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A B S T R A C T

Osteogenesis-angiogenesis coupling processes play a crucial role in bone regeneration. Here, electric field induced
aligned nanofiber layers with tunable thickness were coated on the surface of pore walls inside the deferoxamine
(DFO)-laden silk fibroin (SF) and hydroxyapatite (HA) composite scaffolds to regulate the release of DFO to
control vascularization dynamically. Longer electric field treatments resulted in gradually thickening layers to
reduce the release rate of DFO where the released amount of DFO decreased gradually from 84% to 63% after 28
days. Besides the osteogenic capacity of HA, the changeable release of DFO brought different angiogenic be-
haviors in bone regeneration process, which provided a desirable niche with osteogenic and angiogenic cues.
Anisotropic cues were introduced to facilitate cell migration inside the scaffolds. Changeable cytokine secretion
from endothelial cells cultured in the different scaffolds revealed the regulation of cell responses related to
vascularization in vitro. Peak expression of angiogenic factors appeared at days 7, 21 and 35 for endothelial cells
cultured in the scaffolds with different silk nanofier layers, suggesting the dynamical regulation of angiogenesis.
Although all of the scaffolds had the same silk and HA composition, in vitro cell studies indicated different
osteogenic capacities for the scaffolds, suggesting that the regulation of DFO release also influenced osteogenesis
outcomes in vitro. In vivo, the best bone regeneration occurred in defects treated with the composite scaffolds that
exhibited the best osteogenic capacity in vitro. Using a rat bone defect model, healing was achieved within 12
weeks, superior to those treated with previous SF-HA composite matrices. Controlling angiogenic properties of
bone biomaterials dynamically is an effective strategy to improve bone regeneration capacity.
1. Introduction

Bone regeneration is a complex and well-orchestrated process that
involves a series of cell responses and molecular signaling pathways
[1–3]. Angiogenesis and osteogenesis are major determinants of suc-
cessful bone repair and these processes have been regulated by intro-
ducing multiple physical/chemical cues to bone biomaterials to study the
impact in vivo [4–7]. Although faster and better bone regeneration has
been achieved based on these bioactive biomaterial matrices, challenges
remain to tune angiogenesis and osteogenesis outcomes in a dynamic
Lvqiang78@suda.edu.cn (Q. Lu)
ally to this work.

6 May 2022; Accepted 8 May 20

vier Ltd. This is an open access ar
way to simulate the different stages of the natural bone regeneration
process [8].

Silk fibroin (SF) biomaterials are promising bone regenerative matrices
due to the biocompatibility, excellent and tunable mechanical properties,
and ease of materials fabrication [9–12]. SF-based scaffolds, films and
hydrogels have been developed to repair various bone defects [9,13–15].
The cytocompatibility and bioactivity of these matrices were further
improved by changing nano-micro structures, anisotropic topography,
degradation behavior and mechanical performance [16–19]. Various
polymers, mineral nanomaterials, and biomacromolecules were also
.
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introduced into silk-based bone matrices, endowing them with angiogen-
esis and osteogenesis inducing and control features [5,20,21]. However, a
gap maintains for SF matrices to further improve the angiogenic and
osteogenic capacity in a dynamic fashion for bone regeneration.

Recently, SF nanofibers (SFNs) were assembled to develop bio-
mimetic matrices [22–24]. Owing to the unique hydro-
philic/hydrophobic properties, these SFNs could be loaded with both
hydrophilic and hydrophobic cargos, suggesting a promising future as
drug carriers [25,26]. SFNs were then used to design various bioactive
artificial bones. SFN and hydroxyapatite (HA) were blended to prepare
composite scaffolds with osteogenic capacity [27]. Deferoxamine (DFO)
was loaded onto the SNFs and further mixed with HA, forming hydrogels
with angiogenic and osteogenic capacities [5]. Both in vitro and in vivo
studies revealed that the DFO sustained release features determined
angiogenesis, but did not fully control angiogenesis in a dynamic fashion
matched with natural bone healing process. Anisotropic silk hydrogels
derived from SFN solutions under electric fields directionally aligned the
components on the positive electrode [28–30]. This study suggested that
nanofiber layers with control of thickness could be prepared by adjusting
the experimental time, followed by covering the surface of DFO-laden
composite scaffolds, as a route to tune the release behavior of DFO.

Thus, as a proof of concept, DFO-laden SF-HA composite scaffolds
were immersed in SFN solutions and treated under electric fields to form
aligned layers on the surface of pore walls inside the scaffolds (Scheme
1). The microstructure and thickness of the layers were controlled with
treatment time, resulting in different sustained release behaviors. To the
best of our knowledge, it is the first time to tune the sustained release
behaviors of DFO dynamically in silk-based porous scaffolds used in bone
repair. The aligned topography also induced the migration of cells, which
further accelerated bone regeneration, as has been shown previously
with aligned scaffolds [28]. Both in vitro and in vivo studies revealed that
the best angiogenesis and osteogenesis for bone repair was achieved with
suitable DFO sustained release conditions when the pore walls of the
scaffolds were covered with aligned silk nanofiber layer treated in elec-
tric field for 10 min. Our present results implied that the angiogenic
behaviors in bone regeneration process could be regulated to further
optimize bone repair, opening a new window to design bone materials
with vascularization capacity. Faster and higher quality bone regenera-
tion was regulated by angiogenesis, implying future utility in clinical
applications.
Scheme 1. Formation of DFO-laden SF-HA composite scaffolds with tunable aligned
nanofiber layers to tune angiogenesis, optimizing bone regeneration.
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2. Material and methods

2.1. Preparation of aqueous silk fibroin (SF) solutions

Aqueous SF solutions were obtained by dissolving degummed silk in
lithium bromide solution [31]. Briefly, raw silk was boiled in an aqueous
solution of sodium carbonate (0.02 M) at 100 �C for 60 min and washed
with distilled water to degum the sericin protein. The degummed silk was
dissolved in lithium bromide (9.3 M) at 60 �C for 4 h, and dialyzed
against deionized water to remove the salts for more than 72 h. After
centrifugation twice at 9000 rpm for 30 min at 4 �C, a fresh aqueous SF
solution with a concentration of about 6 wt % was obtained. The SF
solution was stored at 4 �C for further use.

