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Abstract

Artificial bioactive materials have received increasing attention worldwide in clinical orthopedics to repair bone
defects that are caused by trauma, infections or tumors, especially dedicated to the multifunctional composite effect of
materials. In this study, a weakly alkaline, biomimetic and osteogenic, three-dimensional composite scaffold (3DS) with
hydroxyapatite (HAp) and nano magnesium oxide (MgO) embedded in fiber (F) of silkworm cocoon and silk fibroin
(SF) is evaluated comprehensively for its bone repair potential in vivo and in vitro experiments, particularly focusing
on the combined effect between HAp and MgO. Magnesium ions (Mg?*) has long been proven to promote bone tissue
regeneration, and HAp is provided with osteoconductive properties. Interestingly, the weak alkaline microenvironment
from MgO may also be crucial to promote Sprague-Dawley (SD) rat bone mesenchymal stem cells (BMSCs) proliferation,
osteogenic differentiation and alkaline phosphatase (ALP) activities. This SF/F/HAp/nano MgO (SFFHM) 3DS with superior
biocompatibility and biodegradability has better mechanical properties, BMSCs proliferation ability, osteogenic activity
and differentiation potential compared with the scaffolds adding HAp or MgO alone or neither. Similarly, corresponding
meaningful results are also demonstrated in a model of distal lateral femoral defect in SD rat. Therefore, we provide a
promising 3D composite scaffold for promoting bone regeneration applications in bone tissue engineering.
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Introduction 'The First Affiliated Hospital of Hainan Medical University, Haikou,

Hainan, China

Bone defects caused by various diseases are common
problems in clinical orthopaedics. To solve the problem, a
variety of bone substitutes have been developed,' in par-
ticular, the application of bioactive 3DS for bone regenera-
tion has received increasing attention. Among these
materials, hydrogels inlayed with different bioactive metal
and metal oxide nanoparticles, such as the compounds of
Mg, Zn, Fe, Ti, Si and Sr element,” have become research
hotspots as they eventually can be absorbed or decom-
posed by newly formed bone tissue without foreign body
rejection and secondary surgery.®’ These biomaterials can
be filled via minimally invasive injections to the bone
irregular defect site and can be arbitrarily deformed to fit
the shape of the defect site, while releasing bioactive ions
that promote bone regeneration.®® Unfortunately, current
research on additional biomaterials, such as injectable
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PLGA microspheres, nanocomposite hydrogels, double-
network hydrogels, silk fibroin/hydroxyapatite scaffolds,
and silk fibroin/carboxymethyl chitosan nanocrystal scaf-
folds, indicates that these biomaterials suffer from rapid
degradation, fast release of drugs, low mechanical strength
or local gas and acidic metabolites.!*"'3 Therefore, efforts
are being made to address the above challenges with tradi-
tional biomaterials.

An ideal bone repair scaffold must have a structure and
composition similar to natural bone with biocompatibility,
high mechanical properties, and suitable degradability.'+1¢
Silk fiber (F), a tough and filamentous fiber, is obtained
after silkworm cocoon degumming. Silk fibroin (SF), a
natural macromolecular protein, is obtained by dissolving
and purifying the fiber by lithium bromide. Due to its bio-
compatibility, biodegradability and ease of manufacture,
SF has been considered a potential biomaterial carrier for
tissue regeneration.!” However, weak mechanical proper-
ties and poor osteoinductivity and osteoconductivity have
limited the application of SF in bone tissue engineering.'®!
Hydroxyapatite (HAp), the main component of bone inor-
ganic phase, is biocompatible without any inflammation
problem, which has been widely studied as a bone substi-
tute for its high bone osteoconductive properties®” and bone
regeneration ability.?!?> There have been many studies on
biomaterials combining SF and HAp in the regeneration of
bone defects, and these materials have been indicated to
enhance stereoscopic conformation, osteoconductivity and
surface roughness, which are conducive to the adhesion
and differentiation of BMSCs.?*2

Magnesium is one of the indispensable elements of an
organism and is involved in many physiological activities.
It can prevent osteoporosis, regulate immune function, and
play a protective role in the nervous system. Not surpris-
ingly, 50% of the body’s magnesium is stored in bone.?®
Moreover, Mg plays an important role in promoting the for-
mation of HAp crystals, mineral calcification deposition,
and increasing bone cell adhesion, proliferation and differ-
entiation.?”?® It could also enhance bone tissue growth and
promote local blood perfusion.?’ However, high Mg ions
levels could inhibit osteoblast activity and cause bone dis-
ease.’’ Pure magnesium has been limited in terms of
research and clinical applications in orthopaedics because
of its fast degradation under physiological conditions,
releasing hydrogen gas into the surrounding fluid environ-
ment.3! To address this problem, here, nanometer magnesia
(Mg0)*** were dispersed within multi-layer porous 3D
scaffolds composed of SF and F. MgO is odourless, non-
toxic, small in particle size, large in specific surface area,
and high in hardness. It is an alkaline oxide that combines
with water to form magnesium hydroxide under certain
conditions, which are slightly alkaline. The pH, a common
physical and chemical characteristic of the microenviron-
ment around scaffold materials surfaces, can affect the sur-
vival state of BMSCs directly. It has been reported that the
local microenvironment formed by biomaterials plays an

important role in the behavior of bone cells and thus affects
the formation of new bone.** An acidic extracellular micro-
environment is one of the factors that results in tumors or
inflammatory responses of cells.>® Nevertheless, some
studies have demonstrated that a weak alkaline microenvi-
ronment can stimulate osteoblast differentiation while sup-
pressing osteoclast generation and promoting osteoblast
survival to promote the nucleation of apatite.>*” With an
increase in pH from 7.4 to 8.5, the activity of alkaline phos-
phatase (ALP) can be improved significantly.3¥3? The weak
alkaline microenvironment created by biomaterials may be
an effective strategy to improve osteogenic activity and
markers of osteoblast differentiation.

In this study, the SF internal structure is crosslinked by
ultrasonication to form a gel, and F with a network struc-
ture can provide a skeleton or condensation nuclei. MgO is
selected to be embedded in an SF/F 3D scaffold because
MgO can release magnesium ions and create a local weak
alkaline micro-environment. With the increased or
decreased MgO content, the alkalinity range of the scaf-
fold will change accordingly. As a reflection of potential
biological activity, mineralized HAp usually deposite on
the interior and surface of SF/F/MgO scaffold* in a bio-
inspired fashion, which can significantly improve the
mechanical properties of the scaffold. MgO and HAp are
encapsulated inside the scaffold, and this structure further
realizes the slow release of MgO. Therefore, a suitable
magnesium ion release concentration and weak alkaline
microenvironment are guaranteed. The scaffold is evalu-
ated in vitro regarding its physical and chemical proper-
ties. Then, the adhesion, proliferation and differentiation
of SD rat BMSCs are evaluated. At last, the scaffold is
tested in vivo for a femoral defect model in SD rats, and
bone regeneration is evaluated 4, 6 and 8weeks after
implantation. The results in vitro and in vivo showed that
SFFHM scaffold has unique physicochemical and biologi-
cal properties, and it can trigger osteogenic differentiation
and accelerate bone regeneration. The purpose of this work
is to fabricate a 3D multi-functional bone regeneration
scaffolds using simple methods (consisting of silk fibroin,
silk fiber, hydroxyapatite and nano magnesium oxide)
with beneficial properties of each individual added com-
ponent, providing a superior scaffold for bone tissue engi-
neering. The composition of each type of scaffold is shown
in Table 1; the entire preparation and application strategy
is described in Scheme 1.

