaffolds were exposed on the defect. Using 3D-uCT reconstruction, the

blank group revealed only fibrous tissues around the border. A significant increase in calcified tissues in the defects

filled with SF and SF/MGHA scaffolds was observed. The uCT results (Fig. 8c) showed that the SF/MGHA

biocomposite scaffold in which MGHA was loaded into the SF matrix was most effective at promoting

mineralization within the defect, indicating better bone repair ability than the blank and pure SF scaffolds.

Quantitative analysis from the uCT data shows that bone volume increased with time at the cranial bone defect

model. The bone volume in the SF/MGHA composite was significantly higher than those in the blank and SF groups

(p < 0.05; Fig. 8d). The uCT results revealed that remarkable bone formation and defect regeneration in the bone

defect, in which the SF/MGHA composite had been implanted, was found as further confirmed by the histological

analysis.

Histological examination of specimens from the blank group at 4 and 8 wk post-surgery reveals a lack of

bone-like tissue. The blank group covered with fibrous tissue showed no signs of new bone formation 4 and 8 wk
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post-implantation (Figs. 9 and 10). Standard hematoxylin and eosin (H&E) staining reveals that SF/MGHA scaffolds
had better in vivo bone formation ability than pure SF scaffolds at 4 and 8 wk. At 4 wk after implantation, larger
bones were found in the area grafted with SF/MGHA in contrast to the small bones in the pure SF group. Particularly,
newly formed bone island containing osteocytes was directly adjacent to the scaffolds for both implants. New bone
observed at the implant-host tissue interfaces was due to effects mediated by invading murine cells from the
surrounding host tissue at the defect site.® Both scaffolds showed more new bone material with prolonged
implantation periods. At 8 wk post-implantation, more new bone material formed in the defects filled with
SF/MGHA scaffolds compared with pure SF scaffolds. The new bone island started from the ends of the host bone to
the central part of the SF/MGHA implants. In particular, both scaffolds had been degraded slowly and were still
detectable. Masson’s trichrome (MT) staining was also used to identify the bone healing effect in calvarial defects. At
4 wk, the newly formed collagen tissues were stained blue in the SF group. However, both newly formed
blue-stained collagen tissues and some mature red-stained collagen fibers at the margin of the bone defect were
observed in the SF/MGHA group. At 8 wk, the red-stained mineralized bone matrix was observed in the SF and
SF/MGHA groups. The new bone formation area in the SF/MGHA group was higher than that in the pure SF group.
Alizarin Red S (ARS) staining results also showed that the SF/MGHA group induced more calcium deposition in
tissue sections than the pure SF group, but no calcification was observed in the blank group (Figs. 9 and 10).
Immunohistochemical analysis was performed to detect the expression of bone matrix proteins. Positive type |
collagen (COLI) and osteocalcin (OCN) staining on the new bone tissues in both SF/MGHA and SF scaffolds
implanted for 8 wk are shown in Fig. 11. COLI expressed in the SF/MGHA group (Fig. 11b) was clearly stronger
than that in the SF group (Fig. 11a). The healing defects grafted with SF/MGHA (Fig. 11c) exhibited a higher
expression level of OCN than those in the SF group (Fig. 11d), and typical osteocytes were found in the new bone

matrix. The quantitative analysis from the MOD data is shown in Fig. 11e. For both COL1 and OCN immunostaining,
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MOD values of SF/MGHA group was higher than that of SF group, indicating that a strong intensity of COL1 and
OCN immunoreactivity in the bone matrix of SF/MGHA composite group. Thus, the novel SF/MGHA scaffolds
yielded an increased osteoconductive environment to augment bone regeneration compared with the SF scaffolds.
The good bone regeneration ability of the SF/MGHA scaffolds could be attributed to the chemical interactions
between the graft material and native host tissue as well as their surface bioactivity. Bioactivity has been proven as
the bone-bonding ability of bioactive materials to facilitate osteogenesis in vivo, as reported by 45S5 glass, A-W
glass ceramics, and CaSiO; ceramics.’®*"*2 Wu et al. prepared MBG/silk scaffolds by a freeze-drying method and
further implanted them into calvarial defects in adult severe combined immunodeficient mice.>® They found that
MBG/silk scaffolds with improved bioactivity were superior to BG/silk scaffolds in inducing new bone formation.
Considering material composition, the presence of MGHA particles is important in assisting the regeneration of bone
defects. For MGHA nanocomposites, Cicuéndez et al. demonstrated that MGHA exhibited fast apatite-mineralization
ability in SBF. This MGHA nanocomposite also improved the adhesion and proliferation of fibroblast and osteoblast
cells compared with MBG.*® We also show in our study that MGHA improved the in vitro mineralization compared
with MBG. This study illustrates that SF/MGHA enhanced bioactivity to facilitate bone growth in vivo according to
histological examination and immunohistochemical analysis. An appropriate biodegradation rate of implants was
conducive to form a porous network that would support the attachment and proliferation of osteoblast cells as well as
new bone formation. For SF/MGHA scaffolds, the in vitro biodegradation study confirmed that MGHA particles with
larger surface areas facilitated silica biodegradation in vitro through particle dissolution, leading to morphological
changes on the surface. The appearance of holes after prolonged treatment may provide space and environment for
matrix deposition and tissue growth. The faster release of silicon ions from the composite scaffolds modified the
healing microenvironment and activated osteoblast in-growth and gene expression around the defects as reported in

literature.>**> Accordingly, SFIMGHA scaffolds showed remarkable bone formation and bone regeneration in bone
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defects, demonstrating the potential of these nanocomposite materials for bone defect treatment.

