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Background and Purpose: The extracellular matrix (ECM) derived from bone marrow
mesenchymal stem cells (BMSCs) has been used in regenerative medicine because of its
good biological activity; however, its poor mechanical properties limit its application in bone
regeneration. The purpose of this study is to construct a three dimensional-printed hydro-
xyapatite (3D-HA)/BMSC-ECM composite scaffold that not only has biological activity but
also sufficient mechanical strength and reasonably distributed spatial structure.

Methods: A BMSC-ECM was first extracted and formed into micron-sized particles, and
then the ECM particles were modified onto the surface of 3D-HA scaffolds using an
innovative linking method to generate composite 3D-HA/BMSC-ECM scaffolds. The 3D-
HA scaffolds were used as the control group. The basic properties, biocompatibility and
osteogenesis ability of both scaffolds were tested in vitro. Finally, a critical skull defect rat
model was created and the osteogenesis effect of the scaffolds was evaluated in vivo.
Results: The compressive modulus of the composite scaffolds reached 9.45+0.32 MPa,
which was similar to that of the 3D-HA scaffolds (p>0.05). The pore size of the two
scaffolds was 305447 um and 315+34 um (p>0.05), respectively. A CCK-8 assay indicated
that the scaffolds did not have cytotoxicity. The composite scaffolds had good cell adhesion
ability, with a cell adhesion rate of up to 76.00+6.17% after culturing for 7 hours, while that
of the 3D-HA scaffolds was 51.85+4.77% (p<0.01). In addition, the composite scaffold
displayed higher alkaline phosphatase (ALP) activity, osteogenesis-related mRNA expres-
sion, and calcium nodule formation, thus confirming that the composite scaffolds had good
osteogenic activity. The composite scaffolds exhibited good bone repair in vivo and were
superior to the 3D-HA scaffolds.

Conclusion: We conclude that BMSC-ECM is a good osteogenic material and that the
composite scaffolds have good osteogenic ability, which provides a new method and concept
for the repair of bone defects.

Keywords: bone tissue engineering, extracellular matrix, stem cells, 3D printed scaffold,

osteogenesis

Introduction

Currently, the application of tissue engineering technology in bone repair is a hot topic in
the field of regenerative medicine, and the three key components are tissue-engineered
scaffolds, seed cells and the osteoblastic environment.' Tissue-engineered scaffolds are
the core component, and effective bone tissue-engineered scaffolds should have the
following characteristics: excellent osteogenic ability, sufficient mechanical strength,
and appropriate pore size and porosity.>> With excellent osteogenic ability, seed cells can
differentiate into osteoblasts to promote bone regeneration. With sufficient mechanical
strength, the scaffolds can play a supporting role at the bone defect and bear a certain
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amount of stress. According to the classical Wolf law, stress
will further promote osteogenesis.‘H6 With the appropriate
pore size and porosity, the seed cells can enter and adhere to
the scaffolds to promote osteogenesis. However, it is difficult
for a single material to meet all these requirements; therefore,
the combined application of materials is currently a popular
approach.

Various kinds of materials and strategies have been
employed to construct the scaffold, and the relevant mate-
rials include natural or synthetic polymers, bioceramics
and peptide-based materials.” In recent years, extracellular
matrix (ECM) has received more attention due to its good
activity and biocompatibility. It is a protein polypeptide
complex secreted by cells and plays important roles in cell
proliferation, differentiation, metastasis, and cell
interactions.® 1% Stem cells first secrete ECM, which accu-
mulates and matures to form a three-dimensional network
structure with abundant organic components, and these
components allow the ECM to promote multidirectional
differentiation and be applied in tissue regeneration.''
However, the mechanical properties of BMSC-ECM are
poor and the scaffolds produced are not strong enough;
therefore, they can only serve as fillers and cannot provide
effective support when applied in vivo, thereby limiting
their application in bone regeneration.’