Materials and methods

Preparation of silk fibers and silk fibroin

Silk fibroin was obtained from bombyx mori silk cocoons
sourced from HaiNan Medical University (Hainan, China)
following a previously reported protocol.*' Briefly, 10 g
silkworm cocoons was cut into pieces and added to 2.0L
boiling aqueous solution of 0.02M sodium carbonate
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(Na,CO,) (Sigma-Aldrich) to remove sericin for 1h, and
new Na,CO, solution was added gradually as it boiled.
Silk fibers were obtained after being thoroughly rinsed
with deionized water and dried completely in a 65°C oven.
The degummed silk fibers were dissolved in 9.3 M lithium
bromide (LiBr, Sigma-Aldrich) solution at 60°C over-
night. After that, the solutions were dialyzed with a cellu-
lose dialysis membrane (7000 Mw, Thermo, USA) for 72h
to obtain a pure aqueous silk solution and then centrifuged
at 12000 rpm for 15 min to remove impurities. The obtained
SF solution was frozen at —80°C for 4-6 h and then lyophi-
lized to obtain an SF sponge.

Fabrication of SFF-HAp-MgO composite
scaffolds
To synthesize the SFF/HAp/MgO (SFFHM) scaffold,

MgO (=50nm particle size, Sigma-Aldrich, USA) at
different (0, 1, 3, and 5) wt.% and 3 wt.% silk fibers were

Table |. Abbreviations of different samples and the
descriptions of corresponding composition.

blended to normal saline solution containing 10wt.% SF
and stirring continuously. After mixing evenly, the SF was
cross-linked by ultrasonication for 60seconds, and the
power was 150 watts. The resulting crosslinked mixture
was transferred into a 48-well plate and frozen at —80°C
for 24h followed by vacuum freeze-drying for 36h. The
HAp were gradually deposited in the as-prepared scaffolds
by stirring evenly in the mineralized solution which con-
sisted of 0.5 M CaCl, (Solarbio, English) and 0.2M
Na,HPO, (Solarbio, English) for 6 h at 37°C. The wet com-
posite scaffolds were frozen at —80°C for 24 h, followed by
lyophilization again. Other groups scaffolds were synthe-
sized by following the above procedure without the addi-
tion of corresponding ingredients. Finally, the prepared
composite scaffolds were sealed with silicone desiccant.
(According to the cell activity test results below of the
composite scaffolds with different contents of MgO, we
selected 1 wt.% MgO in the composite scaffold as the opti-
mal ratio, which was used in all other experiments of this
manuscript).

Surface morphology and conformation

Name of Descriptions of corresponding composition properties
samples ) . ) )
Scanning electron microscopy (SEM; Hitachi, H-7500,
SF Silk fibroin lyophilized scaffold Japan) was used to evaluate the surface morphology and
SFF Or!g!nal scaffold °f SF with silk ﬁ'?‘f" architecture of composite scaffolds. Briefly, cross-sec-
SFFH Original scaffold with HAp deposition . tioned scaffolds after lyophilization were sputter-coated
SFFM Original scaffold with nano MgQ incorporation (it o]d. The samples were imaged at an operating volt-
SFFHM ggf;nfrzli?;fndd with HAp and nano MgO age of 5.0 kV. Fourier Transform Infrared (FTIR; Nicolet,
P Madison, WI) analysis was used to evaluate the protein
*u
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Scheme |. Schematic illustration of the SFFHM scaffold preparation, the effects on BMSCs and the expression of related markers

in situ new bone tissue.
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secondary conformation, sample purity and the effect of
HAp on sample conformation in the range from 4000 cm ™!
to 400cm L.

Porosity and swelling estimation

The porosity of all scaffolds, which were cut into equal
volumes (10 mm diameter X 5 mm height), was evaluated
by using a liquid displacement method.* Briefly, the pre-
pared dry scaffolds were placed in a determined volume
(V1) of ethanol for 10 min for voids to be filled completely.
The volume was recorded V2 after scaffold immersion.
After scaffold removal, the remaining volume of ethanol
was noted as V3. Porosity was calculated according to the
following equation:

Scaffold Porosity (%) = [(VI—V3)/(V2—V3)] x100

The water retention ability of scaffolds was evaluated
using a conventional gravimetric procedure. The lyophi-
lized scaffolds were weighed and recorded (Wi) followed
by immersion in phosphate buffered saline (PBS, pH =
7.2, Gibco). At the predetermined time points, scaffolds
were carefully removed, the surface water was wiped with
filter paper, and the swollen weight (Ws) was recorded.
The swelling ratio was calculated using the equation:

Swelling Ratio (%) = (Ws-Wi)/Wi x100

Alkalinity measurements

To measure the pH of the microenvironment surrounding
samples surfaces, samples (0.05g each) were immersed
with Sml of PBS (pH 7.2) for various times at 37°C in
15ml centrifuge tubes. Then, at each time point, specifi-
cally 0, 3, 8, 12, 24, 48, 72, 120 and 168h, the pH of the
PBS immersion sample was measured via a pH meter
(FE28-FiveEasy Plus, METTLER TOLEDO, Switzerland).
Before each measurement, the solution was shaken to be
homogeneous, and the pH meter probe was placed approx-
imately 3mm above the sample surface. In addition,
throughout the pH measurement, the centrifuge tubes with
samples and liquid were never moved. Three parallel sam-
ples were detected to ensure the accuracy of the data.

In vitro degradation and Mg ions test

The degradation of the composite scaffolds were evaluated
by following procedure: Briefly, the scaffolds were
immersed in S5ml PBS (pH 7.2) containing 2 U/ml protease
X1V derived from Streptomyces griseus with an activity of
3.5U/mg (Sigma-Aldrich, USA) and incubated at 37°C.*
Enzyme solution was replaced at each time point with
freshly prepared solution. All samples were equally
weighed (0.05g), and the initial weight was recorded as
W,. After each incubation period, the scaffolds were put in

an oven to dry. The dry weights of each sample were noted
as (W,). The degradation percentage of weight remaining
was calculated by using the following equation:

Weight remaining (%) = (Wd/WO) x100

2mL degradation solution was collected for each sam-
ples at0, 3,7, 14, 21, 28, and 42 days, and fresh enzyme-
containing solution (2mL) was replenished. The release
of Mg ions was determined by inductively coupled
plasma mass spectrometry (ICP, Agilent 710, California,
USA). The typical standard curves for Mg ions were con-
structed by using known Mg ion contents for reference.
This curve was used to calculate the amount and cumula-
tive amount of Mg ions released at each time point. Three
parallel measurements of each group were conducted for
averaging.

Mechanical properties

The mechanical properties of scaffolds were studied using
a Universal Testing Machine (UTM, Instron 3343, USA)
fitted with a 1000N load cell. Compression tests of the
spare freeze-dried scaffolds samples were conducted at
room temperature. For recording, displacement control
mode was used with a crosshead displacement rate of
2 mm/min until the deformation reached 95% of the sam-
ple following the ASTM standard for compressive proper-
ties of rigid cellular plastics. The compressive stress-strain
curves were plotted, and the compressive modulus was
determined for each sample using Origin 2018 software.

Cell culture

Sprague-Dawley (SD) rat BMSCs, complete medium and
the medium for osteogenic induction and differentiation
were purchased from Cyagen Biosciences (USA). The cells
were maintained in o-modified Eagle’s medium (o-MEM)
supplemented with 10% foetal bovine serum (FBS), 1%
penicillin-streptomycin and 1% glutamine. The cell incuba-
tor was maintained at 37°C under saturated humidity with
5% CO,. Inductive medium, which was used to study oste-
ogenic differentiation, was made from 175ml culture
medium to which 20ml FBS, 2ml B-sodium glycerophos-
phate, 2ml glutamine, 2 ml penicillin-streptomycin, 400 ul
ascorbic acid, and 20 pl dexamethasone were added. Media
were refreshed every 2days in all cases. Before contact
with BMSCs, scaffolds of each group were sterilized by
exposure to ultraviolet light for 24 h, and the scaffold soak-
ing solution (0.1 g scaffold:1 ml PBS) was filtered through
a 0.22 um microporous membrane.

