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Abstract
Background:

The physical factors of the extracellular matrix have a profound in�uence on the differentiation behavior
of mesenchymal stem cells. In this study, the effect of the biophysical microenvironment on rat bone
marrow mesenchymal stem cell (BMSC) osteogenesis was studied both in vitroand in vivo.

Methods:

To prepare cell culture scaffolds of varying stiffness, increasing amounts of hydroxyapatite (HAp)were
mixed into apolyethylene glycol/silk �broin(PEG/SF) solution. The amount of HApranged from 25 to
100mg, which provided for different ratios between HApand the PEG/SF composite. In vitro, the effect of
stiffness on the osteogenic differentiation of rat BMSCs was studied. The outcome measures, which were
veri�ed in vivo, included the protein expressionof runt-related transcription factor 2 and osteocalcin,
alkaline phosphatase activity, and the mRNAexpression of osteogenesis-relatedmarkers.

Results:

Increasingamounts of HAp resulted in an increased elastic modulus of the cell culture scaffolds. The
PEG/SF/HApfabricated with HAp (50mg) signi�cantly increasedcell adhesion and viability(p<0.05) as
well as the expression of all theosteogenesis-related markers (p<0.05).

Conclusions:

We developed a novel cell culture scaffold and demonstrated that substrate stiffness in�uenced the
osteogenic differentiation of rat BMSCs.

1. Introduction
The extracellular microenvironment in�uences cellular behavior. Various factors within the
microenvironment, including both biochemical1,2, and biophysical factors play pivotal roles in cellular
physiology.Biophysical factors transduce mechanical forces into biological signals resulting in the
regulation of cellular behaviors3-6. One important biophysical factor is the extracellular matrix(ECM)
stiffness,whichis de�ned as amaterial’s ability to undergo non-permanent deformation. Generally, ECM
stiffness can in�uence the differentiation pathways of stem cells7-9.

Mesenchymal stem cells (MSCs) have enormous potential for treating a wide range of diseases because
of their capacity for multipotential differentiation. These cells have been shown to differentiate into bone,
cartilage, muscle, fat, and a wide variety of other tissues. These �ndings havestimulated a great deal of
interest in the �eld of regenerative medicine and tissue engineering10,11. Tissues exhibit a wide range of
stiffness (Young’s modulus) values, and it has been suggested that different mechanical properties of
tissues may actively in�uence cell phenotypes in a tissue-speci�c manner12. A study byEngler et al.3
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demonstrated that MSCs displayed characteristics of neurogenic, myogenic, or osteogenic phenotypes
after being cultured on hydrogel substrates mimicking the stiffness of neural, muscle, or bone tissue,
respectively. Therefore, the goal of many research efforts has been to mimic stem cell microenvironments
to evaluate the importance of physical cues for stem cells13,14.

To achieve this goal, the use of various biomaterials has been explored for tissue engineering
applications in vitro and implantationin vivo. Speci�cally, for bone tissue engineering, thesematerials
consist of bioactive ceramic, bioactive glass, and biological or synthetic polymers with mineralization
and incorporation of silk protein or decellularized native bone15,16. Native bones are mainly composed of
an organic phase includingtype I collagen and inorganic minerals, with speci�c mechanical properties17.
Increasingly, a major research focus in bone tissue engineering has been the manufacture of scaffolds
with the appropriate properties. These properties, which imitate the natural ECM microenvironment,
include scaffold porosity and interconnectivity. This enablescell adhesion and in�ltration of growth
factors into spaces in the scaffold.

The goal of this study was to characterize the effects of cell culture scaffold stiffness on rat bone
marrow mesenchymal stem cell (BMSC) osteogenesis. The scaffolds were fabricated from polyethylene
glycol/silk �broin/hydroxyapatite (PEG/SF/HAp) composites. Polyethylene glycol (PEG) was chosen as
the backbone of the scaffolds because its crosslinking density can be modulated18. Moreover, it is one of
the few biocompatible synthetic polymers approved by the US Food and Drug Administration (FDA) for
biomedical applications19. Hydroxyapatite (HAp)is found in bones and can increase the stiffness of
scaffolds,enabling the mechanical properties and osteoinductive effects to be controlled. Silk �broin
(SF)has also been used in bone tissue engineering because of its controllable degradation rates, excellent
biocompatibility, and induction ofa subdued in�ammatory response20,21. First, we evaluated the
morphology and biocompatibility ofrat BMSCs cultured on a PEG/SF/HAp scaffold. Next, in both in
vitroandin vivoassays, we evaluatedthe alkaline phosphatase (ALP) activity, immuno�uorescence
staining of osteogenic-related proteins, and mRNA expression of osteogenesis-related genes.These genes
included runt-related transcription factor 2 (RUNX2), osteoprotegerin (OPG), osteocalcin (OCN), and bone
sialoprotein (BSP).

2. Materials And Methods
2.1 Materials

Poly(ethylene glycol) diacrylate (PEGDA), hydroxyapatite (HAp),LiBr,APS, TEMED, FITC, and DAPI were
purchased from Sigma-Aldrich (USA). All other chemicals were purchased from Sigma-Aldrich unless
otherwise indicated.RUNX2, OCN, OPG, and BSP antibodies were purchasedfrom SantaCruz (USA). The
raw silks were obtained from SimatechCo. (JiangSu, China). 

2.2 Scaffold fabrication
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Cocoons from the mulberry silkworm Bombyxmori were boiled for 30 min in 0.02 M Na2CO3 solution and
then rinsed thoroughlywith double-distilled water to extract the glue-like sericin proteins. Next, the
extractedsilk proteins were dried brie�y at 37°Cfor 1h. The resulting silk �broin (SF) was thendissolved in
9.3 M LiBr solution at 60°C for 4 h. The SF solution was dialyzed against distilledwater with a dialysis
membrane (12 kDa) for 3 dayswith a continuousrenewalof thedistilledwater. The dialysate was
centrifuged (5,000 rpm; 10 minat 4°C) to removethe impurities and aggregates formed duringdialysis22.
The �nal concentration of theSF aqueous solutionwas 7–8% (wt/vol), which was determined by
weighingdried �lms at 60°C.