2.2. Preparation of SF nanofiber (SFN) hydrogel

The SF nanofibers were assembled through the concentration-
dilution-thermal incubation process [30]. The SF molecules were
self-assembled into metastable particles with the size of 100 nm after
being concentrated to above 20% slowly at 60 �C for about 72 h. Then the
particles transformed into stable nanofibers when the concentrated so-
lution was diluted to 0.5 wt% and 2 wt% with distilled water and incu-
bated at 60 �C to induce the hydrogel formation.

2.3. Fabrication of SF-coated HA nanoparticles

SF-coated HA nanoparticles were fabricated using SF as a template
and surface stabilizer [32]. Fresh SF (6 wt%) was incubated at 60 �C for
24 h to generate homogeneous silk nanoparticles. Then silk nanoparticle
solution (20 mL) was mixed with H3PO4 solutions (20 mL, 0.06 M),
followed by the addition of Ca(OH)2 solution (100 mL, 0.02 M) at 90 mL
h�1 with vigorous stirring in a water bath at 70 �C. A suitable content of
NaOH (0.1 M) was added to adjust the pH of the reaction system to 9–10.
The SF-coated HA nanoparticles were collected after centrifugation at
9000 rpm for 20 min.

2.4. Fabrication of DFO-loaded SF-HA composite scaffolds

Porous SF-HA composite scaffolds were fabricated using a modified
freeze-drying method [33]. SF solution (6.4 wt%) and SFN hydrogel (2
silk nanofiber layers. The release behavior of DFO was controlled through the
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wt%) were mixed at a dry weight ratio of 15:1 to form the composite
solution. The SF concentration in the composite solution was adjusted to
1.5 wt% with distilled water. Then HA nanoparticles were added to the
composite solution at a dry weight of ratio of 60:40 (SF: HA) under
stirring to achieve a uniformmixture. The mixture was frozen in a freezer
at �20 �C for 12 h to solidify the solvent and then lyophilized for 72 h.
The water-insoluble SF-HA composite scaffolds (SF/HA-R) were obtained
after the lyophilization. DFO (120 μM) was also added to the mixture of
HA, SF and SFN solution under stirring and then lyophilized for 72 h to
prepare DFO-laden composite scaffolds (SF/HA-DFO-R). The
SF/HA-DFO-R composite scaffolds were immersed in SFN solution (0.5
wt%) for above 30 min to make sure that all the pores inside the scaffolds
were occupied by the SFN solution. Then the SFN solution and the
immersed scaffolds were treated under electric field with voltage of 50 V
for 5, 10, 15 min to induce the SFN migration, forming SFN hydrogel
layers with different thickness on the pore surface inside the scaffolds
[29,30]. The treated scaffolds with SFN hydrogel layers were lyophilized
for 72 h to obtain the final scaffolds with SFN layers. According to the
treating time in electric field, the scaffolds were termed SF-/HA-DFO-A5,
SF-/HA-DFO-A10, and SF-/HA-DFO-A15, respectively.

2.5. Fabrication of aligned SFN layers

To evaluate the formation of homogeneous aligned SFN layers inside
the scaffolds, three water insoluble films were placed in SFN solution
(0.5 wt%) at different positions parallel to the electrodes. Then the SFN
solutions were treated with electrical fields with voltage of 50 V for 5, 10,
15 min, respectively. The layers formed on the SF films were investigated
to reveal the influence of different positions and treatment times.

2.6. Characterization of the composite scaffolds

The micromorphology of the different scaffolds were observed with a
scanning electron microscope (SEM, S-4800, Hitachi, Tokyo, Japan) at
3.0 kV. Before investigation, the samples were sputter-coated with gold
(10 mA, 120s) [34]. The thinknesses of different samples were analyzed
via Image J. The secondary structure of the different scaffolds was
analyzed by Fourier Transform Infrared Spectroscopy (FTIR, Nicolet
5700, Thermo Scientific, FL, America) where 64 scans were run in the
wavenumber range 400–4000 cm�1. Raman spectrometry (633 nm diode
laser, Renishaw, NewMills, UK) was used to record raman spectra. A 633
nm laser was used with exposure time of 5 s and laser power of 50% with
a resolution of 1 cm�1.

2.7. The release of DFO from the scaffolds

The release of DFO in electrical field treatment process was evaluated
by measuring the DFO amount in the SFN solution after the electrical
field treatment. The SFN solution was combined with ferric chloride to
determine the amount of DFO using multiscan spectra at 485 nm (Biotek,
USA). Then, All the DFO-laden scaffolds were transferred to a dialysis
tube (2000-MWCO) and incubated with phosphate-buffered saline so-
lution (PBS, 10 mL) at 37 �C in an oscillating water bath for 42 days. At
the indicated time points, 1 mL of solution in each tube was collected and
then refilled with an equal amount of fresh PBS. The collected PBS was
combined with ferric chloride to determine the amount of released DFO
using multiscan spectra at 485 nm (Biotek, USA).

2.8. Mechanical properties of the scaffolds

Mechanical properties of the different scaffolds were measured with
Food Texture Analyzers (TMS-Pro, FTC, USA). Three scaffolds for each
group were compressed parallel to and orthogonal to the electric field
direction, respectively, to characterize the mechanical anisotropy of
scaffolds. The scaffolds (14 mm in diameter and 9 mm in height) were
3

compressed by more than 30% of its original length at the rate of 2 mm/
min with a 25 N load cell.