It is necessary for the scaffold to provide 3D cell-growth
microenvironments and appropriate synergistic cell-guidance
cues to mimic native tissues. Therefore, 3D scaffolds exhibit
several advantages when compared to 2D scaffolds, including
high surface-to-volume ratio, 3D porous structure, favorable
mechanical characteristics, etc., which are beneficial to cell
attachment, proliferation, oxygenation/nutrient up-take, waste
excretion, homogeneous/isotropic growth of tissues and cell—
cell interactions.'* Hydroxyapatite (HA) is the most common
type of calcium phosphate, which is the main inorganic com-
ponent in human bone tissue. After implantation, calcium and
phosphorus dissociate from the material surface are absorbed
by body tissues, and grow into new tissues.'> Due to the
growing maturity of bioprinting technology, researchers
have produced 3D-printed HA scaffolds with sufficient
mechanical strength and reasonably distributed spatial
structure.'*'> However, HA is limited by the weak osteogenic
ability, and surface modification is one such strategy to solve
this problem, the active ingredients with HA scaffolds are
often combined via transgenic methods to improve the osteo-
genic ability of the scaffolds.'®"” However, a single compo-
nent cannot simulate the complex composition of the ECM

and the interactions among various macromolecules;

therefore, the application effect is still not as good as that of
a complete ECM.2**!

Therefore, BMSC-ECM has excellent osteogenic abil-
ity, while the 3D-HA scaffolds have sufficient mechanical
strength and a reasonably distributed spatial structure. The
composite scaffolds formed by combining 3D-HA scaf-
folds and BMSC-ECM can meet all the characteristics of
functional scaffolds; however, determining how to com-
bine the two is a key problem. Previous studies indicated
that HA can be successfully modified by aminopropyl-
triethoxysilane (APTES), which makes it possible to con-
jugate HA with active ingredients.”*?* Oligonucleotides
have two polypeptide chains called anchor strands (NH2-
CCAAACCCGTCAATCAAGTCTACACTGTTC)  and
complementary strands (NH2-CAGTGTAGACTTGATTG
ACGGGTTT), with a reverse complementary structure.”*
Therefore, in this study, we combined the two oligonucleo-
tide polypeptide chains with 3D-HA scaffolds and ECM
particles and then mixed them at room temperature to
obtain 3D-HA scaffolds modified by micron-scale ECM
particles on the surface (as shown in Figure 1).

In conclusion, we selected micron-scale BMSC-ECM
with good osteogenic ability as the modifying material and
combined it with 3D-printed HA scaffolds to generate
composite scaffolds with a simple, stable and efficient
linking method. The scaffolds have three characteristics
at once: excellent osteogenic ability, sufficient mechanical
strength and reasonably distributed spatial pore structure.
They were tested for their osteogenic ability and potential
to provide a new method and concept for bone repair and
bone regeneration in vivo and in vitro.

Materials and Methods

Rats

Male Sprague Dawley (SD) rats weighing approximately
250 g were purchased from the Animal Experiment Centre
of the Second Affiliated Hospital of Harbin Medical
University. All
approved by the Animal Use and care Committee of Harbin
Medical University (approval number: SYDW2018-005) in
accordance with guidelines of the US NIH.

experiments involving animals were

Extraction of BMSCs

BMSC extraction was performed as previously described.
Male SD rats weighing approximately 50 g were sacrificed
by spinal cord dissection. Bilateral femurs were harvested
under aseptic conditions, and all muscle tissues were
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Figure | Fabrication of 3D-HA/BMSC-ECM scaffolds via fluorescence labeled modular oligonucleotide immobilization system. (A) Schematic illustration of the 3D-HA
/BMSC-ECM conjugation. (Aa) 3D-HA scaffolds; (Ab) anchor strands (AS); (Ac) BMSC-ECM; (Ad) complementary strands (CS). (B) Fluorescence images. (Ba) Green staining
indicates that AS (FITC labeled) are immobilized on the scaffolds surface. (Bb) Identification of the complementary strands staining (AMCA, blue). (Bc) Rhodamine-B labels
ECM. (Bd) The overlaid yellow (red + blue) staining indicates that the ECM is connected with the complementary strands. (Be) Image overlaid to show that BMSC-ECM is

successfully conjugated onto the 3D-HA scaffolds.

removed. The bone marrow cavity was irrigated with
Dulbecco’s modified eagle medium (DMEM, HyClone,
USA) to obtain a mixture of bone marrow and DMEM.
After centrifugation, the precipitate was resuspended in
DMEM + bovine serum albumin (BSA, HyClone) + peni-
cillin-streptomycin (Beyotime, Shanghai, China). Culture
was conducted for 3 days under the following conditions:
95% humidity, 37°C temperature and 5% carbon dioxide
concentration. The nonadherent cells were then removed,
and the culture medium was refreshed. After the adherent
cells reached 90-95% confluence, the cells were passaged,
and the third passage (P3) of stem cells was used for
identification and subsequent experiments. The identifica-
tion method was the same as in a previous experiment, and
the identified cells met the stem cell standard.”