Next, 60 mg PEGDA (molecular weight, 700kDa) was dissolved in 500 μLof distilled water to form a
solution with a predetermined concentration (12% wt/vol) at room temperature. The solution was cooled
to 0°C, followed by the addition ofSF (38.6 μg), four different amounts of HAp in separate tubes(25, 50,
75, or 100 mg), ammonium persulfate (APS; 20% aqueous solution, 15 μL), and
tetramethylethylenediamine (TEMED; 3 μL). In allfourgroups, the solution waspoured into a polypropylene
tube (diameter, 8 mm; height, 20 mm), which was kept close tothe surface offrozen isopropyl alcohol
(-80°C)23,24. After completely freezing each solution, the solidi�ed samples were transferred into a freezer
to complete the polymerization process at -20°C for 12 h. Then, dry unidirectional cryogelswere prepared
using a freeze dryer for 24 h until they reached a constant weight. After this, thecryogelswere immersed in
excess distilled water atambient temperature for 48 h. The water wasreplaced every 4 h to remove the
unreacted materials and obtain the �nalcryogel.

2.3 Scanning electron microscopy (SEM)

SEM (Hitachi S-3000N) was performed to determine the scaffold pore structure and surface topography.
In brief, scaffolds were washed in phosphate-buffered saline (PBS), �xed in 2% glutaraldehyde
overnight,washed in alcohol (with a strength up to 70%), and then freeze-dried overnight in a lyophilizer.
To prepare the samples for SEM, the freeze-dried scaffold samples were coated with gold for 10 min in
advance, and then cut in both the parallel and perpendicular directions to the freezing direction.

2.4 Fluorescein isothiocyanate (FITC) staining

To observe the morphology of the scaffold during swelling, FITC (a �uorescent probe) was selected to
stain thecryogel samples: FITC was dissolved in NaOH aqueous solution to form a solution (5 mg/L). The
resultingcryogel samples were cut into slices with a thickness of approximately 0.5 mm and immersed in
the FITC solution. After 30 min, the stained samples were washed with PBS until no dye was detected in
the discarded PBS.

2.5 Scaffold characterization

2.5.1 Fourier-transform infrared (FTIR) spectrometry
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Fourier-transform infrared (FTIR) spectra ofPEG/SF/HAp with different proportionsof HApwere
characterized with a spectrometer (Bruker VERTEX 33, Germany). Peaks at different wavenumbers
correspond to particular linkages and functional groups; therefore, spectra from 4,000 to 400 cm-1were
recorded. The presence of different polymers in the cryogel blend, possible bonds, and crosslinking were
con�rmed by FTIR. The FTIR spectra of pure PEG, SF, and HApwere measured as controls.

2.5.2 Thermogravimetric analysis (TGA)

The thermal stability ofthe PEG/SF/HAp scaffoldswas examined usingthermogravimetric analysis (TGA).
To determine the weight loss of the PEG/SF/HAp scaffolds at different temperatures, TGA measurements
were performed up to 1000°C (at a heating rate was 10 °C/min) in a nitrogen atmosphere using
theSTA449F5 instrument (Netzsch, Germany).

2.5.3 X-ray diffraction (XRD)

The crystal structure was determined by X-ray diffraction (XRD)using an Empyreandiffractometer system
(PANalytical) and Cu Kα radiation (with a wavelength of 1.5406 A( )). Data were collected for 2θ values of
20–90°, with a step width of 0.02° and a counting time of 1 s per step.

2.6 Mechanical properties of cryogels

Using a dynamic mechanical analyzer (Bose 3220-AT Series II), Young’s modulus (compressive elastic
modulus) of the cryogelswas measured parallel to the freezing direction. Young’s modulus (E, kPa)
represents the slope of a straightline �tted forthe stress-strain curves in the range from 5% to 15% strain.
The E was calculated based on the following equation: E=Δσ/Δε, whereΔσ is the tensile stress, and Δε is
the tensile strain. The fully swollen(in PBS) cryogel columns were cut into cubes with a length of
approximately 8mm. Theywere then saturated with 0.1 M PBS (pH 7.4) and subjected to uncon�ned
compression. The saturated samples were compressed to as much as 50% of their original length by
placing them between two arms of the dynamic mechanical analyzer (DMA) at room temperature. The
speed of compression between the two parallel plates was 1mm/min.

2.7 Swelling ratio (SR) of the cryogels

Dry cryogels, which had been prepared using a freeze dryer for 24 h (until they reached a constant
weight),were incubated in distilled water, and the weight of the swollen cryogelswas measured atregular
time intervals. The SR of the cryogels was calculated based on the following equation: SR=WS/WD,
where WS is the weight of the swollen cryogel,and WD is the original weight of the dry cryogel.

2.8 Rat BMSC isolation and seeding

All animal experiments were approved by the Southern Medical University Animal Ethics Committee, and
were performed in compliance with the regulations for the use of rat BMSCs. Fresh bone marrow
aspirates were obtained from the upper femurs and tibias of 4-week-old Sprague Dawley (SD) rats, and
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BMSCs were isolated and characterized as previously described25,26. Brie�y, the BMSCs were expanded in
growth medium (Dulbecco’s Modi�ed Eagle Medium (DMEM)/F12 (Gibco, USA) supplemented with 10%
fetal bovine serum (FBS,Gibco, USA) and 1% penicillin-streptomycin (Gibco, USA). The BMSCs were
cultured up to the third passage and then seeded on the scaffolds (with 3×107 cells/mL of scaffold)in
growth medium without any osteogenic factors, for 21 days. A 40 μL aliquot of BMSCs suspension was
pipetted onto the scaffolds and allowed to percolate through. For 2 h,the scaffolds were �ipped 180°
every 20 min and 10 μL ofgrowth medium was added every 20 min to prevent the cells from drying out.