Cell viability

The BMSCs metabolic activity within scaffold soaking
solution (10% of the mixed medium) of SFF/HAp with
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MgO at different content (0, 1, 3 and 5) wt.% and PBS
(control) was evaluated by 3-2,5-diphenyltetrazoliumbro-
mide (MTT, Sigma-Aldrich, USA) assay after 24, 48, and
72h of cell culture. At each experimental time point, the
samples were washed with 1X PBS, and 100pL cell
medium with MTT solution (5 mg/ml stock in PBS, Sigma-
Aldrich, USA) was added and incubated at 37°C and 5%
CO, for 4h. Then, 150puL dimethyl sulfoxide (DMSO,
Sigma Aldrich, USA) was used to replace the medium and
to solubilize the formazan crystals, which were oscillated
for 10 min at room temperature. The sample absorbance
was monitored at 570nm using a Synergy™ Mx mono-
chromator-based multi-mode microplate reader (Biotek
Instruments, Inc., USA).

Furthermore, BMSCs activity was evaluated within dif-
ferent acid-base microenvironments (pH 6.5, 7.0, 7.2-7.4,
8.0, 8.5, 9.0) in medium and the Control group with
medium at pH 7.2-7.4 (common medium). As described
above, the MTT assay was used to detect the OD value of
each group after 24 and 72 h of cell culturing.

BMSCs morphology, adhesion and proliferation
study

The morphology and adhesion of BMSCs on the scaffolds
were examined by scanning electron microscopy (SEM,
Hitachi, Japan). Sterilized scaffolds were cut into thin slices
(10mm diameter and 2 mm thickness), followed by incuba-
tion in complete medium for 1 h. BMSCs were seeded on the
surface of each sheet at a density of 1X10° cells. After 48h
of cell culture, the samples were washed for 1 min with PBS
and fixed by the addition of 2.5% glutaraldehyde for 2h.
After being washed three times for 15 min, the samples were
dehydrated at increasing concentrations of ethanol solution
(30%, 50%, 70%, 80%, 90% and 100%) for 15 min each and
then dried. The specimens were fixed on a sample holder for
observation after conventional coating with a gold film.

Live and dead cell staining. To visualize cell adhesion
and proliferation on scaffolds cut into a 10 mm diameter and
I mm thickness after culturing for 48h and 72h, live cells
were stained with Calcein-AM (green), and dead cell nuclei
were stained using propidium iodide (PI) (red) according to
the manufacturer’s instructions. Briefly, Sul Calcein-AM
solution (2mM) and 15 ul PI solution (1.5 mM) were added
to Sml 1 X assay buffer and mixed well to prepare working
fluid in the dark. After aspirating the medium, 500 pl work-
ing fluid was added per well and incubated at 37°C. Cell
proliferation was imaged using a fluorescence microscope
(Nikon, Japan), and Image-pro software was used to meas-
ure cell spreading and the proliferation area.

BMSCs osteogenic differentiation

To evaluate the osteogenic differentiation of BMSCs in
osteogenic differentiation medium containing the scaffold

soaking solution (10% v/v), alizarin red S (ARS) staining,
ALP staining, ALP activity and osteocalcin (OCN) immu-
nofluorescence staining were measured.

ARS staining was imparted to examine the presence of
mineralized nodules which reflected the extent of mineral
deposition during BMSCs culture. When cultivating to
2weeks, cells were fixed with 4% paraformaldehyde for
30min and washed three times for 3 min, followed by
staining with 1 ml/well ARS staining solution for 10 min at
37°C and imaging using a fluorescence microscope
(Nikon, Japan). To take an appropriate amount of samples
before and after each use of the mixed culture solution,
10% cetylpyridinium chloride was added to the samples
and measure their absorbance (570nm), and calculating
the difference between the absorbance before and after
each use. This difference was cumulatively subtracted
from raw samples (SFFH and SFFHM) to exclude calcium
interference of HAp. The quantitative analysis of depos-
ited calcium nodules was estimated through cetylpyridin-
ium chloride treatment. As before, the absorbance of
desorbed calcium ions was measured by a micro-plate
spectrophotometer (Thermo Scientific, USA) at 570 nm.

ALP activity was qualitatively estimated by ALP stain-
ing. BMSCs were seeded in 6-well cell-culture plates at a
density of 1 X 10° cells/mL. After 7d and 14d of culture,
cells were fixed in 70% ethanol, and a BCIP/NBT alkaline
phosphatase reagent kit was used according to the manu-
facturer’s instructions. Under alkaline phosphatase cataly-
sis, BCIP is hydrolyzed to produce a highly reactive
product that will react with NBT to form insoluble dark
blue to bluish-purple NBT-formazan. The bluer and greater
the product is, the higher the activity of alkaline phos-
phatase, and vice versa. Image-pro software was used to
measure the colored areas of ALP.

In addition, for quantitative analysis of ALP activity,
the cell culture programme and density were the same as
those described above. After 3d, 7d and 14d of culture,
the quantitative analysis of ALP activity was determined
by using an ALP Assay Kit (Beyotime). The cell culture
medium was aspirated and washed twice with PBS, 200 uL.
of cell lysis buffer for Western and IP without inhibitors
(Beyotime) was added to each well, and the cells were
lysed at 4°C for 15 min. Then, all lysis buffers with lysed
cell were centrifuged at 4°C, and supernatants were col-
lected and reacted with para-nitrophenyl phosphate (pNPP,
Beyotime) for 30 min at 37°C to generate p-nitrophenol.
At the end of the reaction, the concentrations of p-nitro-
phenol (c(p-nitrophenol)) were measured by an enzyme-
labelling instrument at 405nm. The total protein amount
(c(total proteins)) of the cell lysate was determined by the
BCA protein assay method. The quantitative results of
alkaline phosphatase activity were calculated by c(p-
nitrophenol):c(total proteins), and the obtained data were
normalized to the blank control data to obtain the relative
ALP activity data of each group.
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OCN protein, a specific marker of osteogenic differen-
tiation, was examined using immunofluorescence staining.
After 21d, the BMSCs were fixed with 4% paraformalde-
hyde for 10 min at room temperature. After washing with
PBS 3 times and incubating with 0.5% Triton X-100
(Sigma-Aldrich) for 15min, the cells were incubated with
5% bovine serum albumin (BSA, Generay, Shanghai,
China) for 1h at 37°C in an incubator and then with pri-
mary mouse monoclonal OCN antibody (1:200 dilutions)
overnight at 4°C, followed by incubation with Alexa
Fluor488-conjugated donkey polyclonal secondary anti-
body to mouse (1:1000, Abcam, Cambridge, MA). Finally,
the nuclei were stained with 4',6-diamidino-2-phenylin-
dole (DAPI; Solarbio, China) and fixed on a glass slide in
the dark. The slides were observed by a fluorescence
microscope (Nikon, Japan). Quantitative analysis of OCN
protein expression was performed using ImagelJ software.

SD rat femoral defect model

The male SD rats with a weight of approximately 200g
were supplied by the Animal Experiment Center of Hai
Nan Medical University in compliance with all regulatory
guidelines. These rats were randomly divided into five
groups of 10 rats each (total 50 animals), and anaesthetised
by intraperitoneal injection of chloral hydrate (0.3 m1/100 g).
After the right legs were shaved and sterilized, surgical
incision and bone exposure were performed around the lat-
eral epicondyle on femurs, and a defect 3 mm in diameter
and 3mm in depth was created using a hand-drill under
continuous saline buffer irrigation. Thereafter, scaffolds in
each group that were cut into a suitable shape were
implanted into the prepared holes. For the blank control
group, the same defects were created without any treat-
ment, and the wound was sutured layer by layer. The ani-
mals were free to obtain water and food after surgery. All
animal procedures were approved by the Animal Ethics
Committee of Hainan Medical University.