2.9. Degradation behavior of the scaffolds

The in vitro degradation of different scaffolds was evaluated using
enzyme-promoted degradation. All the scaffolds (30 mg) were soaked in
protease XIV solutions with the concentration of 2 U/mL in PBS, and kept
at 37 �C in a shaking water bath. At designed time points, the scaffolds
were washedwith distilled water and dried at 60 �C for above 24 h. Three
repeated measurements were obtained for each time point. The degra-
dation rate was calculated through the following formula:

ε(%)¼(mi-mr)/ mi � 100%

Where ε expressed the degraded rate of the scaffold, mi represented the
initial mass of the scaffold, while mr was the mass of remaining scaffold
after various degradation periods.

2.10. In vitro cytocompatibility of the scaffolds

The in vitro cytocompatibility of the composite scaffolds was assessed
with human umbilical vein endothelial cells (HUVECs, obtained from the
Cell Bank of the Chinese Academy of Sciences, Shanghai, China). All the
composite scaffolds with diameter of 10 mm and height of 2 mm were
prepared and sterilized with 60Co γ-irradiation at the dose of 25 kGY. The
cells were seeded in different scaffolds at a cell density of 1 � 105, and
supplied with basal culture medium. HUVECs were cultured in Dulbec-
co's modified Eagle medium (DMEM, high glucose) supplemented with
10% fetal bovine serum (FBS), 100 U/mL penicillin-streptomycin (all
from Invitrogen, Carlsbad, CA) in a cell incubator at 37 �C and under 5%
CO2. After culturing for 1, 3 and 7 d, the scaffolds were washed three
times with PBS (pH 7.4) and then fixed with 4% paraformaldehyde so-
lution (Sigma-Aldrich, St. Louis, MO, USA) for 30 min at room temper-
ature. After permeabilization with 0.1% (v/v) Triton X-100 (Sigma, St
Louis, USA) for 15 min, the cells were stained for F-actin using tetra-
methylrhodamine (TRITC)-phalloidin (Thermo Fisher, Waltham, MA,
USA) for 1h, and nuclei were stained with 40,6-diamidino-2-phenylindole
(DAPI) for 10 min. All staining treatments were performed in the dark-
ness at room temperature. Finally, fluorescence images of the stained
cells were obtained using a confocal laser scanning microscope (CLSM,
Olympus FV10 inverted microscope, Nagano, Japan). Cell proliferation
was analyzed by DNA content assay at days 1, 3 and 7. All the scaffolds
were digested with proteinase K overnight at 56 �C [35]. The DNA
content was analyzed by using the PicoGreen DNA assay (Invitrogen,
Carlsbad, CA, USA) and measured with a BioTeK Synergy 4 spectroflu-
orometer (BioTeK, Winooski, VT, USA) at the excitation wavelength of
480 nm and the emission wavelength of 530 nm. A standard curve was
obtained to calculate the amount of DNA.

2.11. The migration behavior of HUVECs

To assess cell migration behavior, HUVECs (2 � 106/scaffold) were
seeded at the scaffold centers [36]. At specified times, all scaffolds were
fixed and stained for observation using CLSM. The distances between the
initial edges and migrated cells were measured using Image J software,
and the data were presented as a histogram of frequency versus distance
(n ¼ 40).

2.12. Tube formation assay

To estimate the angiogenic ability of released DFO, growth factor-
reduced Matrigel (100 μL per well, BD Biosciences, Beford, MA, USA)
was used to induce tube formation in a 24-well plate [37]. After incu-
bating in 37 �C for 1 h, HUVECs were seeded on the surface of the



Table 1
Sequences of primers used in RT-PCR.

Gene Forward primer sequence
(5’ to 30)

Reverse primer sequence
(50 to 30)

GAPDH TGGGTGTGAACCACGAGAA GGCATGGACTGTGGTCATGA
RUNX-2 CAACCACAGAACCACAAGTGC AAATGACTCGGTTGGTCTCG
Osteocalcin TATGGCACCACCGTTTAGGG GTGTGCCGTCCATACTTTCG
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Matrigel with cell density of 6 � 104 cell/each well, with the scaffolds
placed in the upper compartment of a 0.4 μm Transwell (Corning, USA).
Then the cells were incubated at 37 �C to form tube-like structures. After
being cultured for 6 and 24 h, the cells were observed with an inverted
fluorescence microscope (10� objective, ZEISS camera, Oberkochen,
Germany). Based on the previous study [5], the tube length and mesh
area were calculated from three random fields using Image J software.

2.13. Assay of angiogenic factors

HUVECs were cultured in the scaffolds with 6-wells plates for 7, 21
and 35 d, and then the scaffolds and the culture solutions were collected
in 1.5 mL Eppendorf tubes at the indicated time points. The collected
scaffolds were frozen at �80 �C for 12 h, lyophilized for 72 h and stored
at �80 �C until proteins were extracted with RIPA lysis buffer. Then
proteins were quantified with BCA assay (Thermo Scientific, Waltham,
MA, USA). The culture solutions were also stored at �80 �C for further
determination of the total released amounts of VEGF (vascular endo-
thelial growth factor) with a Human VEGF Quantikine ELISA kit (R&D
Systems, Minneapolis, MN, USA). Total proteins were analyzed to
determine the expression of HIF-1α with ELISA (Human/Mouse Total
HIF-1α; R&D Systems, Minneapolis, MN, USA).