2.9 Alkaline phosphatase (ALP) staining

Rat BMSCs (1×104 cells/cm2) were seeded onto the scaffolds and cultured in growth medium. After 7
and 14 days, ALP activity was assayed using a 5-bromo-4-chloro-3-indolyl phosphate (BCIP)/nitro blue
tetrazolium (NBT) ALP color development kit (Beyotime Institute of Biotechnology, China). The ALP-
positive area was measured usingImageJ softwarefor three randomlyselected �elds under an optical
microscope (Olympus BX51, Japan).

2.10 Immuno�uorescence staining

After being cultured on the scaffolds for 7, 14, and 21 days, the cellswere washed three times with DMEM
and �xed in 4% paraformaldehyde for 10min at 37°C. Cells were then washed with PBS three times, and
treated with 0.1% (v/v) Triton X-100 in PBS at 4°C for 10min to increase the permeability of the cell
membranes. After three additional washes with PBS, the samples were incubated in 2% BSA in PBS at
37°C for 30 min to block non-speci�c interactions. Thecellswere then incubated overnight at 4°C with a
rabbit monoclonal antibody against RUNX2 (1:200, mouse) orOCN (1:200, mouse)(Santa Cruz, USA).
After being washed twice in PBS, they were further stained with a �uorescent-labeled secondary antibody
(1:200) (Beyotime, China) and 4’,6-diamidino-2-phenylindole (DAPI, 1:500) at room temperature for 0.5 h,
followed by three washes with PBS. The cellswere observed using a confocal laser scanning microscope
(C2, Nikon, Japan). The images obtained were further analyzed usingImageJ software (National
Institutes of Health, USA).

2.11 RNA isolation and real-time quantitative PCR (RT-qPCR)

The mRNA expression levels of important osteogenesis-related genes, including OCN, OPG, BSP, and
RUNX2, were determined by RT-qPCRat 7, 14, and 21 days after culturing on the scaffolds. Total RNA was
isolated and puri�ed using an RNA extraction kit (Tiangen, China) according to the manufacturer’s
instructions. First-strand cDNAs were generated by reverse transcription of 1 mg total RNA with a
RevertAid First Strand cDNA Synthesis Kit (Thermo Scienti�c). RT-qPCR was performed in triplicate with
an ABI StepOnePlusSystem (Applied Biosystems, USA) and a �uorescence-labeled SYBR Green/ROX
qPCR Master Mix Kit (Thermo Scienti�c). A melting curve analysis was used to con�rm the PCR
speci�city, and the datawere analyzed using SOS 2.1 software (Applied Biosystems). The relative
expression levels were analyzed using the 2-ΔΔCt method andnormalizedto those of the housekeeping
gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH).Calibration was performedusingBMSC growth
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on the four PEG/SF/HAp scaffolds at 7, 14, and 21days. Theforward and reverse primer sequences for
RT-qPCR of each gene were as follows:

GAPDH: F-AGGTCGGTGTGAACGGATTTG

R-TGTAGACCATGTAGTTGAGGTCA.

OCN: F-ATTGTGACGAGCTAGCGGAC

R-TCGAGTCCTGGAGAGTAGCC

OPG: F-CAGTGTGCAACGGCATATCG

R-CCAGGCAAGCTCTCCATCAA.

BSP: F-AGCTGACCAGTTATGGCACC

R-TTCCCCATACTCAACCGTGC

RUNX2: F-CAACCGAGTCAGTGAGTGCT

R-AAGAGGCTGTTTGACGCCAT.

2.12Application of BMSC-laden PEG/SF/HAp scaffolds for bone regeneration in vivo

The BMSCs-laden PEG/SF/HAp scaffolds were investigated in a rat calvarial defect model.Two groups
were designed as follows: namely unladen (Group I) and laden (Group II) with BMSCs of PEG/SF/HAp
scaffolds implanted into rats skull defects. Autograft bone was implanted into the calvarial defect as the
positive control (n = 6), the calvarial defects were created without any treatment as the negative control (n
= 6). PEG/SF/HAp scaffolds with different magnitudes of stiffness (laden with or without BMSCs) were
implanted into parietal bone defects (n = 6) as the experimental group.Seventy-two SD rats (weight range
180–220 g) were anesthetized (0.2mL/100g b.w.chloral hydrate). Two 5 mm diameter circular acute
calvarial bone defects were created in each specimen, scalp skin was incised, and the periosteum was
removed to visualize the skull. A 5 mm diameter cylindrical defect was created on each side of the
parietal bone (without any damage to the dura mater) using a dental bur, under irrigation with sterile
saline solution (Fig. 5A-a). The circular bone plug was removed gently, every two different PEG/SF/HAp
scaffolds (n=3) laden with or without BMSCs was placed on each side of the rat skull, each rat being its
own control (Fig. 5A-b). Calvarial defects created in the skulls were left empty as negative controls and
autograftswerepositive controls (n=3). Wound closure was achieved by a two-layer suturing (periosteum,
skin) using absorbable sutures. Immediate post-operative care included intraperitoneal injection of
penicillin to prevent infection and buprenorphine (0.02mg/kg b.w.) for analgesia. The animals were fed
with a standard diet and housed individually under standard conditions. Wound healing progressed
without any sign of infection, material exposure, or other complication.
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2.13 Micro-CT examination of samples

For bone regeneration analysis, calvarial specimens were obtained from euthanized rats and scanned
using a micro-CT to observethe morphological features of the defect site. The micro-CT device was set at
85kV and 135mA, and a tomographic rotation of 180°. The results were reconstructed with Mimics 20.0
software.

2.14 Biomechanical analysis of regenerated tissue

At 8and 12 weekspost-operation,samples fromthe HAp(25, 50, 75, and 100 mg) groups, blank control
group, and autologous bone graft group were collected. An ElectroForce 3510 Bose instrument was used
to conduct a biomechanical test on the defect site, and astress-strain curve was obtained. The loading
speed of the biomechanical instrument was set at 3 mm/min, and the maximum load on theregeneration
tissue wasde�ned according to the stress-strain curve of the vertices.