Micro computed tomography (micro-CT)
scanning analysis

After scaffold implantation for 4, 6, and 8 weeks, five SD
rats per group at each time point were scanned by a micro-
CT system (Skyscanl176, Bruker, Germany). The scan-
ning parameters were set at an energy source of 70kV and
110 nA using Al Imm filter with a spatial resolution of
18 um. A cylinder region of interest (ROI) of 3mm in
diameter and depth at the bone defect area was selected
and reconstructed by a CT-analyser. Ninety axial images
within a range of 3 mm depth were reconstructed into a 3D
image with grey threshold of 50-255, and 2D slice analy-
sis was conducted in Data Viewer (Skyscan Germany).
Thereafter, the bone tissue volume density (BV/TV, %),
bone mineral density (BMD, mg/cm?®), and trabecular

number (Tb.N, mm™!) in the ROI of bone tunnel were eval-
uated in the CTAn program (Skyscan, Germany).

Histological analysis

At 4 and 8weeks post-operation, five SD rats per group
were sacrificed respectively by overdose anesthesia, and
the right femurs were collected and fixed in 4% phosphate-
buffered paraformaldehyde solution for 48 h. The retrieved
rat femurs of each group were processed for histological
analysis. Briefly, the specimens were decalcified in ethyl-
enediaminetetraacetic acid (EDTA). After dehydration in a
graded ethanol series, the specimens were cleared in
xylene and embedded in paraffin. Then, the paraffin was
cut into 7 um thick microsections for routine histological
assessments with haematoxylin and eosin (H&E) (Solarbio,
English) and Masson’s trichrome staining (MTS) (Solarbio,
English). Immunofluorescence staining for Col-I and
immunohistochemical staining for ALP, collagen-I (Col-I)
and OCN were performed for histological examination,
and the sections were analyzed under an optical micro-
scope (Nikon ECLIPSE 801, Japan). The primary antibod-
ies were anti-Col-I (Abcam, USA, ab34710), anti-ALP
(Abcam, USA, ab95462) and anti-OCN (Abcam, USA,
ab13420). Quantitative analysis of the expression of the
above indictors was performed using Image-pro software.

Statistical analysis

All experiments were performed at least in triplicate, and
data represented the mean * standard deviation unless
otherwise stated. Data were statistically processed using
one way analysis of variance (ANOVA) to assess signifi-
cant differences amongst various groups followed with a
Tukey test. p<<0.05 was considered significant, p <0.01
was considered highly significant.

Results

Morphological analysis and conformation
characteristics

Figure 1(a) to (e) shows the typical SEM images of the
composite scaffolds and their corresponding components.
SEM images revealed irregular porous and interconnected
cubical structure within scaffolds. Compared to the pure
SF scaffolds, the SFF scaffolds demonstrated more com-
pact pore-like structures, as adding silk fibers provides a
bracket structure for the material internal space. It is worth
noting that adding MgO does not affect the smooth mor-
phology of SFF scaffolds, which further confirms uniform
blending of MgO in the scaffolds, but the porosity
decreases somewhat. The addition of HAp to the SFF scaf-
folds or the simultaneous addition of MgO reduced the
porosity of the material, and the surface morphology
became slightly rough.
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Further, the protein secondary conformation and the
effect of HAp addition on sample conformation were eval-
uated by FTIR spectroscopy. Pure silk fibroin as well all
the composite scaffolds showed adsorption bands at
approximately 1655c¢cm™ (amide I) and 1508 cm™ (amide
IT), and the shoulder at 1248 cm™' confirmed the B-sheet is
the main secondary conformation (Figure 1(f)). The peaks
at 1033cm ! were assigned to P-O bending of phosphate
group (PO4%), suggesting the existence of HAp, and the
intensity decreased seriously with the incorporation of
SF/F owing to HAp adsorption on the scaffolds surface.
However, the addition of MgO micro particles did not
cause structural conformation modifications to SFFHM.

Porosity and water retention ability of scaffolds

Some researchers reported that the porosity ranges between
40 and 90% for various biomaterials, promoting bone cell
adhesion of the implant and osteoinduction.** The porosity
of scaffold is proportional to the surface area. Therefore,
designing scaffolds provides a large surface area leading to
cellular attachment, growth and proliferation.* The aver-
age porosities of SF, SFF, SFFH, SFFM and SFFHM were
calculated to be 93.05 = 2.71, 84.87 = 10.00, 58.95 +
7.64, 71.51 £ 12.24 and 57.28 = 8.30%, respectively
(Figure 2(a)). We observed that the porosity of SFFH and
SFFHM scaffolds were demonstrated a decrease, owing to
the fact that HAp and MgO were deposited on the surface
of SF and in the F grid, however, the porosity of the two
was similar. In turn, the slow release of HAp and MgO can
further increase the porosity of the scaffolds with the deg-
radation of SFF.

The SFFHM composite scaffold showed a significantly
reduced swelling ratio when immersed in PBS (pH 7.2)
relative to pure SF and other groups without HAp or MgO,
or neither. The scaffolds swelled gradually and reached
equilibrium in approximately 50min after immersion in
PBS. The swelling ratios of the pure SF scaffolds without
HAp deposition and MgO were nearly 1.6 times those of
the SFFHM scaffolds (Figure 2(b)). Moreover, other scaf-
folds with fiber reinforcement (SFF, SFFH, SFFM) showed
lesser swelling compared to the pure silk fibroin scaffolds.
These results indicate that the larger the porosity, the
greater the swelling rate, and vice versa.

Alkalinity of the microenvironment

The pH values of solutions used to immerse various sam-
ples for 0, 3, 8, 12, 24, 48, 72, 120, and 168 h were meas-
ured, and the results are shown in Figure 2(c). The initial
pH value of all groups was approximately 7.2. After 3h of
soaking at 37°C, the pH values of SF, SFF and SFFH
groups were slightly decreased to 6.86, 6.93 and 6.97,
respectively. However, the pH values of the SFFM and
SFFHM groups increased to 7.45 and 7.41, respectively.
With prolonging the time to 24h, the pH value of the SF

group changed to 6.87, and the pH values of the SFF and
SFFH groups slightly decreased to 6.91 and 6.96, respec-
tively, while the pH value of the SFFM groups sharply
reached the peak of 8.36, and the SFFHM groups reached
7.94 with a subsequent peak of 7.94 at 48 h. The pH values
of the SFFM and SFFHM groups decreased to 7.37 and
7.69 after 72h, respectively, and then the pH slowly
changed. Nevertheless, the pH values of the SF, SFF and
SFFH groups fluctuated smoothly in the ranges of 6.77—
6.79, 6.66—6.83 and 6.72—6.87 after 24 h, respectively. The
difference is likely resulted from the different dissolution
rates of various samples. The decrease in the pH value of
each group may be due to the dissociation of glycine (Gly),
alanine (Ala) and serine (Ser) after the SF of the scaffolds
was dissolved. For SFFM and SFFHM samples, along
with the reactions below, the OH— accumulated on the
sample surface, increasing the local alkalinity. Compared
with SFFM, there was lower porosity on the SFFHM sam-
ple surface, which resulted in fewer active sites to react
with H,O. Therefore, more hydroxyl ions would accumu-
late on the SFFM surface, leading to faster and stronger
alkalinity in the early stage. However, the alkalinity of
SFFHM can maintain a stable state for a long time without
sudden release.
Reaction formula of MgO in PBS:

MgO +H,0 — Mg*"+20H"

According to the above results and analysis, we can
conclude that different pH microenvironments can be gen-
erated around various sample surfaces. However, the alka-
line microenvironments of SFFHM scaffolds would be
better for cell activity than those of SFFM scaffolds.