Preparation of Micron-Scale Extracellular

Matrix Suspension

The extraction method for ECM derived from BMSCs is the
same as in a previous study.'' P3 BMSCs were subjected to
continued culture under conditions containing ascorbic acid
(50 pg/mL) and ascorbate-2-phosphate (150 pg/mL) in
a sterile cell culture bottle. After the cells achieved conflu-
ence, they were not passaged for 3—4 weeks. The bottom of
the bottle was then covered with a transparent membrane,

which was the ECM membrane. The supernatant was dis-
carded, 2 mL of trypsin (Beyotime, Shanghai, China) was
added, and the bottom of the bottle was tapped to obtain the
ECM without cells, which was further formed into a micron
suspension (mass ratio 1%) by a tissue homogenizer.

Preparation of the 3D-HA Scaffolds
Polyvinyl alcohol (YANKE, Xiamen, China) solution with
a 6% mass ratio was used as an excipient for printed ink. HA
granules (YANKE, Xiamen, China) and the excipient solu-
tion were generated into printed ink at a mass ratio of 67%.
The components were mixed well and placed in a bioprinter
(Bio-Architect Pro, Regenovo, China) with a diameter of
500 mm. The 3D scaffolds were printed on a polished silicon
wafer (thickness 0.6 mm). The scaffolds had a biomimetic
structure with interior overlapping rods and a continuous
exterior surface. The printed scaffolds were dried at room
temperature for 2 days, heated to 400°C for 1 hour, and then
sintered at 1200°C for 2 hours to increase the strength and
remove reagent.

Preparation of the 3D-HA/BMSCS-ECM
Scaffolds

As described in previous studies,”>** APTES (Beyotime,
Shanghai, China) was applied to modify the surface of
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hydroxyapatite.”> Briefly, 0.221 g of APTES was added to
100 mL of ethanol solution at a concentration of 90%, and
after mixing, the HA scaffolds were immersed in the
mixture for 12 hours. Then, double-distilled water
(DDW) and methanol (YANKE, Xiamen, China) with
a mass ratio of 90% were applied to wash the scaffolds.
After being dried in air, the HA scaffolds with NH, groups
adhered to the surface were obtained. Then, the scaffolds
were immersed in the solution containing oligonucleotide
anchor chain again, and 100 mol/L dimethyl adipimidate
(DMA) (YANKE, Xiamen, China) was added. After
1 hour of reaction on the shaking table, the HA scaffolds
with anchor chain were obtained by rinsing three times
with TE buffer solution.

Then, a 10 mL micron-sized ECM suspension (mass
ratio 1%) was added to the MES buffer solution, constitut-
ing a reaction system, and the cross-linker 1-Ethyl-3-(3'-
dimethylaminopropyl)carbodiimide/
N-Hydroxysuccinimide (EDC/NHS, YANKE, Xiamen,
China) was added to react at room temperature for 15
min. Afterwards, the complementary strand of oligomeric
nucleotides was added for 2 hours at room temperature
and 2-sulfonium ethanol was added to quench the reaction
and obtain the objective complex. The reaction system was
separated with a desalination column, and the ECM with
complementary strands of oligomeric nucleotides was
obtained.

Finally, the two components were combined to produce
micron-sized 3D-HA scaffolds modified by ECM. The
schematic illustration of the 3D-HA/BMSC-ECM conju-
gation is shown in Figure 1A.

Scanning Electron Microscopy (SEM)

Scans

Scanning electron microscopy (SEM, Hitachi, S-3400n,
Japan) was applied to observe the surface and internal struc-
ture of the scaffolds. The operation method was as follows.
First, the scaffold surface was covered with gold/palladium,
the gold-sprayed scaffolds were placed on the workbench,
and the scaffold surface and internal area were observed
under appropriate magnification. Then, additional software
was used to analyse the height of the scaffold surface.

Comepressive Modulus of the Scaffolds

The cylindrical scaffolds were placed on a mechanical test-
ing machine (Instron 5943), a 10 N load cell was used, and
the scaffolds were continuously pressurized at a strength of

50 N per minute until they could no longer bear the strength.
The compressive stress—strain curve is linear until the strain
rate reaches 50%, and the compression modulus is the slope
at this time. In addition, after the scaffolds were fully
immersed in water, the compressive modulus of the scaf-
folds was measured again for comparison.?’