2.15 Histological analysis

Regenerated tissue samples obtained from the defect were washed with PBS and then �xed in 4%
phosphate-buffered formalin (pH=7.4) for 48 hours. Decalci�cation was performed in 20% EDTA for 4
weeks, with the EDTA solution changed every 3 days. The tissue samples were dehydrated through a
graded series of ethanol treatments and embedded in para�n. Finally, bone samples weresectioned
into5μm thick sections. To analyze bone regeneration, hematoxylin and eosin (H&E) and Masson
trichrome staining were performed.

2.16 Statistical analysis                             

At least three independent experiments were carried out. Results are reported as mean ± standard
deviation (SD), and the means were compared between groups using Student’s t-tests. The level of
statistical signi�cance was set at P < 0.05.

3. Results
3.1 Morphology of the PEG/SF/HAp scaffolds

APEG/SF/HApscaffold was constructed from aPEGDA 700aqueous solution (12% wt/vol) with isopropyl
alcohol as the cooling agent. The morphology (including the pore structures)of the scaffold, prepared by
unidirectional freeze-drying, as examined by SEM and �uorescence microscopy,revealed a longitudinal
view parallel to the freezing directionanda cross-sectional view perpendicular to the freezing
direction(Fig.1A). The uniform structure could be observed clearly in the SEM images, which show rough-
walled micro-pipes with ridges parallel to the freezing direction. SEM images indicated that there were no
signi�cant differencesin the structure and morphology of the scaffolds consisting of different
HApconcentrations. Despite this, there was improved homogeneous distribution of HAp particles in
HAp(25, 50, and 75mg) scaffolds compared with the HAp(100mg) scaffold(Fig.S1). The high-
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magni�cationimages of thePEG/SF/HAp scaffolds showed visible HAp particles embedded in the wall of
pipes compared with that in scaffolds without HAp(Fig.S2). Furthermore, BMSCs culturedon the
scaffolds showed excellent alignment during growth inthe longitudinal section(Fig.S3). The BMSCs
alsospread around and stretched into the pore inthe cross-section (Fig.2B). 

3.2 Mechanical properties of the scaffolds

Eachscaffold was compressed parallel to the freezing direction using a dynamic mechanical
analyzer(DMA)(Fig.1B). The typical stress-strain curves of the single compression test for the scaffolds
containing different amounts of HApare shown in Fig.1C. Fig.1C shows the original stress-strain curves,
whereas Fig.1D shows a magni�ed image of the stress-strain curves (from 5–15% strain), as well as a
�tted straight lineforthese curves. Fig.1E demonstrates that the Young’smodulus of the scaffolds from
approximately 80.98-190.51 kPa (Supplemental table 1). The HApconcentration of the
PEG/SF/HApscaffolds in�uenced the stiffness. By varying the amount of HAp used in the synthesis
steps, PEG/SF-based scaffolds with four different proportionsof HAp(25, 50, 75, and 100mg) and
different magnitudes of stiffness (80.98to 190.51kPa) were successfully prepared.

3.3 Swelling ratio (SR) of the scaffolds

The swelling kinetics of the scaffolds with different proportions of HApareshown in Fig.1F. Thefour
samples reached their equilibrium swollen state after incubation in distilled water for 1 h, and this was
correlated withthe crosslinking density of the polymer networks. The swelling behavior occurred because
water molecules diffusedeasily into the interior of the scaffolds. This is due, in part, to the abundant
porous structure of the scaffolds prepared using unidirectional freezing. Our �ndings demonstrated that
the equilibrium SRmatched well with the pore diameter of the scaffolds.

3.4 Chemical characterization of PEG/SF/HAp scaffolds

FTIR, XRD, and TGA were used to characterize the PEG/SF/HAp scaffolds. The FTIR spectra of purePEG,
SF, and HAp,along with PEG/SF/HAp(25, 50, 75, and 100mg), are shown in Fig.1G. Regarding pureSF, a β-
sheet structure was formed with gelation, as indicated by the major FTIR bands at 1,625 cm−1 in the
amide I region and at 1,527cm−1 in the amide II region. The phosphate groups in pure HAp showed
characteristic FTIR bands between 900–1,100cm-1 and 550–600cm-1(Fig.1G). FTIR spectra of the
HAp(25, 50, 75, and 100mg) PEG/SF/HApscaffolds revealed bands at 900-1100cm-1 and 550-600cm-1

(Fig.1G). These results suggest that the structure of the PEG/SF/HApcomposite consists of β-sheet
crystallites embedded in an amorphous matrix. The pure PEG demonstrated no characteristic absorption
band in both the amide I and II regions, which means that it had a negligible effect on thestructural
properties.

The TGA curves of composite scaffoldsindicated differences in their thermal behavior. The TGA curves
obtained for the PEG/SF/HAp scaffolds with different proportions of HAp are shown in Fig.1H. The
curves reveal that a slight weight loss took place from about 65-200°C because of the release of water.
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This weightloss began at a lower temperature for the scaffolds with higher proportions of HAp. This is
because HAp acts as a dehydrating agent and accelerates theoxidative stabilization reaction. For all
PEG/SF/HAp scaffolds, the majority of the weight loss was observed between 260-390°C and was
attributed to the pyrolysis of the PEG/SF/HAp scaffolds. The percentage of weight loss caused by the
pyrolysis process was smallerwhen the proportion of HAp was high. The remaining weight loss occurred
from 600–800°C, and it was greaterwhen theproportionofHApwas lower.

XRD mapping of calcium elements was used to characterize the PEG/SF/HAp scaffolds, speci�cally the
HApparticle deposits observed on the scaffold surface. For theHAp(25, 50, 75, and 100 mg) PEG/SF/HAp
scaffolds (Fig. 1I),amajor 2θ re�ection peak at around 26°represented(002) diffraction, and another at
approximately 32°representedthe overlapped diffractions of (211), (300), and (202). This indicates that
the introduction of crystalline properties into the amorphous structure of the PEG/SF scaffolds was due
to the presence of HAp.