2.14. Cell osteodifferentiation in vitro

Bone mesenchymal stem cells (BMSCs) were isolated from male
Sprague-Dawley (SD) rats (40 g). The use of animals was approved by the
animal ethics committee of Soochow University and performed accord-
ing to the guidelines for care and use of laboratory animals of Soochow
University (202103A113, Mar 2021). BMSCs were cultured in Dulbecco's
modified Eagle medium (DMEM, low glucose) supplemented with 10%
fetal bovine serum (FBS), 100 U/mL penicillin-streptomycin (all from
Invitrogen, Carlsbad, CA) in a cell incubator at 37 �C and under 5% CO2.
The seeded BMSCs (5 � 105 cells per well) were cultured in osteogenic
differentiation medium (89% low glucose-DMEM, 10% FBS, 1%
streptomycin-penicillin, 10 nM dexamethasone, 0.05 mM ascorbic acid-
2-phosphate, and 10 mM sodium-β-glycerophosphate) for 3, 7, 14 and
21 days, respectively. According to the method mentioned above [29,
30], the total proteins were extracted from the scaffolds for further tests.

To measure alkaline phosphatase (ALP) activity, cell lysates were
tested with an ALP activity assays kit (Biovision, San Francisco, USA)
according to the manual. The protein solutions were diluted into 80 μL
and mixed with 50 μL p-nitrophenol phosphate substrate (pNPP, 5 mM).
After incubated in a 96-well plate at 25 �C for 1 h in the darkness, 20 μL of
NaOH solution (2M) was added to stop the reaction. The production of p-
nitrophenol (pNP) was calculated according to the absorbance intensity
at 405 nm on a microplate reader. The ALP activity could be normalized
based on the total protein content that was determined by BCA assay. To
measure the calcium content inside the cell lysates, the proteins were
tested with a calcium colorimetric assay kit (Biovision, San Francisco,
CA, USA) according to the manufacturer's instructions.

The collected proteins were also analyzed with Western Blot. Each
protein sample was treated with SDS electrophoresis and then transferred
to a polyvinylidene difluoride membrane (0.45 μm, Millipore, USA). The
membranes were blocked with 5% skim milk for 90 min, and incubated
overnight at 4 �Cwith primary antibodies as follows: 1:1000, Anti-RUNX-
2 antibody (ab236639, Abcam, Cambridge, MA, USA); 1:1000, Anti-OCN
antibody (ab133612, Abcam, Cambridge, MA, USA) after being blocked
with 5% skim milk. The β-actin Monoclonal Antibody (1:500, RLM3028,
RuiYingBio, China) were also used. The expressions of runt-related
transcription factor 2 (Runx-2) and osteocalcin (OCN) from the western
blotting images were measured via Image J.

To evaluate osteogenic related gene expression (Runx-2 and OCN),
total cellular RNA was extracted with Trizol reagent (Invitrogen, Carls-
bad, CA, USA). Then the extracted RNA was purified with a RNeasy Mini
Kit (Applied Biosystems, Carlsbad, CA, USA). The RNA concentration was
4

determined with Nano Drop 2000 (Thermo Scientific, Waltham, MA). 1
mg of the extracted total RNA was reverse transcribed into comple-
mentary DNA (cDNA) by using a High Capacity cDNA Reverse Tran-
scription kit (Applied Biosystems, Carlsbad, CA) with a 2720 thermal
cycler (Applied Biosystems, Foster City, CA, USA). A 7500 Real-Time PCR
System (Applied Biosystems, Foster City, CA, USA) was used to obtain the
real-time PCR results with the Fast SYBR Green kit (Applied Biosystems,
Carlsbad, CA, USA). The reaction conditions were as follows: 95 �C (5
min), 40 cycles at 95 �C (10 s) and 60 �C (1 min). The housekeeping gene
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was set as the in-
ternal control, and the primer sequences were listed in Table 1. The target
gene expression level was calculated with reference to the respective
control group based on the 2-ΔΔCt formula.

2.15. The construction of bone defect model

A rat femur defect model was used to evaluate the osteoinduction of
the composite scaffolds in vivo. Forty-eight SD rats (8-week-old, male,
250–300 g) were purchased from the Animal Resource Center of Soo-
chow University. The rats were divided into 6 groups at random: Blank,
SF/HA-R, SF/HA-DFO-R, SF/HA-DFO-A5, SF/HA-DFO-A10, SF/HA-DFO-
A15. All procedures were approved by the animal ethics committee of
Soochow University and performed in conformity to the guidelines for
care and use of laboratory animals of Soochow University (201908A166,
Aug 2019). Each rat was anesthetized with 3% pentobarbital sodium at
0.1 mL/100 g. After being shaved, the surgery was conducted in a
perpendicular orientation on the side face of the bilateral distal femur
with a 3 mm diameter injury. The femur defect model was filled with
different scaffolds with diameter of 3 mm and height of 5 mm. The de-
fects were sutured with 3–0 stylolite and sterilized with povidone iodine.
After operation, the rats were raised for 3 months in pathogen free (SPF)
laboratory animal room. At 2, 4, 8 and 12 weeks, the rats were sacrificed
using 3% pentobarbital sodium to obtain specimens.

2.16. The microcomputed tomography (Micro-CT) of the specimens in vivo

Bruker Micro-CT Skyscan 1276 system (Kontich, Belgium) was used
to scan all specimens. Scan settings were as follows: voxel size 10 μm,
medium resolution, 85 kV, 200 mA, 1 mm Al filter and integration time
384 ms. 3D and 2D analysis were performed using software CT Analyser
(version 1.18.8.0). Analyses of the bone micro architecture were carried
out in a region of interest (ROI).