Computer Hydrodynamics Analysis

In theory, the internal structure of the 3D-printed scaffolds
is uniform; therefore, their hydrodynamics are also uni-
form and stable. In this part, common freeze-dried
Chitosan/Gelatin (C/G) scaffolds were used as the control
group to study the hydrodynamics of composite scaffolds,
and production method of C/G scaffolds is the same as in
a previous study.”

As in a previous report,”® the hydrodynamics of both
scaffolds were analysed according to Darcy’s law, which is
also known as the linear seepage law and was first used to
describe the linear relationship between the seepage velo-
city of water in saturated soil and the hydraulic slope. It is
described as Q=kAAh/l and can also be applied to scaf-
folds, where Q is the seepage flow per unit time (m®/s),
A is the cross-sectional area of the scaffolds, K is the
permeability coefficient of the scaffolds, Ah is the pressure
difference of the scaffolds, and 1 is the height of the
scaffolds. Thus, a hydrodynamic analysis was performed
using DFA software to assess the scaffolds pressure
change and fluid flow.

Cytotoxicity

To detect the cytotoxic effect of both scaffolds, the scaf-
folds were immersed in 10 mL of complete culture med-
ium and soaked at 37°C for 1 day, 3 days and 7 days. After
the scaffolds were removed, the mixture solution contain-
ing the scaffolds elution was collected. A total of 1x10* P3
BMSCs were placed in 96-well plates and cultured with
complete culture medium and the above 6 mixtures. The
culture condition was the same as described above. After 3
days, a cell counting kit-8 (CCK-8, Jiancheng, Nanjing,
China) was used to detect the overall cell activity and
a cell count plate was used to calculate the number of
cells. The CCK-8 results and cell counts were used
together to evaluate the cytotoxic effect of the scaffolds.

Adhesion Ratio of Scaffolds

Suspension droplets containing 1x10° BMSCs were placed
on the surface of the scaffolds to make the liquid inside
and the surface of the scaffolds had moderate tension

submit your manuscript

5828

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Chi et al

without leakage. The scaffolds were placed at 37°C, 5%
CO, and 95% humidity, cultured for 1, 3, 5 and 7 hours,
immersed in complete medium and then vibrated slightly
to remove the unattached cells. Afterwards, the scaffolds
were removed and used in further experiments; in addi-
tion, the medium was centrifuged, and the cells were
resuspended and counted. The number of cells not adher-
ing to the scaffolds was counted as n;, and the cell adhe-
sion rate was (1x10°-n;)/1x10°x100%.

Cytoactivity

BMSCs adhered onto the scaffolds were cultured in conven-
tional complete medium for 3 and 7 days, then labelled by the
method of dead/live staining (Jiancheng, Nanjing, China).
Briefly, the kit contains two reagents, calcein AM and ethd-1.
The former can enter living cells and be hydrolysed into
calcein, which is a green fluorescent molecule; the latter
cannot enter living cells but can bind to RNA fragments
from dead cells to produce red fluorescence. Therefore, the
live cells were green and the dead cells were red.

Cell Morphology on the Scaffolds

The morphology of the BMSCs on both scaffolds was eval-
uated by cytoskeletal staining and SEM. For cytoskeletal
staining, after culturing for 3 and 7 days, the cell-scaffolds
composites were carefully rinsed three times with PBS, fixed
with 4% paraformaldehyde for 15 min, rinsed three times,
and permeabilized with 0.5% Triton X-100 for 5 min. Then,
the cytoskeleton of the BMSCs was stained with 0.5% rho-
damine phalloidin solution (Yi Sheng, Shanghai, China).
Finally, the morphology of the cells on both scaffolds could
be observed with an inverted fluorescence microscope
(LEICA DMI4000B, Germany). The cell-seeded scaffolds
were also detected by SEM to analyse the activity and
spreading morphology of the BMSCs.