3.5 Identi�cation and characterization of rat BMSCs

Rat BMSCs were isolated from the femurs and tibias of 4-week-old male SD rats. At the initial passage,
the cells wereheterogenous, and this heterogeneity increased with subsequent passaging. After three
passages, most cells exhibitedmesenchymal morphology. These cells were negative for markers CD31
and CD45 and expressed the rat BMSCs surface markers CD54 and CD90 (Fig.S5).

3.6 Cell viability

LIVE/DEAD assay (Molecular Probes,ThermoFisher) was performed after cells were seeded on the
scaffolds. After being cultured on the scaffolds for 1, 3,and 5days, the BMSC morphology changed from
round to spindleshape.Cells in the HAp(50mg) group displayedbetter viability than other
groups,suggesting that the PEG/SF/HApscaffoldcontaining HAp(50mg) has good
cytocompatibility(Fig.2A, SM1-SM4 on day 5). Additionally, the SEM images indicate that BMSCs that
spread well on the scaffoldsexhibited spindle morphology and good adhesion ability. Additionally, a large
number of pseudopods adhered to the pore wall of the scaffold, especially in the HAp (50 mg)
group(Fig.2B).

3.7 Immuno�uorescence staining

To examine the osteogenic differentiation of BMSCs on scaffolds with different magnitudes of stiffness,
we analyzed the expression of the osteogenesis-related protein OCN and RUNX2 by immuno�uorescence
after 7, 14, and 21daysof culturing in growth medium(Fig.3). Fig.3shows higher OCN and RUNX2
expression in the HAp(50mg) group than in the other groups, in both the 2D (Fig.S4)and 3D view(Fig.3).
This indicates that BMSCs on the HAp(50 mg) group are well spread out and tend to undergo
osteogenesis at a higher rate, based on the protein expression of the osteogenesis-related markersOCN
and RUNX2.

3.8 Alkaline phosphatase (ALP) staining
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To further study the effect of scaffold stiffness on the osteogenic differentiation of BMSCs, we examined
another osteogenesis-related marker. ALP is an essential osteogenesis-related marker in the early stage of
osteogenesis. A higher ALP expression was observed in the HAp(50mg) group than inthe other groups
after 14daysof culture (Fig. 4A).Semi-quantitative analysis indicated signi�cant differences between the
HAP (50mg) group and the other groups(25, 75, and 100mg;p<0.05; Fig.4B).

3.9 Relative expression of osteogenesis-related markersin vitro

To examine the effect of the PEG/SF/HAp scaffolds on theosteogenic differentiation of BMSCs in vitro,
RT-qPCR was conducted to investigate BSP, OCN, OPG, and RUNX2 mRNA expression in thefour groups.
These factors play an important role in all stages of bone formation, including osteogenic differentiation,
biomineralization, remodeling, and maintenance. BSP, OCN, OPG, and RUNX2 expression was low at day
7 (Fig. 4C). Atdays14and 21, BSP, OCN, OPG, and RUNX2 expression was higher in the HAp(50 mg) group
than in the other groups, with increases of three to four timescompared with the HAp (100mg) group (p
0.05 vs. all conditions).

3.10 In vivo study

3.10.1Macroscopic observation of the regenerationof calvarial defects

The tissue-implant constructs were retrieved at 8 and 12 weekspost-operation (Fig. 5B and Fig. S6A).
Thesurfacesof the areas with defectswere covered with new tissues, which can be seen in each
implantation group (laden or unladen withBMSCs).Although the defect areas in the positive control group
were �lled entirely,new bone formation was minimal in the negative control group(Fig.5B and Fig.S6A).All
the defect areas of the scaffold-implanted groups were covered with new tissue and closely connected
with the surrounding area. In all the PEG/SF/HAp scaffolds implantationgroups, HAp (50 mg) group
laden with BMSCsexhibited higher bone calcium deposition (Fig. 5B-e’R). Further, the defectareawas
covered by regeneratedbone at 12 weeks,indicatinggood osteointegration ability of the HAp(50mg)
scaffold. This wassigni�cantly superior to that of other groups (unladen or laden)with BMSCs. Also,
therewasno apparent calcium deposition and formation of new bone tissue in the HAp(75 and100
mg)implantationgroup at 12 weeks.

3.10.2 Micro-CT scanning of the regenerated tissue

Twelve weeks post-operation, all animals were sacri�ced for micro-CT scanning. The calvarial defect in
the positive group was �lled with autograft bone and integrated with the surrounding host bone (Fig. 5C-
D). In the negative group, the large cavity defect was clearly visible, indicating that there had been little
bone regeneration. When compared withthe 3D reconstructed images of the tissue-implant constructs
with unladen BMSCs, the scaffolds laden with BMSCs were found to display relatively better bone
formation and bone density. In particular, in the HAp(50mg) group laden with BMSCs, the defect area was
�lled with new bone tissue, and thebone density of the newlyformed bonewas similar to that of the host
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bone (Fig. 5D-b’R). This indicatesthat the HAp(50mg)scaffold laden with BMSCsshowed the best
performance in terms of inducing osteogenesis.

3.10.3 Biomechanical analysis of regeneration tissue

After 8 and 12 weeks of implantation, the regeneration tissue specimens were retrieved and placed on the
test nut for direct mechanical testing (Fig. 5E-a). The loading head was applied to the implants with
gradually increasing stress until the implants were pushed out. Fig. 5E-b showed that the maximum load
of all the implantation groups increased with the implantation time, indicating that the degree of bone
integration increased over time. At week 12, the maximum load was increased dramatically in the BMSC-
laden HAp(50mg) group. These data showed that the BMSC-laden HAp(50mg) group had the best
osteointegration and biomechanical propertiesduring bone formation.

3.10.4 Histological analysis of the regenerated tissues

All samples were collected, and three regenerated samples from thecalvarial defects were selected from
each group for histological section staining.