2.17. Histological staining

At the desired time points, the specimens were obtained and treated
for histological analysis. The specimens were fixed with 10% buffered
neutralized formalin for 24 h, and then decalcified with 10% EDTA at pH
7.4 for 1 month at room temperature. Then, the specimens were
embedded in paraffin after dehydration with gradient alcohol solutions.
After being sectioned, the sections were stained with Masson's trichrome,
hematoxylin eosin (HE), immunofluorescence targeting CD31 (Abcam,
ab64543), α-smooth muscle actin (α-SMA, Abcam, ab240678), ALP
(Abcam, ab 224335) and OPN (Abcam, ab8448) to estimate the tissue
ingrowth, vascularization and new bone formation at defect sites. The
quantitative analyses of those stainning images were performed via
Image J.
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Fig. 1. Characterization of the composite scaffolds with tunable SFN layers: (A) SEM images of the different scaffolds. Red dotted lines mean the boundary of aligned
SFN layers and porous wall. Red arrows represented the direction of aligned SFN. (B) The thickness of aligned SFN layers when treated for 5, 10, and 15 min under
electric field, respectively. (C) FTIR spectra of different scaffolds. (D) Raman spectra of different scaffolds. (E) Compressive modulus of different scaffolds. (F) The
degradation behavior of different scaffolds in protease XIV solution. (G, H) DFO release behaviors from the scaffolds. The samples listed as: SF/HA-R, scaffolds
composed of HA nanoparticles and silk fibroin; SF/HA-DFO-R, composite SF/HA scaffolds containing DFO; SF/HA-DFO-A5, SF/HA-DFO-R scaffolds with aligned SFN
layer treated in electric field for 5 min; SF/HA-DFO-A10, SF/HA-DFO-R scaffolds with aligned SFN layer treated in electric field for 10 min; and SF/HA-DFO-A15, SF/
HA-DFO-R scaffolds with aligned SFN layer treated in electric field for 15 min. Data presented as mean � SD, n ¼ 3, the error bars indicate the SD, p-values are
calculated using one-way ANOVA with Sidak's multiple comparison tests, *p < 0.05, **p < 0.01, and ***p < 0.001. NS means no statistical difference (P > 0.05).
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2.18. Statistical analysis

All quantitative values were presented as mean � standard deviation.
All results were evaluated by one-way or two-way analysis of variance
(ANOVA) followed by Sidak's multiple comparison test (*P< 0.05, **P<

0.01, and ***P < 0.001). *P < 0.05 was considered statistical difference.

3. Results and discussion

3.1. Fabrication of DFO-laden SF-HA composite scaffolds with tunable
SFN layers

DFO-laden SF-HA composite scaffolds were endowed with vascular-
ization capacity through the sustained release of DFO. Considering the
interaction of DFO and SFNs [38], we anticipated that SFN layers with
different thickness would influence DFO release rates from the scaffolds.
In our previous study, SFN in aqueous solution migrated directionally
and formed laminar hydrogels on positive electrodes under electric field
[28,30,39]. The hydrogels grew gradually over time, suggesting the
possibility of developing SFN layers with various thicknesses [40]. To
evaluate this feasibility, three SF films were placed in different positions
inside SFN solution parallel to the electrodes. After treatment under the
electric field for 3, 5 and 10 min, the SF films were measured with SEM to
reveal the structure and thickness of the formed SFN layers. Layers with
similar structure and thickness formed on the films, suggesting homo-
geneous layers could be prepared inside the SFN solution system
(Figure S1 A,B). Following the increase of treatment time, thicker layers
appeared on the films (Figure S1 A,B). The results indicated that tunable
SFN layers could be generated on the surface of pore walls in the com-
posite scaffolds with the electric field system.

The DFO-laden SF-HA composite scaffolds were immersed in the SFN
solution (0.5 wt%) and treated under an electric field for 5, 10 and 15
min, respectively. All the treated scaffolds were kept in the SFN solution
for 30 min to avoid different release issues of the DFO from the scaffolds
during the treatment process. The amount of DFO released from the
different treated scaffolds was similar and below 1% for all three time
frames (Figure S2), indicating the vast majority of DFO remained in the
scaffolds. Next, the scaffolds were freeze-dried to form the final matrices.
According to the treatment time (5, 10 and 15 min), the scaffolds were
termed as SF/HA-DFO-A5, SF/HA-DFO-A10, and SF/HA-DFO-A15.
Composite scaffolds without electrical field treatment were termed SF/
HA-DFO-R (control), while the SF/HA scaffold without DFO was
named SF/HA-R (second control). After the treatment, the composite
scaffolds maintained their microporous structures without the significant
decrease of pore sizes (Fig. 1 A). The pore size of all the scaffolds were
above 300 μm, facilitating the cell infiltration. High magnification of the
pore walls revealed that the layers with aligned morphology formed in-
side the pores and adhered on the pore walls (Fig. 1 A). The SFN layers
adhered on the pore walls had a thickness from 2.5 μm to 6 μm when the
treatment time was increased from 5 to 15 min (Fig. 1A and B).
Compared to that formed on silk films (Figure S1), significantly thinner
SFN layers formed inside the scaffolds because only the nanofibers inside
the pores were migrated to the pore walls. Since the DFO-laden com-
posite scaffolds were composed of amorphous silk while the SFNs had
rich beta-sheet content, the electric field treated scaffolds exhibited a
significant increase of beta-sheet structure content with increased treat-
ment time, confirming that more SFNs were introduced to the scaffolds
6