4, Conclusion

Nanofibrous SF/MGHA scaffolds with high porosity and large pore size were prepared by incorporating MGHA

nanocomposite powders into silk scaffolds for the first time. In the case of organic/inorganic biocomposites, their

physicochemical properties such as pore size, swelling properties, and surface hydrophilicity were improved by

introducing MGHA nanocomposite, whereas a decrease in tensile properties was observed. The appropriate MGHA

additive also modified the material bioactivity, degradation Kinetics, and morphological changes of the matrix

materials. After implantation into calvarial defects, SF/MGHA composite scaffolds with enhanced bioactivity

provided a favorable microenvironment for the in-growth of osteoblast cells to heal the defect. These observations

collectively suggest that incorporating MGHA into SF scaffolds is an effective method to construct tissue scaffolds in

bone defect repai.
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Table and Figure captions

Table 1. Characteristics of SF and SF/MGHA nanofibers

Figure 1. Illustration of the fabrication process for SF and SF/MGHA nanofibers

Figure 2. FESEM images of surface and cross section morphologies of (a, b) pure SF and (c, d) SF/MGHA scaffolds;

fiber diameter distribution of (e) pure SF and (f) SF/MGHA mats; (g) pore size distribution of SF and SF/MGHA

nanofibers

Figure 3. TEM images of (a) pure SF, (b) MGHA nanocomposite, and (c, d) electrospun SF/MGHA nanofibers

Figure 4. (a) WCA of pure SF and SF/MGHA mats; (b) water droplets for two time periods; (c) the representative

stress-strain curves for electrospun SF and SF/MGHA mats; and (d) the optimal images of the tensile specimens

Figure 5. (a) FTIR spectra of pure SF and SF/MGHA mats compared to the untreated SF mats; Curve-fitting results

of the FTIR in the amide I region for (b) pure SF and (c) SF/MGHA mats

Figure 6. (al1-b3) FESEM images of pure SF and SF/MGHA samples after immersion in SBF for 7 d and (c, d) EDS

spectra of the samples immersed in SBF

Figure 7. Biodegradation in vitro. (a) weight loss of pure SF and SF/MGHA mats in enzyme and PBS solution; (b)

morphological changes in pure SF and SF/MGHA scaffolds in the solutions after degradation for 21 and 28 d

Figure 8. Cranial bone defects in the rat model. (a) establishment of the calvarial defect model; (b) digital images of

the cranial bones separated from rats; (c) 3D-uCT reconstruction images of bone regeneration in the defect area after

implantation, different colors were applied to the 3D reconstruction; and (d) quantitative bone volume analysis by

uCT (*p < 0.05)

Figure 9. Histological sections of implanted SF and SF/MGHA in rat cranium after implantation for 4 wk using

H&E, MT, and ARS staining methods, respectively. H is the host bone, N is the new bone, and the yellow solid arrow
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indicates the materials

Figure 10. Histological sections of implanted SF and SF/MGHA in rat cranium after implantation for 8 wk using

H&E, MT, and ARS staining methods, respectively. H is the host bone, N is the new bone, and the yellow solid arrow

indicates the materials

Figure 11. Immunohistochemical analysis on the new bone tissues by COLI and OCN staining for (a, ¢) pure SF and

(b, d) SF/MGHA groups at 8 wk; (e) quantitative analysis of COLI and OCN staining for SF and SF/MGHA groups.

N is the new bone, the yellow solid arrow shows the materials, and the black hollow arrow indicates the osteocytes
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Table 1. Characteristics of SF/MGHA and SF nanofibers

Sample  Apparent density (g cm™®)  Porosity (%) Pore size (um) Swelling ratio  Water uptake (%)
SF 0.34 +0.06 73.5+35 1.25 +0.07 1.58 +0.12 61.3+2.3
SF/IMGHA 0.45 +0.08 63.8 5.1 2.87 +£0.19 1.89 +0.09 65.4 +4.2
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Fig. 3. TEM images of (a) pure SF, (b) MGHA nanocomposite, and (c, d) electrospun SF/MGHA nanofibers
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Fig. 4. (a) WCA of pure SF and SF/MGHA mats; (b) water droplets for two time periods; (c) the representative

stress-strain curves for electrospun SF and SF/MGHA mats; and (d) the optimal images of the tensile specimens
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Fig. 6. (al-b3) FESEM images of pure SF and SF/MGHA samples after immersion in SBF for 7 d and (c, d) EDS

spectra of the samples immersed in SBF
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Fig. 9. Histological sections of implanted SF and SF/MGHA in rat cranium after implantation for 4 wk using H&E,
MT, and ARS staining methods, respectively. H is the host bone, N is the new bone, and the yellow solid arrow

indicates the materials



Page 35 of 36 Journal of Materials Chemistry B

H&E staining

MT staining

ARS staiﬂning

Fig. 10. Histological sections of implanted SF and SF/MGHA in rat cranium after implantation for 8 wk using H&E,

MT, and ARS staining methods, respectively. H is the host bone, N is the new bone, and the yellow solid arrow

indicates the materials
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Fig. 11. Immunohistochemical analysis on the new bone tissues by COLI and OCN staining for (a, c) pure SF and (b,

d) SF/MGHA groups at 8 wk; (e) quantitative analysis of COLI and OCN staining for SF and SF/MGHA groups. N

is the new bone, the yellow solid arrow shows the materials, and the black hollow arrow indicates the osteocytes