H&E staining.As shown in Fig. S7 a-f’’ andFig.6a-f’’, in the regenerated samplesfrom the calvarial defect
unladen with BMSCs, the defect area in the positive control group was �lled with red-stained,
homogeneous tissue of thesame density. In the negative control group, only a small amount of loose and
low-densitytissues �lled the defect, and there were only a few stained nuclei.At 8 and 12 weeks, inall
groups with unladen BMSCs,the defect areas had few uniform, dense new tissues, but a newly-formed
thin layer of bone tissue could be seen in the HAp(50 mg) group (Fig. S7 d-d’’ and Fig.6 d-d’’). However, all
PEG/SF/HAp scaffold implantation groups laden with BMSCs, which hadmore uniform and dense new
tissue, showed better regeneration compared with those with unladen BMSCs (Fig. S8 a-f’’ and Fig.6A-F’’).
The defect areas �lled with a thick layer of newly-formed bone tissue, which presented lamellar and
relatively complete bone integration. Overall, we observedlarge amounts of regenerated tissue, and a
thicker newlyformed bone layer where theHAp(50mg) scaffold was implanted (Fig.6D-D’’). The new bone
in this group wasthe most similar to the original host bone.

Masson trichrome staining. In Masson trichrome staining experiments, collagen was stained blue.
Collagen accounts for 90% of bone proteins in natural bone, and istherefore an indicator of regenerated
bone. At 8 and 12 weeks, the defect areain the positive group was �lled with blue-stained tissues and
limited collagen in the regenerated tissuein negative group (Fig. S9 a-b’’ and Fig.6g-h’’). In Fig. S9 c-f’’ and
Fig.6i-l’’, the regions implanted withHAp(25, 75mg and 100 mg)scaffolds showed a few more uniform and
blue-stained regenerated tissues and a thin layer of new bone tissue. Additionally,many small lacunae
were generated by the degradation of the scaffolds andlow distribution of chondroblast cells. In the
HAp(50mg) group, there wasmore homogeneous, dense, and blue-stained tissue formation in the defect
area of the cranial and bilateral side. The thicker layer of newlyformed bone tissue grew into the middle
of the defect area, and there were fewer small lacunae after scaffold degradation. As shown in each
group laden with BMSCs(Fig. S10 c-f’’ and Fig.6I-L’’), a large number of new tissues �lled in the defect
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areas wherethe PEG/SF/HAp scaffolds with different magnitudes of stiffnesshad been implanted, and
these had a more bene�cial effect compared with unladen BMSCs. And in terms of these defect areas,
denser, blue-stained tissues �lled with a thick bone layer. In theHAp(50mg) group,the majority of the
defect area was �lled by a large number of newlyformed thick bone layers, and the tissue was lamellar
with relatively complete bone integration. Hence, the histological analysis of bone formation further
con�rms that the HAp(50 mg) group promoted bone formation most e�ciently compared with the other
groups.

4. Discussion
Although a large number of studies have examinedthe effectof ECM stiffness onstem cell behavior, the
relationship between ECM stiffness and changes in cell morphology, adhesion, proliferation, and
differentiation remains to be fullyunderstood.Mechanotransduction is the process by which cells perceive
mechanical stimuli and convert it into biochemical signals.This process regulates several aspects of
cellular behavior in a time-dependent manner, including migration, proliferation, and differentiation.Some
studies have shown that both the behavior and fate of cellsare determined not by a single signal, but by a
complex network of signals operating at different time and length scales27.Elucidation ofthe interaction
between cells and biomaterials, or ECM, may contribute to the clinical application of new biomaterials for
tissue regeneration.

In general, cells are subjected to a combination of external and internal forces that activate
speci�cintracellular signaling pathways.These forces can also be transferred to other cells through
intercellular connections or via extracellular matrix adhesions. The ECM stiffness regulates the amplitude
of these forces, thereby affecting the intracellular signaling pathways,and strongerforces promoteMSC
osteogenic differentiation28.This mechanism usually involves focal adhesions, mechanical sensors, and
nuclear signaling factors that cause changes in the gene and protein expression pro�les29.Through
interactions between integrins and the ECM, the cell provides a direct link between the cell and the
environment.Integrins combine the targets in the extracellular space withthe focal adhesion
domain(through the cytoplasmic domain and cytoskeletal structure).These adhesion sites,which consist
of multiple protein complexes, enablemechanical coupling tolink cells and the extracellular matrix. The
adhesion force is stableon hard substrates and produces less tension on the soft substrate, which leads
to unstable adhesions30-32.This viscoelasticity allows the activation of a wide variety of signaling
pathways through its plasticity, allowing the cell to respond precisely to the forces exerted33. As a result,
tuning the ECM stiffness to optimize osteogenic differentiation may aid in the repair of bone
defects.Additionally, this methodovercomes the limitations of traditional methods for the regeneration of
autogenous bone and repair ofallograft bone defects by serving as a bone tissue engineering material
that is convenient toconstruct, with self-renewal and differentiationcapacity. In particular,bone marrow
mesenchymal stem cellsare easy to source and their use is not limited by ethical issues; therefore, these
represent one of the most promising seed cells34.
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In this study, the aligned porous PEG/SF/HAp scaffolds with different magnitudes of stiffness were used
to support cell adhesion and proliferation. Through co-culture with BMSCs, the effect of ECM stiffness on
BMSCs osteogenic differentiation and bone defect repair was investigated.The live/dead staining results
forBMSCs grown on biomaterials (Fig.2A) and SEM images (Fig.2B) were observed to promote the
adhesion and proliferation of stem cells.At 8 and 12 weeks, regeneratedspecimens from each group
showed that PEG/SF/HAp scaffold ladenwith BMSCs containing HAp(50mg) was used to repair rat
calvarial defects(Fig.5B and Fig.S6A)much more effectively compared with other scaffold groups laden
with BMSCs and all groups unladenwith BMSCs.