(Fig. 1C) [39]. Similar to previous studies [38,41], the HA nanoparticles
(for osteogenic outcomes) dispersed homogeneously in the scaffolds
(Fig. 1 A). Raman spectra revealed similar DFO peaks after the electric
field treatment, confirming that most of DFO remained within the treated
scaffolds (Fig. 1 D). Aligned structures can also result in anisotropic
mechanical properties [29]. Beside the increase of compressive modulus
from 45 kPa to 140 kPa (Fig. 1 E), significant anisotropic mechanical
properties were achieved when higher amounts of aligned SFN layers
formed on the treated scaffolds, thus providing mechanical cues for bone
regeneration [29]. The introduction of beta-sheet rich SFN layers also
improved the stability of the scaffolds. Degradation rate of the scaffolds
with thicker SFN layer decreased gradually, which was also beneficial to
bone repair (Fig. 1 F, Figure S3) [35]. The typical SEM images of the
degraded scaffolds revealed gradual degradation of both SFN layers and
porous composite scaffolds (Figure S4). The SFN layers became thinner
gradually, which would influence the release behaviors of DFO. Previous
study indicated that the SFN had strong physical binding capacity with
DFO to reduce the release rate of DFO in aqueous solution [38]. The
physical binding of SFN and DFO as well as the physical barrier of the
SFN layers were both beneficial to the sustained release of DFO (Fig. 1G
and H). As expected, gradually slower release was achieved when more
aligned SFN layers were formed on the scaffolds. When the scaffolds were
immersed in PBS solution, almost all of the DFO released after 42 days.
The release of DFO decreased from 80% to 69%, 55% and 42% after 14
days and also from 84% to 82%, 79% and 63% after 28 days for
SF/HA-DFO-R, SF/HA-DFO-A5, SF/HA-DFO-A10 and SF/HA-DFO-A15
samples, respectively. Previous studies suggested that the vasculariza-
tion capacity of DFO-laden silk matrices was dose dependent [5,31].
Therefore, the regulation of DFO release behavior here implied the
possibility of tuning angiogeneisis. Compared to the recent reported
studies [21,38], slower release behavior of DFO was achieved in our
present study, which could provide the anticipated long-term angiogenic
stimulation in bone regeneration process. The sustained release behav-
iors of DFO were effectively controlled through tuning the thickness of
the SFN layers to tune the angiogenesis dynamically, superior to previous
bone scaffold systems with vascularization capacity [42,43].

3.2. In vitro cytocompatibility of the composite scaffolds

SF-HA composite scaffolds were biocompatible and have been used to
induce bone regeneration [27]. DFO was loaded in SF-HA composite
materials to improve vascularization, but at a cost of cytocompatibility
[44,45]. Previous studies revealed that free DFO with concentration of
above 60 μM in culture medium showed significant cell cytotoxicity [38].
SFN could interact with DFO and restrained the burst release of DFO in
water [5,38]. The DFO loaded on SFNs released slowly for above 40 days
to induce long-term angiogenesis in wound healing [38]. Based on our
recent study [5,38], DFO with concentration of 120 μM in silk nanofiber
hydrogels showed better angiogenic capacity without significant cell
cytotoxicity. Thus, the DFO concentration maintained 120 μM in the
composite scaffold systems to reveal the influence of the sustained
release behavior of DFO on the cytocompatibility. According to our re-
ported studies [5,28–30], both cytoskeleton staining and DNA assay were
used to evaluate the proliferation behaviors of human umbilical vein
endothelial cells (HUVECs) inside the composite scaffolds. Although
HUVECs proliferated in all the composite scaffolds, the cells grew more
slowly in the DFO-laden scaffolds than that in DFO-free scaffolds (Fig. 2A



Fig. 2. In vitro cytocompatibility of the composite scaffolds: (A) Confocal microscopy images of HUVECs cultured on the different scaffolds for 1, 3, and 7 days. (B)
Migration of endothelial cells on the scaffolds at 1 and 3 days. (C) Proliferation of HUVECs on the scaffolds on day 1, 3 and 7. (D) Frequency distribution of migration
distance 0–380 μm after 3 days of culture. Data presented as mean � SD, n ¼ 3, the error bars indicate the SD, p-values calculated using one-way ANOVA with Sidak's
multiple comparison tests, *p < 0.05, **p < 0.01, and ***p < 0.001. NS means no statistical difference (P > 0.05).
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and B). The SFN layers slowed the release of DFO and there was signif-
icantly improved cell proliferation in the DFO-laden scaffolds with the
slower DFO release rate. Besides better cytocompatibility, the aligned
SFN layers induced the directional migration of HUVECs, which would
also facilitate the cell infiltration and tissue ingrowth [28,36]. At day 3,
significant migration was found for the cells cultured on the scaffolds
with the aligned layers, while little migration occurred for cells cultured
on the SF/HA-R and SF/HA-DFO-R scaffolds (Fig. 2C and D). The best
migration occurred for the SF/HA-DFO-A15 group, with longer migra-
tion length than in the other DFO-laden scaffolds. Better cytocompati-
bility and migration behavior should facilitate angiogenesis and bone
regeneration, suggesting positive roles for the SFN layers.
3.3. In vitro angiogenesis of HUVECs

DFO stabilized hypoxia inducible factor-1 alpha (HIF-1α) to motivate
angiogenesis in bone regeneration [46,47]. To elucidate the influence of
slower DFO release on vascularization of the scaffolds, HUVEC tube
formation was investigated in vitro initially to evaluate the function of the
released DFO at 24 h (Fig. 3A and B,C). The highest release rate within
24 h occurred in the DFO-laden scaffolds while the scaffolds coated with
the thickest SFN layers showed the slowest release behavior. The as-
sembly of HUVECs exhibited concentration-dependence, where the
highest amount of vascular-like structures appeared in the DFO-laden
8

scaffold group without the SFN layers. The HUVECs were then cultured
in the different scaffolds for 35 days and the expression of HIF-1α and
vascular endothelial growth factor (VEGF) were measured (Fig. 3D and
E). Due to the various DFO release behaviors, dynamic expression of
HIF-1α and VEGF occurred. Peak expression of HIF-1αwas found for cells
cultured in the SF/HA-DFO-R and SF/HA-DFO-A5 scaffolds at day 7,
while the cells in the SF/HA-DFO-A10 and SF/HA-DFO-A15 scaffolds had
the highest level of expression of HIF-1α at days 21 and 35, respectively.
The expression of VEGF was also dynamic, where HUVECs showed the
highest expression level at days 7, 21 and 35 when cultured in the
SF/HA-DFO-R, SF/HA-DFO-A10 and SF/HA-DFO-A15 scaffolds, respec-
tively. The in vitro angiogenesis results confirmed that the aligned SFN
layers were an effective regulator to control dynamic rates of vasculari-
zation in vitro based on morphology and growth rate of features.
3.4. In vitro osteogenic differentiation of BMSCs in composite scaffolds