Degradation behaviors and Mg?* release

The degradation of composite scaffolds was determined in
PBS with protease XIV. Protease XIV enzyme is known to
degrade fibroin crystalline structure.*® It was observed that
SF scaffold degraded more than 50% of its original weight
in 14days, followed by SFF, SFFM, SFFH and SFFHM
scaffolds (Figure 2(d)). The fasted degradation rates of all
scaffolds were within 14-21 d. However, SFFH and SFFHM
degraded to below average at 35% at 42 d. The results indi-
cated slowing down of the degradation rate following fiber
reinforcement and HAp deposition within silk scaffolds.
The rate of degradation is related to the porosity caused by
silk fiber and HAp addition. Therefore, the degradation rate
could possibly be tuned by manipulating the amount of HAp
deposition and silk fibers used as reinforcement.

During degradation in vitro, Mg ions were released
from composite scaffolds. Theoretically, the total Mg ions
concentration of completely dissociated MgO for the
0.05 g scaffold (containing 1wt.% MgO) soaked in 5ml
PBS with enzyme is 60 pg/ml. In general, the Mg ion accu-
mulation of SFFM and SFFHM increased in each group in



Wu et al.

(S = u ‘uedyIuBis 20U = sU ‘|00 > Dy ‘S0°0 > )

*suol 8| o 93euad.ad ased[a. dAERINWND) (}) PUB UOIIBIIUIIUOD SB[ dAIIB[NWNYD) (3) 'SP|OYedS snolieA jo djiyoad uonepeasaq (p) -ulod

awn snolieA Joy sajdwes Suisiawiwi Ja3ye uonn|os Sgd Jo anjea Hd (2) ‘spjojeds snoliea jo Ajiqeded uonuaiad Ja1epA (q) pue Aliso.od (&) “spjoyeds Jo suoneziisideieyd g 34nsi4

(sAep) awy asesjay
8¢ %4 142 L €

- L

(4) suny
ozl 08 (114 0

1 1 1 09

(sAep) awiy ases|ay
8¢ ¥4 vi

£ - -

T
o ©

T T T
Qo O o
N © U ¥ ® N

T T
o o

G (%) obejuadiad aseajas 6B

e’

(uw) awiy

06 09 0

o
“@© (lw/Bn) uonenuasuos By

Al

s ms

jes bu

(%) o

T
n
~N

(=
©

(a)

(sAep) awnp
t44 8¢ %4 141 L

i
o

(%) Bulurewas ssep

>
R A
-0
02
Loy
]
09 o
~
Log =
—— X
— 001
| IS |
*¥ ) 1
L ; su -0zl
su
| —




Journal of Tissue Engineering

——SF
——SFF

0 10 2'0 3‘0 4‘0 5.0 6‘0 7‘0 8'0 9‘0 1(‘)0
Compressive strain (Extension) (%)

(C) === Control
' 0%MgO-SFFH
= 1%MgO-SFFH
1.5q == 3%MgO-SFFH *kk
= 5%MgO-SFFH _*_**
1.2 ***ﬁ Kk kkk
£
S 0.91
K]
>
= 0.6
Q
o
0.3
0.0-

24 48 72
Time (h)

G

I *k% !
T 121 , * :
§, I¢l
2 10+ "
3 &
[]
£ 6
o -
2 4 _—
3
s 21
g
o 0

SF SFF SFFH SFFM SFFHM

(d)

== pH6.5 ™= pHB8.0
1.5+ pH 7.0 mm pH 8.5 %
= pH7.2-7.4 == pH 9.0 [*_|
1.2 "
2 * 17
S 0.91 *kk
© - T
> T
= 0.6
[T}
o
0.3
0.0-
24 72
Time (h)

Figure 3. Mechanical properties and cell viability of scaffolds. (a) Graph representing compressive stress-strain curves of various
silk scaffolds. (b) Compressive modulus. (c) Cell viability of BMSCs cultured in complete medium and in scaffold soaking solution
with MgO at different concentrations. (d) Cell viability of BMSCs cultured in complete medium at different pH values.

(*p <0.05, ¥p <0.01, ¥*p <0.001, ns = not significant, n = 5).

the degradation medium over time (Figure 2(e) and (f)).
The Mg ion concentrations of SFF and SFFH that were not
mixed with MgO were maintained at 0 pg/ml for 0—42d.
The Mg ions were released from the two scaffolds (SFFM
and SFFHM) at 7-21d relatively faster than at the other
time points, and the initial rapid responsive releases were
also more significant. This trend was consistent with the
degradation rates of the two scaffolds. From week 3, the
release of remaining Mg in the scaffolds became stable
and reached a sustained rate. The cumulative Mg release
from SFFM scaffold into the degradation media within
6weeks reached approximately 92%, while 89% was
released from SFFHM. It also showed that both scaffolds
could release Mg ions for at least 6 weeks. The addition of
HAp delayed the release of Mg ions to some extent, how-
ever, they showed the same release trend.

Mechanical properties

Mechanical properties of scaffolds portray a crucial role in
bone tissue engineering applications as adequate compres-
sive strength is required by the grafts for the replacement
tissue. Figure 3(a) shows the mechanical characteristics of
SF, SFF, SFFH, SFFM and SFFHM scaffolds. The stress

strain curves displayed an initial linear elastic region repre-
senting the lower modulus followed by a plateau corre-
sponding to pore wall contortion and consequently a steep
increase in stress, suggesting sample flattening. From the
results, both fiber reinforcement and HAp incorporation
resulted in increased modulus and compressive strength. In
addition to SFFH scaffolds, the SFFHM samples showed
significantly higher compressive strength and modulus
compared to SF, SFF and SFFM. The calculated compres-
sive modulus was 0.49 + 0.66 MPa, 3.73 = 1.13MPa, 6.98
+ 1.22MPa, 3.83 = 0.49MPa, and 7.11 = 1.69MPa for
SF, SFF, SFFH, SFFM and SFFHM, respectively (Figure
3(b)). The composite scaffold SFFHM showed a maximum
compressive modulus (approximately 15-fold higher) in
comparison to the pure SF scaffolds. The increasing trends
of compressive strength and modulus were observed for
each scaffold type with the following trend: SF<SFF=
SFFM < SFFH<SFFHM (p < 0.05).

Cell viability assay

Preliminarily, we have examined the effect of material on
BMSCs to screen the appropriate MgO content in the com-
posite scaffold by MTT assay after culturing the BMSCs
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within scaffold soaking solution with MgO at various con-
centrations for 24, 48, and 72h. As shown in Figure 3(c),
interestingly, the SFFHM scaffold showed a decrease in
the cell proliferation with an increase in the MgO weight
percentage; however, the SFFHM with 1wt.% MgO
showed the highest BMSCs proliferation at each time
point. This indicates the MgO is a vital component of the
scaffold that can both serve as a stimulator, encouraging
better growth and proliferation of BMSCs, and as an inhib-
itor of cell proliferation at a high concentration. We
hypothesize that this result is closely related to the Mg ions
and alkaline microenvironment released by the scaffold,
and the high pH alkaline microenvironment of high-pro-
portioned MgO can inhibit the proliferation of BMSCs.