H&E staining of the skull defect repair specimens showed that the collagen was stained red, and the
nuclei were stained blue.Type I collagen is the main component of bone tissue. The collagen structure is
dense and even, as evidencedby H&E staining.The HAp(50 mg) scaffold group laden with BMSCs
demonstrated better repair. The overall staining showed that the new bone was most similar to the
normal bone tissue, but the lamellar structure was not as apparentas in the normal bone, and probably
required further remodeling (Fig.6). The same effect could be observed from the Masson trichrome
staining (Fig.6).This indicated that the PEG/SF/HAp scaffold containing HAp(50 mg) and laden with
BMSCs had the best overall effect on the osteogenic differentiation of stem cells and the repair of skull
defects in rats.

BMSCs have a strong ability to regenerate and self-renew, and can differentiate into osteoblasts under
appropriate conditions to promote the repair and regeneration of bone tissue. These behaviors also
require the survival of stem cells in an adaptive microenvironment that stimulates their
differentiation35.As a result of the very porous structure of PEG/SF/HAp scaffold material, water
molecules can easily spread into the scaffold and expand it. Thescaffold can maintain higher water
content and obtain su�cient nutrients for cell growth. In addition, the scaffolditself has
speci�cmechanical properties, and the stiffness of the scaffold itself could promote BMSCs
differentiation into osteoblasts. These factors combinedprovidean appropriate 3D microenvironment and
the required temporal and spatial gradient necessary for the growth and differentiation of BMSCs.

Based onin vivo and in vitro experimental results, we found that theHAp(50 mg) scaffold laden with
BMSCs promoted osteogenesis-related protein and gene expression betterthanthe other groups. For
example, ALP is one of the important and relevant markers of early osteogenesis within 14 days. The
expression of ALP in the HAp(50 mg) group wasthe highest compared with the higher stiffness scaffolds
fabricated fromHAp(75 and 100 mg)where expression decreased (Fig.4A-B). A similar trend was observed
in oeteogenesis-related protein and gene expression (Fig. 4C). This �nding indicates that the expression
of osteogenesis-related proteins or genes do not increase with HAp concentration or increasingstiffness.
Osteogenic differentiation of BMSCs is dependent on substrate stiffness within a speci�c range
(Fig.7).Studies have shown that the increasedstiffnessof the ECM promotes the expression of several
cytoskeleton-related proteins, including vinculin, and the activation of theYAP/TAZ signaling pathway36.
YAP protein istransferredto the nucleusafterphosphorylationand is involved in the expression of
osteogenesis-related genes and proteins.When the ECM stiffness is excessivelyhigh, the ability of the cell
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to sense the mechanics of the microenvironment decreases. Therefore, it is unable to transducethe
excessive mechanical signaling to the relevant proteins on the cell membrane, and this leads to a
decrease in the osteogenic differentiation ability37.

The osteogenic markerRUNX2 is the upstream regulatory gene encodingstem cells that differentiate into
osteoblasts.It plays an essentialrole in osteogenic differentiation and bone formation, and participates in
signaling pathways such as Notch, Wnt, and BMP38,39. High expression in the HAp(50mg) group
indicated thatthe osteogenic differentiation of BMSCs occurred under a speci�csuitable range of ECM
stiffness. Osteoblasts secrete OCN, OPG, and BSP, which are characteristic components of the bone
matrix. These components play an important role in osteogenic differentiation, bone mineralization, bone
repair, and other stages of bone-formation40. The increased expression of these osteogenic-related genes
indicates that HAp(50 mg) scaffold has a signi�cant effect on the osteogenic differentiation of BMSCs
induced by scaffold stiffness.

Elucidation of the effectof mechanical factors on the differentiation of stem cells isnecessary to develop
methods forsimulating the ECM microenvironment, in order to obtain an environmentthat closely mimics
the physiological or pathological state of the body and provides cells with a more realistic 3D
environment for survival.Incorporating spatial and temporal effects, cell growth transforms from the 2D
tothe 3D environment, and both cell-cell and cell-ECM connections and signal transduction are enhanced.
Cells perceive the physical and chemical properties of the ECM through receptors on the cell membrane
and convert chemical and mechanical signals into biological signals within cells.This process initiates a
series of transcription and translation events.At the same time, activated cells can transmit
thisstimulation to neighboring cells through cell-cell connections that activate corresponding signaling
pathways of neighboring cells.

Multiple �ndings within this study indicate that the PEG/SF/HAp scaffolds containing HAp(50mg)are
biocompatible and have appropriate biomechanical properties. Additionally, the stiffness of these
scaffolds can induce osteogenic differentiation in BMSCsin vitro and promotebettercalvarial defect repair
in vivo by modulatinggene and protein expression levels.

5. Conclusions
In this study, wesuccessfully constructed PEG/SF/HAp scaffolds, with different magnitudes of stiffness,
which hadcompositional and aligned porous structural features that mimicked the natural bone ECM.
These scaffolds supported BMSC adhesion, spread, viability, and proliferation. The results showed that
the PEG/SF/HAp scaffold has excellent biocompatibility and biomechanical properties,as well as an
outstanding ability to induce osteogenic differentiation. PEG/SF/HAp scaffolds can induce osteogenic
differentiation of BMSCs in vitroby modulating gene and protein levels. The insightsinto the effects of
substrate stiffness are useful for understandingthe differentiation behaviors of BMSCs within a complex
microenvironment and can be used to guide the design of biomaterials for controlling stem cell fate.
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Abbreviations

MSCs Mesenchymal stem cells

BMSC Bone marrow mesenchymal stem cell

HAp Hydroxyapatite

PEG Polyethylene glycol

SF Silk �broin

RUNX2 Runt-related transcription factor 2

OCN Osteocalcin

ALP Alkaline phosphatase

ECM Extracellular matrix

OPG Osteoprotegerin

BSP Bone sialoprotein

FDA US Food and Drug Administration

APS Ammonium persulfate

TEMED Tetramethylethylenediamine

PBS Phosphate-buffered

FITC Fluorescein isothiocyanate

FTIR Fourier-transform infrared

TGA Thermogravimetric analysis

XRD X-ray diffraction

DMA Dynamic mechanical analyzer

SR Swelling ratio

DMEM Dulbecco’s Modi�ed Eagle Medium

H&E hematoxylin and eosin

DMA dynamic mechanical analyzer
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Figure 1