HA nanoparticles were introduced to the silk scaffolds and hydrogels
to improve osteogenic capacity [27,41,48]. Based on our previous
studies, the ratio of HA in all the scaffolds was maintained at 40 wt%
before silk nanofiber layer formation to provide the optimal osteogenic
cues [5,27]. Multiple groups revealed that the loaded DFO stimulated
osteodifferentiation of bone mesenchymal stem cells (BMSCs) with
improved expression of osteogenic genes (Fig. 4 A-H). In comparison
Fig. 3. In vitro vascularization capacity of the com-
posite scaffolds: (A) Images of the endothelial network
formation of HUVECs when the cells were cultured
with scaffolds for 6 and 24 h. (B) Tube length quan-
tification from different regions. (C) Total mesh area
calculated from different scaffold groups. (D) HIF-1α
and (E) VEGF expression from HUVECs when the cells
were cultured for 7, 21, and 35 days. The data were
evaluated with ELISA. Data presented as mean � SD,
n ¼ 3, error bars indicate SD, p-values calculated
using one-way ANOVA with Sidak's multiple com-
parison tests, *p < 0.05, **p < 0.01, and ***p <

0.001. NS means no statistical difference (P > 0.05).



Fig. 4. In vitro osteogenic differentiation of BMSCs
on the different scaffolds: (A) alkaline phosphatase
activity, (B) mRNA levels of RUNX-2-related tran-
scription factor, (C) osteocalcin, and (D) calcium
quantification of BMSCs on day 3, 7, 14, and 21. (E)
Western blot results of RUNX-2 on day 7, and (F)
Western blot results of OCN on day 21. (G) and (H)
The expression of RUNX-2 and OCN calculated from
the Western blots. Data presented as mean � SD, n ¼
3, error bars indicate the SD, p-values calculated using
one-way ANOVA with Sidak's multiple comparison
tests, *p < 0.05, **p < 0.01, and ***p < 0.001. NS
means no statistical difference (P > 0.05).
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with DFO-free SF-HA composite scaffolds, BMSCs exhibited significantly
higher expression of alkaline phosphatase (ALP), Runx-2 and osteocalcin
(OCN) and higher content of calcium in the cells, confirming the stimu-
lation capacity of DFO in terms of osteodifferentiation (Fig. 4 A-D). The
controllable sustained release of DFO further optimized osteogenic ca-
pacity, with increased osteogenic gene expression for BMSCs following
decreased DFO release rate in the DFO-laden scaffolds, peaked in
SF/HA-DFO-A10 scaffolds and decreased in the SF/HA-DFO-A15 scaf-
folds with the slowest DFO release. Western blots confirmed that the
most significant osteodifferentiation was achieved for the BMSCs in the
SF/HA-DFO-A10 scaffolds (Fig. 4 E-H). The results indicated that an
optimal DFO release behavior stimulated the osteodifferentiation.
3.5. In vivo bone regeneration

A rat femur defect model was filled with different composite scaffolds
to assess the influence of different angiogenic and osteogenic features of
the scaffolds on bone repair in vivo. No death or infection occurred in the
rats after scaffold implantation for 12 weeks. Micro-CT images showed
different healing rates (Fig. 5 A-E). The control group remained a sig-
nificant void after 12 weeks, indicating inferior healing capacity.
Significantly faster tissue regrowth in the peripheral area of the defect
was achieved when the different SF-HA composite scaffolds were
9

implanted. The introduction of DFO and the control of DFO release
behavior further improved regeneration of bone tissue. In comparison
with SF/HA-R composite scaffolds, the bone volume/total volume ratio
(BV/TV) increased from 52% to 78% after 12 weeks (Fig. 5 B). Similar
trends occurred for bone mineral density (BMD) and trabecular thickness
(Tb.Th) (Fig. 5C,E) in the different groups where the best values were
achieved for the defects treated with SF/HA-DFO-A10 scaffolds. The
trabecular separation values (Tb. Sp) further confirmed the densest new
bone tissues in the defects filled with the SF/HA-DFO-A10 scaffolds.
Better osteoid tissue healing occurred through the tuning of DFO release
with SFN layers. As expected, the defects treated with SF/HA-DFO-A10
scaffolds with best osteogenic capacity in vitro had the highest healing
rate in vivo, with above 98% of the defects closed after 12 weeks post-
implantation, superior to that of the other scaffolds.

The new bone tissues were collected and stained with hematoxylin
eosin (HE) after 2, 4, 8 and 12 weeks to confirm regeneration (Fig. 6 A-D,
G). The best tissue ingrowth was achieved in the SF/HA-DFO-A10 group
(Figure S5), which was consistent with the micro-CT results. All of the
DFO-laden scaffolds showed better vascularization than the DFO-free
scaffolds, and the dynamic regulation of DFO release resulted in
different levels of vascularization for the scaffolds containing the same
amount of DFO. The best early vascularization at 2 and 4 weeks was
achieved for the SF/HA-DFO-A10 scaffolds that stimulated the highest