Eluates from Scaffolds Promote

Osteogenesis

BMSCs (1x10*) at P3 were plated in 12-well plates and
cultured with normal complete medium and a mixture con-
taining normal medium with eluates from different scaffolds,
and the medium was refreshed every 3 days. After culturing
for 7 days, 14 days and 21 days, 4% paraformaldehyde was
used to fix the cells, and then ALP, Alizarin red and von
Kossa staining were used to examine osteogenesis. For ALP
the BCIP/NBT Alkaline Phosphatase Color
Development Kit (Beyotime, Shanghai, China) was used

staining,

for 30 min, and then the plate was rinsed with PBS several
times. For Alizarin red staining, the reagent (Cyagen,
Guangzhou, China) was added for 3 min, and the plate was
rinsed with PBS several times to remove the residual dye. For
Von Kossa staining (Cyagen, Guangzhou, China), the solu-
tion was added to the plate, which was then exposed to
ultraviolet light for 10 min and flushed with DDW several
times to remove the residual dye. Finally, the plates were
observed under an inverted microscope.

In vitro Osteogenesis Induction

As mentioned above, after BMSCs adhered to the scaffolds,
the cell-scaffold composites were subjected to continued
culture with or without osteogenesis induction (OS)
(Cyagen, Guangzhou, China), and the medium was refreshed
every 3 days until 7 days, 14 days and 21 days. The osteo-
genic classical protein alkaline phosphatase (ALP) was
detected, and marker genes, such as Collagen I (Col I)
mRNA, ALP mRNA, osteopontin (OPN) mRNA, osteocal-
cin (OCN) mRNA and Runt-related transcription factor 2
(Runx-2) mRNA, were also detected.

For the ALP protein, trypsin was first used to isolate cells
from the scaffolds, and then the cell membrane was broken
via ultrasonication (SONICS Vibra Cell VCX 105, USA). An
ALP assay was performed according to the operating instruc-
tions. Afterwards, ELISA (Jiancheng, Nanjing, China) was
used to measure the OD value and further calculate the
U value. The experiment was repeated three times, and
a higher U value indicated a greater ALP content in the cells.

For mRNA detection, cells on the scaffolds were isolated
as described above, and TRIzol reagent (HaiGene, Harbin,
China) was used to extract total RNA. Golden 1st cDNA
Synthesis Kit reagent (HaiGene, Harbin, China) was used for
the synthesis of cDNA. Real-time PCR assays for mRNA were
performed in a Mini-Opticon2 system (MJ) using Golden HS
SYBR Green qPCR Mix, and the reaction conditions were as
follows: 95°C for 15 min, followed by 45 cycles of 95°C for
10 s and 60°C for 30 s. GAPDH was purchased from HaiGene
(Table 1), and other primers were purchased from Genscript.
GAPDH was used as an internal control to standardize the
cDNA in each sample. Each sample was repeated three times,
and the mean was used to calculate the mRNA expression.

Model of Critical Bone Defects in Animals
Male SD rats weighing approximately 250 g were
selected, and general anaesthesia was administered by
intraperitoneal injection of chloral hydrate. The rats were
laid on the operating table in the prone position with
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Table | Primers for RT-PCR

Gene Primer Sequence

Col |I-F 5-CTGAGATGCTCCCTAGACC-3’
Col I-R 5-CCCTTGTTAAATAGCACCTTC-3
ALP-F 5-TGTAGAAGGAGGTCGTATTG-3’
ALP-R 5-GAGAATGGAGGTGTAGGATT-3’
OPN-F 5-ACGATGATGACGACGACGATG-3’
OPN-R 5-TTGTGTGCTGGCAGTGAAGG-3
OCN-F 5-CAGTAAGGTGGTGAATAGACTCCG-3
OCN-R 5-GGTGCCATAGATGCGCTTG-3
Runx2-F 5-CTTCGTCAGCGTCCTATC-3
Runx2-R 5-CTTCCATCAGCGTCAACA-3’
GADPH-F 5-AACTCCCATTCTTCCACCTTT-3’
GADPH-R 5-CTCTTGCTCTCAGTATCCTTG-3