Further, the MTT assay was used to investigate the
BMSCs growth and proliferation effects of different gradi-
ent acid-base microenvironments, and the results are
shown in Figure 3(d). After culture for 24h, compared
with the pH 7.2-7.4 group (control group), the BMSC
cells in pH 8.5 complete medium showed significantly
high OD values; however, the control group OD values
were significantly higher than the pH 6.5 group, and there
was no obvious difference among pH 7.0, pH 8.0 and pH
9.0. At 72h, the proliferation of BMSCs presented a simi-
lar trend as that at 24 h, but cell proliferation was inhibited
at pH 9.0. The results indicated that the medium at pH
7.2-8.5 could promote the proliferation of BMSCs and
that the medium with pH < 6.5 and pH > 8.5 inhibited the
proliferation of BMSC cells.

BMSCs adhesion, proliferation and morphology
study

To verify the assumption that scaffolds establish a favora-
ble microenvironment for cell survival, live-dead staining
was conducted to assess the biocompatibility of these scaf-
folds. As shown in Figure 4(a) and (b), the variation ten-
dencies of cell density observed in live-dead cell staining
fluorescence images, and Figure 4(c) and (d) are the corre-
sponding quantitative analyses of the live cell areas of each
pixel at 48 and 72h. We observe living cells (green) that
proliferated significantly when growing in soaking solution
of the scaffolds (SFFH, SFFM and SFFHM), and the num-
ber of cells has a time-dependent increase, especially
SFFHM scaffold. However, the dead cells (red) are hardly
visible, indicating that all scaffolds have no obvious toxic-
ity for BMSCs. This trend may be due to the effect of weak
alkaline microenvironment and Mg ions created by MgO.
The SFFHM composite scaffold supported maximum cell
proliferation for BMSCs at both 48 h and 72h (p <0.001).

Cell attachment is the first step of the interaction
between cells and materials, which exerts direct regulation
on the following cell behaviors.*” SEM was used to detect
cell adhesion on various scaffolds. As illustrated in Figure
4(e), BMSCs cultured on the SFF and SFFH for 48h

exhibited lower cell density. Obviously, an increase in
BMSCs density was observed on SFFHM scaffolds, the
cells were seen as fibroblastic in appearance, with an elon-
gated fusiform morphology and multiple antennas, and
microvilli bulges were visible on the cell surface. BMSCs
were in good condition on all four types of scaffolds, sug-
gesting that the SFF-based scaffolds were suitable for cell
adhesion. It is worth noting that for SFFHM, cells were
observed to be more elongated, full and well spread with
significant outstretched filopodia extensions and lamel-
lipodia protrusions as shown, indicating that except for the
weak alkaline environment and Mg ions of MgO, HAp
increased the surface roughness of SF-F, which is more
conducive to cell adhesion and proliferation. The results
above may be due to the porous structure of the scaffolds
and the synergistic effect of HAp and MgO to promote the
formation of cell-cell junctions and extracellular matrix
(ECM) in the scaffolds pores, facilitating the transfer of
essential nutrients and oxygen to cells.*

Differentiation of BMSCs

Figure 5(a) and (d) shows alizarin red staining and quanti-
tative of deposited calcium of cells cultured for 2 weeks,
the red spot intensity of the Control, SFF and SFFH groups
was weaker and some spots were clustered together.
However, the SFFM and SFFHM groups appeared to be
significantly denser than the other groups. Red spots were
connected together and were larger in size with more min-
eral deposition. A significantly different trend of samples
in the staining intensity and the change sequence was in
the following order: Control and SFF with minimal color-
ing, SFFH with moderate coloring, SFFM with higher col-
oring, and SFFHM with maximum coloring. The maximum
stain intensity of SFFHM can be attributed to the synergis-
tic effect of Mg ions and weak alkaline microenvironment
provided by MgO along with osteoconductive HAp in the
scaffolds. This indicates the relative potential of SFFHM
in BMSCs differentiation towards the osteogenic lineage.

As an early marker, ALP activity was evaluated to
investigate the effect of scaffolds on the osteogenic differ-
entiation of BMSCs.* Similarly, Mg ions, a weak alkaline
microenvironment and HAp enhanced ALP staining inten-
sity in BMSCs, resulting in more ALP protein and deeper
coloring in the SFFHM group than the other groups and
control group (Figure 5(b) and (e)). Consistent with these
changes, the results of the ALP quantitative assay (Figure
5(f)) at 7 and 14 d exhibited a similar trend relative to the
trend in ALP staining. However, there were no significant
differences in all groups at day 3 due to the short time of
cell culture. Compared to the control group, SFFM and
SFFHM exhibited higher ALP activity at day 7, while
SFFH also revealed higher ALP activity at day 14, and the
SFFM and SFFHM groups were dramatically higher than
the Control group.
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Figure 4. The adhesion, proliferation and morphology of BMSCs: Representative images of Calcein-AM/PI double staining of
BMSCs cultured 48h (a) and 72h (b), scale bar = 100 pm (all of a & b), and the corresponding quantitative analysis at (c) 48h and
(d) 72h. (e) Cell attachment and morphology on the scaffolds after 48 h. The upper and lower rows show typical low-magnification

and high-magnification SEM micrographs, respectively.

Scale bar: upper row 50 pm and lower row [0 pm. (¥*p <0.01, ***p < 0.001, ns = not significant, n = 3).

We further evaluated the level of OCN protein expres-
sion using immunofluorescence staining. As the results
show in Figure 5(c) and (g), the levels of OCN protein
expression in the SFF and SFFH groups were similarly
low compared to the control group, while he two scaffolds
contained MgO exhibited an obvious increase in the OCN
content measurements in 21d, when compared to the
Control groups; the scaffolds of SFFHM and SFFM
showed higher level than the other groups. These results

demonstrated that Mg ions and a weak alkaline microenvi-
ronment produced by MgO of scaffolds could obviously
induce the osteogenic differentiation of BMSCs.

Micro computed tomography analysis

Silk fibroin composite scaffolds were transplanted in the
SD rat femur bone defect model to assess bone tissue dis-
tribution and mineralization, while three-dimensional and
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Figure 5. Osteogenesis differentiation of BMSCs in vitro. (a) Alizarin red staining for calcium deposition at 14d (Scale bar:

200 pm). (b) ALP staining at week | and week 2 (Scale bar: 200 pm). (c) Mmunofluorescence assays for OCN expression at 21 d,
with the nucleus stained with DAPI and OCN stained in green (Scale bar: 100 pm). The corresponding quantitative analysis of
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*p < 0.05, ¥*p < 0.01, *¥**p < 0.001, compared with the Control group; ###p < 0.001, compared with the SFFHM group, (d) n = 6, (e) n = 3,

(f) n =5, (g) n = 4, ns = not significant.

corresponding two-dimensional representative images are
shown in Figure 6(a). The new bone formation in the
defects was detected 4, 6 and 8 weeks after implantation.
We observed that control, SFF, SFFH and SFFM scaffolds
appeared to have a weak effect on mineralization at week
4; however, SFFHM enhanced bony ingrowth into the
defect area. At week 6, each group of bone tissue had dif-
ferent degrees of growth and showed a similar trend as
that at 4 weeks. The Control group remained wide open
with smaller amounts of new bone tissue at weeks 4 and
6, whereas the bone formation of the SFFH and SFFM
scaffolds was not as good as that of the SFFHM scaffold,
and there was only some new bone generation at the
periphery of the defect in the Control (untreated) scaffold
groups at week 6 and 8, while SFF scaffolds had worse
osteogenic function than other scaffolds. By week 8, the
defect with implanted SFFHM scaffold was completely
filled with mineralized (mature) bone tissue, and the bone
marrow cavity also returned to a smooth state.