Fig. 5. Micro-CT images and micro-architectural analysis of new bone at defect sites treated with different composite scaffolds: (A) 3D reconstructed images of defect
sites at 4 and 12 weeks after implantation. (B) Bone volume/total volume ratio (BV/TV). (C) Bone mineral density (BMD). (D) Trabecular separation (Tb. Sp). (E)
Trabecular thickness (Tb. Th). Control defects filled with PBS solution. The other groups were filled with the different composite scaffolds. Data presented as mean �
SD, n ¼ 3, error bars indicate SD, p-values calculated using one-way ANOVA with Sidak's multiple comparison tests, *p < 0.05, **p < 0.01, and ***p < 0.001. NS
means no statistical difference (P > 0.05).
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VEGF and HIF expression of HUVECs at 3 weeks in vitro. After 8 weeks,
the highest level of vascularization was found in the defects treated with
the SF/HA-DFO-A15 scaffolds that induced the highest VEGF and HIF
expression of HUVECs at 5 weeks in vitro. The results indicated improved
angiogenesis with the SFN layers as regulators of DFO release kinetics,
which then resulted in different levels of bone regeneration. At 4 weeks,
significant vacant areas maintained at the defects treated with the control
group, while new tissues occupied all the defects for the SF/HA-DFO-A10
samples. HE staining also showed different compositions of new tissue in
the samples. After 12 weeks post-implantation, more mature bone tissues
were regenerated in the defects treated with the SF/HA-DFO-A10 scaf-
folds, confirming superior bone regeneration.
10
To further evaluate the angiogenesis in the scaffolds, the collected
sections from different samples after 4 and 8 weeks post-implantation
were stained with CD31 and α-smooth muscle actin (α-SMA) to visu-
alize angiogenesis (Fig. 6 E-F,H). Although the fluorescence signal of
CD31 were weak in all the samples, the α-SMA stained with green
showed clear tubular structure of blood vessels to clarify the angiogenesis
changes in bone regeneration process. Higher numbers of vessels
appeared in the defects treated with the DFO-laden scaffolds, confirming
the stimulation by DFO. Similar to the HE results, the highest angio-
genesis density in the defects emerged in the SF/HA-DFO-A10 samples
after 4 weeks and then in the SF/HA-DFO-A15 samples after 8 weeks.
Several studies have suggested that long-term vascularization facilitated



Fig. 6. Neovascularization in the defects: (A–D) H&E staining images of defects treated with different composite scaffolds at weeks 2, 4, 8 and 12 after surgery. Black
arrows point to blood vessels, SC indicates implant material, HB means host bone and NB shows newly formed bone. (E, F) The expression of the critical factors relative
to the process of angiogenesis at the defects after scaffold implantation for 4 and 8 weeks. CD31 was stained red while α-smooth muscle actin positive cells were
stained green. (G) Quantification of vessel number calculated from the images (A–D). (H) Quantification of vessel number calculated from the images (E–F). The
control represented the defects filled with PBS solution. The other groups were filled with different composite scaffolds. Data presented as mean � SD, n ¼ 3, error bars
indicate the SD, p-values calculated using one-way ANOVA with Sidak's multiple comparison tests, *p < 0.05, **p < 0.01, and ***p < 0.001. NS means no statistical
difference (P > 0.05).
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bone regeneration [49–51]. Through tuning the sustained release of DFO
with the SFN layers, control of angiogenesis was achieved, providing
effective bone tissue engineering.

The immunofluorescence staining of ALP was used to reveal osteo-
genic behavior inside the scaffolds at early stages (week 2) (Fig. 7 A,E)
[52]. All the DFO-laden scaffold groups exhibited higher ALP expression
than the DFO free group and the control group, confirming that the DFO
enhanced osteogenic outcomes. Interestingly, significantly higher
11
expression of ALP was achieved by tuning the DFO release. Although the
scaffolds contained the same amount of HA and DFO, the best ALP
expression (SF/HA-DFO-A10 sample) was about three times higher than
that in the DFO-laden scaffolds without the SFN layers, indicating the
critical role of optimal DFO release in the process and outcomes. Based on
the in vitro and in vivo results, we anticipated that suitable DFO release
behavior inside the scaffolds provided a desirable niche to co-orchestrate
angiogenesis and osteogenesis, surpassing the single stimulation cues



Fig. 7. Quality of regenerated bone in the defects: (A) ALP expression from the tissues grown inside the different composite scaffolds at 2 weeks after surgery. (B)
Masson's trichrome staining of the defects treated with different composite scaffolds at 12 weeks after surgery. NB shows new bone formation and MB shows mature
bone. (C–D) OPN expression in the defects treated with different composite scaffods at 4 and 8 weeks after surgery. (E) Quantification of ALP activity calculated from
images (A). (F) Quantification of the expression of OPN calculated from images (C–D). (G) Quantification of the mature bone calculated from images (B). Control
defects filled with PBS solution. The other groups were filled with the different composite scaffolds. Data presented as mean � SD, n ¼ 3, error bars indicate SD, p-
values calculated using one-way ANOVA with Sidak's multiple comparison tests, *p < 0.05, **p < 0.01, and ***p < 0.001. NS means no statistical difference (P
> 0.05).
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from DFO and HA. The regenerated bones at the defects were evaluated
based on immunofluorescence staining of OPN (Fig. 7 C-D,F), typical
marker of mature bones. After 4 and 8 weeks, the highest OPN expression
also appeared in the SF/HA-DFO-A10 group that had the best osteoge-
nenic capacity in vitro. The quality of the new bone tissue after 12 weeks
was also studied through masson's trichrome staining (Fig. 7 B,G). The
vacant areas decreased gradually in the control, SF/HA-R, SF/HA-DFO-R,
and SF/HA-DFO-A5 groups, and were occupied completely by new bone
tissue in the SF/HA-DFO-A10 and SF/HA-DFO-A15 groups. Besides faster
filling of the defects, richer collagen deposition and a higher ratio of
mature bone was achieved in the SF/HA-DFO-A10 group, confirming the
best regeneration quality for this composition.

4. Conclusions

Silk nanofiber layers were utilized to regulate the release behavior of
DFO from silk-HA composite scaffolds. The thickness of the layers was
regulated by changing the treatment time in the electrical field to control
the coating layers, which in turn modulated the release behavior of DFO.
Both angiogenenic and osteogenic properties of the scaffolds were opti-
mized in the composite scaffold systems, achieving bone repair. Faster
12
and better bone regeneration occurred in the composite scaffolds with
angiogenesis and osteogenesis features maximized for both outcomes.
The results suggest that bioactive bone matrices with optimized vascu-
larization inducement can provide a niche for improved bone
regeneration.
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