routine disinfection, and a median incision of approxi-
mately 3 cm was made. After stripping the soft tissue,
a slow electric drill was used to generate a critical bone
defect of approximately 5 mm in diameter in the skull. The
study animals were divided into three groups based on
the implants: the 3D-HA/BMSC-ECM scaffolds group
(experimental group, n=6), the 3D-HA scaffolds group
(control group, n=6) and the blank group (n=6). During
the first 3 days after the operation, 100,000 units of peni-
cillin sodium was injected intraperitoneally to prevent
infection, and then the rats were fed under conventional
conditions. Micro-CT scanning (Bruker SkyScan 1174v2,
Belgium) was performed at the 12th week to detect the
osteogenesis effect, and a quantitative analysis of new
bone was conducted, and the bone volume/total volume
(BV/TV), trabecular number (Tb.N), trabecular separation
(Tb.Sp) and trabecular thickness (Tb.Th) were scanned.
BV/TV represents the proportion of bone volume in total
volume. Tb.N indicates the average number of intersec-
tions between bone and non-bone tissue in single length
unit (mm) in the region of interest. Tb.Th is the mean
thickness of trabecular, while Tb.Sp represents the average
width of medullary cavity between the trabecular.

Statistical Methods

All examinations were performed on six replicate samples
unless otherwise indicated, and the data are presented as
the Mean+SD. SPSS confirmed that all data are in accor-
dance with a normal distribution. An independent-samples
t-test and one-way analysis of variance (ANOVA) were
used to calculate significant differences. P<0.05 or 0.01

was considered significant.

Results
Fabrication of 3D-HA/BMSCS-ECM
Scaffolds

An immunofluorescence assay was employed to confirm
the successful conjugation of 3D-HA scaffolds and
BMSC-ECM using a modular oligonucleotide immobiliza-
tion system. As shown in Fig 1Ba, green fluorescence
indicates that the anchoring strands (AS) are conjugated
on the scaffolds surface through a DMA cross-linker. Blue
fluorescence indicates that the complementary strands
(CS) are linked with AMCA (Fig 1Bb), red fluorescence
indicates that rhodamine-B labels the ECM (Fig 1Bc), and
pink (red + blue) fluorescence indicates that the ECM is
connected with the complementary strand (Fig 1Bd). The
overlaid image shows that each part is stably joined and
attaches to the scaffolds surface (Fig 1Be). These results
suggest that the microscale BMSC-ECM can be success-
fully conjugated onto the 3D-HA scaffolds with the oligo-
nucleotide immobilization system.

Scaffold Configuration and Basic

Mechanical Properties
SEM was applied to analyse the surface and internal struc-
ture of the scaffolds. The two groups of scaffolds show
a structure with multiple pores, smooth thin walls and con-
nected apertures. Figure 2 shows the basic morphology of
the scaffolds, the pore structure under SEM and the surface
layers of the scaffolds. When combined with the micron-
scale extracellular matrix, the composite scaffolds show
a higher altitude (Figure 2F), which indicates that the scaf-
folds surface is covered with a biological layer.

3D reconstruction technology was applied to analyse
the pore size, which is listed in Table 2. As the two groups
of scaffolds applied the 3D-printed method, the internal
structure is stable, with a consistent pore size. In addition,
the mechanical properties of the 3D-HA scaffolds and
composite scaffold are similar, and the compressive mod-
ulus are up to 9.45+0.32 MPa and 9.57+0.41 MPa.
Moreover, after being fully immersed in the liquid, the
mechanical properties of both scaffolds almost unchanged.

The computational dynamic fluid permeability simula-
tion of the scaffolds showed that there is no obvious differ-
ence in current velocity on the surface of both scaffolds
(Figure 3B and E). However, the velocity in the internal of
the 3D-HA/BMSC-ECM scaffolds is obviously higher than
C/G scaffolds (Figure 3A and D). In addition, the multi-
layered analysis indicates that the 3D-HA/BMSC-ECM
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3D-HA

3D-HA/BMSCs-ECM

M 7 4 Surface altitude

Figure 2 General morphology and surface characterization of the 3D-HA and 3D-HA/BMSC-ECM scaffolds. (A) General morphology, (B) SEM, and (C) surface altitude of
the 3D-HA scaffold; (D) general morphology, (E) SEM, and (F) surface altitude of the 3D-HA/BMSC-ECM scaffold. Red indicates high altitude, and blue reflects low altitude.

scaffolds display a relative homogeneous and high velocity
whether on the surface or inside, but for C/G scaffolds, the
velocity of liquid is nonuniform, and the velocity inside the
scaffolds is obviously lower than that on the surface
(Figure 3C and F).