Further, the regenerated bone volume/total volume
(BV/TV) ratio (Figure 6(b)), trabecular number (Tb.N)
(Figure 6(c)) and bone mineral density (BMD) (Figure
6(d)) were determined using the obtained micro-CT
results. The BV/TV of new bone in the SFFHM scaffold
group (38.58 *= 1.43)%, SFFM group (26.43 = 1.13)%,
SFFH group (15.35 = 0.84)%, SFF group (14.12 = 0.50)%
and Control group (11.22 = 0.90)% at week 8 were con-
sistent with the micro-CT images above. The Tb.N of bone
defect area in the SFFHM scaffold group showed a rela-
tively obvious advantage over the Control group at each
time point. Consistently, the BMD of new bone in the
SFFHM scaffolds (402.0 = 25.24mg/m?) was similar to
that in the SFFM scaffolds (376.0 = 6.56mg/m%).
However, the BMD of SFFHM was significantly higher
than that in the SFFH scaffolds (317.3 = 21.46mg/m?%),
SFF scaffolds (258.3 = 27.50mg/m?), and Control scaf-
folds (255.7 *+ 9.02mg/m?) at week 8. Otherwise, com-
pared to the Control group, with the exception of the SFF
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Figure 6. Imaging examination and quantitative analysis of bone tissue. (a) Representative 3D reconstructed images and
tomography radiographs of new bone formation within bone tunnels at 4, 6 and 8 weeks after surgery. Micro computed tomography
(Micro-CT) quantified analysis of (b) Bone volume fraction (BV/TV). (c) Trabecular number (Tb.N) and (d) Bone mineral density

(BMD).
(*p <0.05, ¥p <0.01, ¥*p <0.001, ns = not significant, n = 3).

scaffolds group, the other groups all showed increased
BV/TV, Tb. N, and BMD values in a time-dependent fash-
ion with an integration between the implanted scaffold and
the surrounding tissues. Overall, the data indicated the
strong potential and excellent osteoconductive capacity of
the SFFHM scaffolds to promote new bone growth in vivo.

Histological analysis

Next, we assessed the bone-healing properties in SD rats
with femur defects as well as the significance of MgO and
HAp in the composite scaffolds by histological analysis;
haematoxylin and eosin (H&E) staining and Masson’s tri-
chrome staining (MTS) were performed to study the for-
mation of new bone in the defect sites of femur. At
4weeks, the H&E staining (Figure 7(a)) of scaffold-
implanted femur defects presents that there were a large
number of scaffold profiles in the four material group.
Among the SFFM and SFFHM groups, many osteoblasts
and cell matrix grew into the scaffold from surrounding
tissues, while the Control group was mainly fibroblasts

and hyperplastic fibrous tissue. Most of the residual mate-
rial was eliminated after 8 weeks, and the defect area was
covered by bone collagen and new bone tissue. However,
a large amount of fibroblasts were visible at the bone
defect in the Control group. Furthermore, the SFFH,
SFFM and SFFHM groups showed good reshaping of the
bone defect and re-opening of the bone marrow cavity.
There was more new bone formation and thicker bone
matrix in SFFHM scaffold group than in other scaffolds,
and least bone formation was observed in Control group.

Furthermore, the formation of new collagenous tissue
was observed by the MTS staining assay (Figure 7(b))
which revealed osteoid as blue staining in the sections. The
dense blue colored bone collagen that almost filled the
defect area in the SFFHM group, especially the most obvi-
ous in the early 4th week. Whereas, the Control group was
mainly fibrous tissue, and there were loose collagen and
less primitive bone tissue in the Control and SFF scaffold
groups. SFFHM composite scaffolds displayed a conspic-
uous increase in initial bone tissue ingrowth, as evidenced
by less unfilled interspaces. With the extension of time to



Wu et al.

H&E (40X)

MTS (40X)

MTS (200X)

SFFH

SFFM

Figure 7. Histological evaluations of the regeneration of bone defects at 4 and 8 weeks after surgery, representative images of
H&E staining (a) (scale bar = 100 pm, 40X) and corresponding Masson’s trichrome staining, (b) scale bar: upper two rows 100 um
(40X), and bottom row 20 um (200X), respectively. NB represent new bone, black arrows indicate fibrous tissue, yellow arrows

shows remnant of scaffolds.

8weeks, the collagen of Control group increased rela-
tively, however, the collagen in all scaffold groups
decreased compared with that at 4 weeks, indicating that it
was replaced by new bone tissue. Each group of scaffolds
have a very small amount of residue at § weeks after sur-
gery, and it is gradually replaced by new tissue. The result
shown that SFFHM scaffolds induced more bone collagen
regeneration and further forming new bone tissue than the
other type scaffolds attributing to the combined action of
HAp and MgO added simultaneously in the scaffold.
Bone tissue related marker proteins ALP and Col-I
(4weeks after surgery) and OCN (8 weeks after surgery)
were further confirmed by immunofluorescence staining
and immunohistochemistry staining. The fluorescence
intensity of Col-I positive staining in the SFFHM group
and SFFM group were significantly higher than other
groups (Figure 8(a) and (c)). Moreover, the highest intense
brownish black staining of ALP, Col-I and OCN in the
SFFHM scaffold-treated defects in all groups (Figure 8(b),
(d)—(D)). Collectively, the results were ascribed to the col-
lective effect of Mg ion release, the weak alkaline micro-
environment and HAp from SFFHM scaffolds, and these

findings demonstrated that the SFFHM scaffold can effi-
ciently promote bone regeneration when transplanted into
the bone defect area.

Discussion

Multi-functional bone repair composite scaffolds will pro-
vide a new development direction and clinical treatment
strategy for orthopaedics and bone tissue engineering. In
particular, a composite scaffold or an extracellular matrix
(ECM) can be synthesized by natural materials with good
biocompatibility, osteogenic induction, and progressive
degradation and absorption.® This biomaterial scaffold
can provide three-dimensional space for cells survival,
which is beneficial for cells to obtain sufficient nutrients,
exchange gas, exclude metabolic waste, and establishment
of mechanical interlock between the host tissue and the
scaffold.’! The scaffold is implanted into the bone defect
site, and the BMSCs continuously adhere, proliferate and
osteogenic differentiate while the material is gradually
degraded, thereby achieving the purpose of repairing a
bone tissue defect. The mechanical strength, degradation
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rate, local microenvironment and sustained release of cer-
tain metal ions of scaffolds are also critical factors for bone
repair. However, materials that combine these characteris-
tics together have not been reported.

In this study, mimicking ECM of bone,>? we designed
and manufactured an biomimetic multifunctional com-
posite scaffold material incorporating HAp and MgO that
uses silk fiber and silk fibroin extracted from natural silk-
worm cocoons. The silk fibrous network significantly
enhances the compressive modulus of the SFFHM com-
posite scaffold. The gel formed by silk fibroin was filled
inside and on the surface of the composite scaffold to
form a physical barrier that ensured the sustained and
smooth release of HAp and Mg ions during the scaffold
degradation, and a weak alkaline microenvironment for
cell survival formed around the scaffold. It happens that
this scaffold had a suitable degradation rate (34.8 £ 2.51)
% at 6 weeks (Figure 2(d)) in vitro and it was almost com-
pletely degraded at 8 weeks in vivo (Figure 7(b)), which
allowed the migration of osteogenic cells to the center of
the bone defect.”® In other words, the degradation and
resorption of scaffolds with time matching the remodeling
kinetics of host bone tissue.** HAp, a dominant inorganic
of bone, can provide a nucleation center for mineraliza-
tion to aid bone formation and reconstruction. Since cal-
cium ions bound to hydrophilic groups, silk fibroin
governed the nucleation and particle size of HAp, which
may affect topological characteristics and surface rough-
ness, thereby regulating cell-matrix interactions, which is
an important component of bone regeneration. However,
the silk fibrous network and HAp significantly enhances
the compressive modulus of the composite SFFHM scaf-
fold (7.11 = 1.69 MPa) (Figure 3(b)), and the mechanical
strength of the scaffold implanted in the bone defect is
also an important factor for bone healing, especially for
large areas, load-bearing bone or long segmental bone
defects. It is reported that the compressive strength of
adult dense bone and cancellous bone is 100-230 MPa
and 2-12MPa, respectively.”® Although the mechanical
strength of our scaffold is much lower than that of dense
bone, it is much higher than the mechanical strength of
most reported scaffolds,*®>® and this scaffold is more suit-
able for bone defects near the joint position.