Physical properties of PEG/SF/HAp scaffolds. A. SEM images (Aa and Ab) and �uorescence
microscopyimages (Ac and Ad) of the scaffolds prepared by unidirectional freezing. Aa and Ac,
Longitudinal sections parallel to the freezing direction. Ab and Ad, Cross-sections perpendicular to the
freezing direction(scale bar=200μm). B. Diagram showing compression using a dynamic mechanical
analyzer(DMA). C. Original stress-strain curves of the scaffold. D. Stress-strain curves (colorful) and



Page 22/29

�ttedstraightlines (red, just display one) from 5–15% strain.E. Young’smodulus of the scaffolds. F.
Swelling kinetics of the scaffolds prepared with different proportions of hydroxyapatite (HAp). G. Fourier-
transform infrared (FTIR) spectra of pure PEG, silk �broin (SF), and hydroxyapatite (HAp) ,and
PEG/SF/HAp scaffolds (25, 50, 75, and 100mg). H. Thermogravimetricanalysis(TGA) curve comparisons
of PEG/SF/HAp scaffolds with different proportions of HAp. I. X-ray diffraction(XRD) analysis of
PEG/SF/HAp scaffolds.

Figure 2
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Biocompatibility of scaffold materials. A. LIVE/DEAD assaysof BMSCs cultured on
PEG/SF/HApscaffolds with different magnitudes of stiffness at 1, 3, and 5 days,based on 2D and 3D
views(scale bar = 200 μm). B. SEM images of BMSCs cultured on the PEG/SF/HApscaffolds for 5 days
(scale bar=50μm).

Figure 3
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Osteogenic properties of PEG/SF/HAp scaffolds.Immuno�uorescence staining of osteocalcin(OCN) (A)
and runt-related transcription factor 2 (RUNX2) (B) in BMSCscultured on the scaffolds for 7, 14, and 21
days, based on a3D view (scale bar=100μm).

Figure 4

A. ALP staining of rat BMSCs cultured on scaffolds without osteogenic induced media for 7 and
14days(scale bar=200μm). B. Semi-quantitative ALP staining data wereanalyzed by ImageJ software. C.
Osteogenesis-related mRNAexpression (bone sialoprotein, BSP; osteocalcin, OCN; osteoprotegerin, OPG;
runt-related transcription factor 2, RUNX2) of BMSCsafter 7, 14, and 21 daysof culture on different
scaffolds.



Page 25/29

Figure 5

Establishment of the rat calvarial defect model and implantation of the different scaffolds into the
defect. A. (a) The calvarial defect model, where the diameter of the calvarial defect is 5 mm. (b) Autograft
bone and PEG/SF/HAp scaffold were implanted into the calvarial defect. B. The morphology of the
regenerated tissues in the calvarial defect area after 8 and 12 weeks (insideview,scale bar = 1 mm). a-c
and a’-c’wereBMSCs-unladen positive control group, negative control group, HAp25mg group, HAp50mg
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group, HAp75 mg group,and HAp100mg group respectively. d-f and d’-f’were BMSCs-ladenpositive control
group, negative control group, HAp25 mg, HAp50 mg, HAp75 mg, and HAp100 mg groups. C. (a-c) Gray
value of CT image of coronal planecalvarial defect repaired specimen. (d-f) 3D reconstruction images of
micro-CT scanning data of the samples after 12 weeks of calvarial defect model byPEG/SF/HAp scaffold
implantedwith unladen BMSCs (inside view). D. (a’-c’) Gray value of CT image of coronal planecalvarial
defect repaired specimen. (d’-f’) 3D reconstruction images of Micro-CT scanning data of the samples
after 12 weeks of calvarial defect model byPEG/SF/HAp scaffold implantedwith laden BMSCs (inside
view). E. Biomechanical properties of regenerated tissue. (a) Biomechanical testing process. (b) The
maximum load force applied to the calvarial defect area repaired by scaffolds.
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Figure 6

Histologic staining of calvarial defect repair specimens. H&E and Masson trichrome staining of
specimens in each group unladen or ladenwith BMSCs, AB is autogenous bone and NB is new bone(scale
bar = 200 μm).
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Figure 7

Schematic of the effect of different magnitudes of ECM stiffness on BMSCs differentiation through
regulation of theexpression of osteogenesis-related genes.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

supplementaltable1.docx

S01.tif

S02.tif

SM03HAP75mg.avi

S05.tif

S03.tif

SM02HAP50mg.avi

SM01HAP25mg.avi

S04.tif

S06.tif

Supplementalinformation.docx

https://assets.researchsquare.com/files/rs-33306/v1/supplementaltable1.docx
https://assets.researchsquare.com/files/rs-33306/v1/S01.tif
https://assets.researchsquare.com/files/rs-33306/v1/S02.tif
https://assets.researchsquare.com/files/rs-33306/v1/SM03HAP75mg.avi
https://assets.researchsquare.com/files/rs-33306/v1/S05.tif
https://assets.researchsquare.com/files/rs-33306/v1/S03.tif
https://assets.researchsquare.com/files/rs-33306/v1/SM02HAP50mg.avi
https://assets.researchsquare.com/files/rs-33306/v1/SM01HAP25mg.avi
https://assets.researchsquare.com/files/rs-33306/v1/S04.tif
https://assets.researchsquare.com/files/rs-33306/v1/S06.tif
https://assets.researchsquare.com/files/rs-33306/v1/Supplementalinformation.docx


Page 29/29

S07.tif

SM04HAP100mg.avi

S09.tif

S08.tif

S10.tif

https://assets.researchsquare.com/files/rs-33306/v1/S07.tif
https://assets.researchsquare.com/files/rs-33306/v1/SM04HAP100mg.avi
https://assets.researchsquare.com/files/rs-33306/v1/S09.tif
https://assets.researchsquare.com/files/rs-33306/v1/S08.tif
https://assets.researchsquare.com/files/rs-33306/v1/S10.tif