In vitro Cytotoxicity

The OD values are similar for the normal complete med-
ium, the mixture with eluates from the 3D-HA scaffolds,
and the mixture with 3-day eluate from the composite
scaffolds. However, the OD values of the mixtures con-
taining 5-day and 7-day eluates from the composite scaf-
folds are higher than the other groups (Figure 4A)
(P<0.01). In addition, the proliferation ratio shows
a similar trend (Figure 4B).

Cell Adhesion and Cytoactivity
The average cell adhesion ratio of the composite scaffolds
after culturing 5 hours and 7 hours was 54.03+7.63% and

76.00+6.17%, which was much higher than that of the 3D-
HA scaffolds (P<0.05 and 0.01). Figure 5A shows that
after culturing for 3 and 7 days, fluorescence staining
revealed that almost all cells in both scaffolds were
green but more live cells were observed in the composite
scaffolds after 7 days (Figure 5A). The cytoactivity of
BMSCs on both scaffolds was also evaluated by SEM
and cytoskeletal staining. For the SEM analysis, the cells
on the 3D-HA/BMSC-ECM scaffolds grew vigorously and
spread well and the ECM secreted by the cells almost
covered the whole surface of the scaffolds. However,
fewer cells adhered to the 3D-HA scaffolds and the cells
poorly spread (Figure 5B). Cytoskeletal staining showed
the same results as SEM for BMSCs on the 3D-HA scaf-
folds, which exhibited contracted or spindle shapes. On
composite scaffolds, the BMSCs showed a clear cytoske-
leton and a stretched morphology (Figure 5C). Figure 5D
shows that although the two scaffolds displayed a similar
cell adhesion ratio at 1 h and 3 h, the ratio of the

Table 2 Characteristics of the 3D-HA and 3D-HA/BMSC-ECM Scaffold

Scaffold 3D-HA 3D-HA/BMSC-ECM
Pore size (um) 315+34 305+47

Compressive modulus before immersed in liquid (MPa) 9.57+0.41 9.45+0.32
Compressive modulus after immersed in liquid (MPa) 9.47+0.33 9.39+0.46

Cell adhesion ratio after 7 h (%) 51.85+4.77 76.00%6.17
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Figure 3 Computational dynamic fluid permeability simulation of the scaffolds. The (A) internal, (B) surface, and (C) multilayered analysis of C/G scaffold. The (D) internal,
(E) surface, and (F) multilayered analysis of 3D-HA/BMSC-ECM scaffold. Red indicates high velocity and blue reflects low velocity (um/s).
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Figure 4 Cytotoxicity of the scaffolds. (A) OD value of the cells cultured with different elutes of scaffolds. (B) Proliferation ratio of BMSCs cultured with different scaffolds
elutes. **P<0.01.

5832 submit your manuscript International Journal of Nanomedicine 2020:15
Dove!


http://www.dovepress.com
http://www.dovepress.com

Dove

Chi et al

>

3D-HA/BMSCs-ECM_ B

SD-HA/BMSCs ECM
e ; ;.é
i)

B 3D-HA
3 3D-HA/BMSCs-ECM

©
<

Cell Adhesion Ratio(%)

Figure 5 Cell adhesion, morphology and activity on different scaffolds. (A) live-dead staining. (B) SEM and (C) cytoskeleton staining show the morphology and activity of the

BMSCs. (D) Cell adhesion ratio. ¥P<0.05, **P<0.01.

composite scaffold was significantly higher than that of the
3D-HA scaffolds at 5 h and 7 h.

3D-HA/BMSCS-ECM Scaffolds Promote
Osteogenesis Induction in vitro

After culturing with normal complete medium and mix-
tures containing a 7-day eluate from both scaffolds, ALP
was used to analyse the osteogenesis of BMSCs. BCIP/
NBT staining showed that ALP staining significantly
increased over time and the degree of staining was more
pronounced in the composite scaffolds group than the 3D-
HA scaffold group (Figure 6A). Another two staining
methods, Alizarin red and von Kossa, showed similar
trends as shown in Figure 6B.

In contrast, for the BMSCs cultured on scaffolds,
Figure 6C shows the ALP activity with or without OS.

With OS, the U value of the composite scaffolds reached
a high level and increases with time. The U value of the
3D-HA scaffolds showed similar trend, although the value
was much lower than that of the composite scaffolds at
each time point (P<0.05). Without OS, the U value of 3D-
HA scaffolds remained at a low level even after 3 weeks;
however, for the composite scaffolds, the U value
improved at 1 week, peaked at 2 weeks and was main-
tained until 3 weeks.