The results above showed that MgO at an appropriate
concentration (low content of 1 wt.% ) can exert stimula-
tory effects on the osteogenic proliferation and differen-
tiation of BMSCs. Interestingly, the weak alkaline
microenvironment formed around the composite scaffold
also played an important role in the proliferation and dif-
ferentiation of SD rat BMSCs. Several citations in the lit-
erature have shown that a weak alkaline environment
around the scaffolds can promote the osteogenic activities
of osteoblasts and BMSCs.>*¢’ However, for BMSCs cul-
tured in a highly alkaline microenvironment, the growth
and proliferation are inhibited, which may result from
alkalosis.®' Our research results in Figures 2(c) and 3(d)

are consistent with the conclusions reported previously.
Mg ions and weak alkaline microenvironment produced
by MgO can induce the mineralization of minerals (cal-
cium, phosphorus and phosphate) during the process of
osteogenesis, and they also effectively promote the osteo-
genic differentiation of BMSCs and bone healing. Here,
Mg may promote bone formation through the reported
mechanism, which is ascribed to the upregulation of neu-
ronal calcitonin gene-related polypeptide-a (CGRP)
expression via Mg ions stimulating the sensory nerve, and
increases in CGRP can improve the osteogenic differen-
tiation ability of periosteum-derived stem cells and induce
microvascular dilation.®>% Otherwise, some studies have
reported that Mg ions can stimulate the proliferation of
BMSCs and promote BMSCs differentiation into osteo-
blasts through regulation of transient receptor potential
melastatin 7 (TRPM7) channel activity and acceleration
of notch intracellular domain translocation.®*-% It is worth
mentioning that we did not detect the serum magnesium
ion concentration, which can cause cardiovascular, renal,
liver disease, as well as metabolism disorder if present in
higher concentrations.®”” However, not only all the experi-
mental animals were healthy before being sacrificed, but
also there was no obvious inflammatory cell infiltration in
H&E staining of bone tissue, which proved that all the
composite scaffold has good biocompatibility.
Osteogenic activity, an important property of biomate-
rial, is a necessary procedure for the differentiation of
BMSC:s into osteoblasts followed by ECM mineral deposi-
tion and forming bone tissue. The ARS staining confirmed
the deposition of calcium phosphate in the BMSCs culture
and differentiation system. Figure 5(a) and (d) showed that
ARS chelated with Ca?" through mineralized ECM to
make the most bright-red stains in SFFHM group compar-
ing to other groups. The results demonstrated that the col-
lective effect of MgO and HAp components in SFFHM
composite scaffold promoted the mineral deposition of dif-
ferentiated BMSC and the mineralization of ECM.
Furthermore, SFFHM scaffold also displayed higher ALP
activity. ALP, a major enzyme in the process of bone min-
eralization, is an early stage marker of osteoblastic differ-
entiation.®®% The ability of osteogenic differentiation of
BMSCs cultured in scaffolds leaching medium was also
investigated by immunofluorescence of OCN protein
expression. This result confirms that the SFFHM scaffold
can significantly promote the expression of OCN protein
at day 21, a specific marker of BMSCs osteogenic differ-
entiation (Figure 5(c) and (g)). The incorporation of MgO
provides Mg?" and a weak alkaline microenvironment for
maintenance of osteogenic traits of osteoblasts, which is
discovered in MgO loaded scaffold when compared to
other groups without MgO. Similar observations were
noticed by Tan et al.”® who showed that the alkaline micro-
environment and releasing Mg?" may produce a synergis-
tic effect on ALP, when cultured with rBMSCs for
osteogenic differentiation. To further investigate the
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osteogenic potential of composite scaffolds at a molecular
level in vivo, we examined the gene expression levels of
ALP, Col-I and OCN of SD rats bone tissue section,’!
respectively. Col-I is the main component of the ECM
involved in the repair of tissue such as bone, skin, tendon,
ligament and dentine,’”” and Mg ions can enhance Col-I
expression.”> OCN, one of the most important marker pro-
teins in osteoblast differentiation and mineralization, is
secreted solely by osteoblasts and regulates bone build-
ing,” which is also representative indexes for further bone
maturation.” Studies have shown that fibers-incorporated
scaffold enhanced ALP activity of BMSCs by the reason of
increase in mechanical strength.”® Coincidentally, the
composite scaffold SFFHM exhibits higher ALP protein
expression in bone tissue (Figure 8(b) and (d)), which may
also be affected by the increased mechanical strength
caused by F and HAp. The maximum Col-I protein expres-
sion was observed by immunohistochemistry and immu-
nofluorescence of specimens in SFFHM scaffold group
compared with Control group and other scaffold groups.
This data is in agreement with Masson’s trichrome staining
where these scaffolds loaded MgO (SFFM/SFFHM) sup-
ported cell proliferation and differentiation suggesting
mineralization and maturation of ECM. The higher OCN
protein expression of the SFFHM scaffold at 8 weeks
(Figure 8(b) and (f)) is consistent with the trend of OCN
produced by differentiation of BMSCs in vitro at 3 weeks.
At the same time, HAp in scaffolds exhibit bone conduc-
tion and bone regeneration capabilities in vivo (Figures 6
and 7).

In the further study, the related mechanism for SFFHM
composite scaffold to stimulate the expression of bone-
related markers should be investigated. However, It is safe
to say that the composite scaffolds formed by adding HAp
or MgO (SFFH/SFFM) or both of them (SFFHM) using
SF/F as a framework can stimulate the proliferation and
differentiation of BMSCs to different degrees, and pro-
mote the formation of new bone tissue, especially the
effect of the SFFHM composite scaffold is the most pow-
erful. From all of the above descriptions, the results pre-
sented here suggest that a novel composite scaffold with
incorporation MgO and HAp in silk fibroin-fibers has
superior physical and chemical properties for cell support-
iveness. It can stimulate a series in the evolution of
BMSCs, such as cell attachment, proliferation, collagen
deposition and osteogenic differentiation, and accelerate
the formation and reconstruction of new bone tissue.

Conclusion

In this study, a novel composite scaffold based on natural
biomacromolecules silk fibroin and silk fibers was explored
with an uncomplicated manufacturing process and acces-
sible components to promote bone repair. By chemical pre-
cipitation and freeze drying, we evenly incorporated

different concentrations of MgO and deposited the mineral-
ized HAp. When SFFHM scaffold with mass proportion of
1wt.% MgO was used as active ingredient, the scaffold
released a certain concentration of Mg?" and created a suit-
able weak alkaline microenvironment with pH 7.2-8.01,
which exhibited obvious effect of promoting BMSCs pro-
liferation. Moreover, this scaffold has superior physical and
chemical properties, cell activity and osteogenic activity.
The comprehensive evaluation of cellular and animal
experiments on ALP activity, deposition of calcium salt,
deposition of collagenous deposition and expression of
bone-related marker proteins (ALP, Col-I and OCN) further
attested the superior osteogenic potential of this composite
scaffolds. After being implanted into the SD rat femur
defect, the composite scaffold with good biocompatibility
can significantly facilitate in situ bone regeneration and
bone reconstruction. In view of the above advantages,
SFFHM composite scaffold provide improved bone regen-
eration ability and it will expand the scope of research and
development of biomedical materials, suggesting a promis-
ing tissue engineered graft for clinical application to treat
bone defects.
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