In addition, Figure 7 shows the RT-PCR results for Col I,
ALP, OPN, OCN and Runx-2. The mRNA of ALP showed
a trend similar to that of the ALP protein level. For Col I,
with OS, the level of the composite scaffolds group reached
a high level after 7 days and peaked after 14 days, with
a level higher than that of the 3D-HA scaffolds group
(P<0.01). After 21 days, it decreased and was lower than
that in the 3D-HA scaffolds group (P<0.05). Without OS,
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the level of Col I mRNA increased with time in the compo-
site scaffolds group and was much higher than that in the
3D-HA scaffolds group (P<0.05). The mRNA levels of
OPN, OCN and Runx-2 all showed a similar trend, and the
composite scaffolds group had a higher level than the 3D-
HA scaffolds group with or without OS (P<0.05 or P<0.01).

3D-HA/BMSCS-ECM Scaffolds Accelerate

the Repair of Critical Bone Defects

One rat in the blank control group and one rat in the
composite scaffolds group died of unknown causes within
1 week, and the others recovered well. Twelve weeks after
the operation, Micro-CT was used to assess the quality and
quantity of bone repair. Better osteogenesis and osseointe-
gration were observed in the composites scaffold group,
while no obvious bone regeneration was observed in the
3D-HA scaffolds or control group (Figure 8A). In addi-
tion, BV/TV, Tb.N, Tb.Th and Tb.Sp were used to quan-

tify osteogenesis, and the values were significantly higher

3D-HA/BMSCs-ECM

in the composite scaffold group than those in the 3D-HA
scaffold group and control group (Figure 8B—E). Thus, the
3D-HA/BMSC-ECM scaffolds can promote bone repair
in vivo, which is consistent with the in vitro results.

Discussion
ECM contains various bioactive growth factors and has been
increasingly applied to tissue engineering; however, its poor
mechanical properties limit its applications.® >* Various
kinds of techniques have been used for surface modification
of different materials to improve the specific performance of
the scaffold.”® In this study, we prepared 3D-HA/BMSC-
ECM composite scaffolds according to the surface modifica-
tion of the 3D-HA scaffold using micron-scale ECM. First,
the basic properties of the scaffolds were tested in vitro, and
then their osteogenic ability was verified in vivo and in vitro.
As mentioned above, the physical properties of the
scaffolds are very important, and the compressive strength
of the composite scaffolds reaches 9.45+0.32 MPa, which
is similar to that of the 3D-HA scaffolds. After being
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Figure 8 Radiographic analyze of bone repair after 3 months in a rat critical-size cranial defects mode. (A) Three-dimensional micro-CT reconstruction images of the
defects. Quantity analysis of the new bone formation (B) BV/TV; (C)Tb.N; (D) Tb.Sp; and (E) Tb.Th. *P<0.05; **P<0.01; ***P<0.001.
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soaked in water completely, their mechanics remained
basically unchanged, which allows the scaffolds to retain
sufficient mechanical strength after implantation. Previous
studies have proven that stress is very important for cell
proliferation;* therefore, the composite scaffolds are
qualified candidates. In addition, because of the mature
printing technology, the space inside the composite scaf-
folds is uniform, and computer hydrodynamics simulations
have confirmed that the water distribution in composite
scaffolds is even while that in the C/G scaffolds is
obviously variable, which will lead to the presence of
space in the C/G scaffolds without liquid passing through.
In the application of scaffolds to promote osteogenesis,
stem cells can be fully and evenly distributed in the com-
posite scaffolds, while the distribution in the C/G scaffolds
may be limited. In addition, the uniform interior pore
structure is beneficial for the provision of nutrient suste-
nance and exclusion of metabolic waste in cells, which is
necessary for cell proliferation,®® and studies have con-
firmed that the optimal pore size for tissue engineering
scaffolds is 100-350 pm.** In this experiment, the pore
size of the 3D-HA scaffolds and composite scaffolds were
approximately 350 microns and could be maintained for
a long time in the body, which meets the requirements of
osteogenic scaffolds.

In addition, in vitro toxicity tests and cell adhesion
experiments have confirmed that the two scaffolds have
no obvious cytotoxicity and do not inhibit cell prolifera-
tion, which is consistent with previous research. After 7
days, the composite scaffolds show more live cells and the
vitality of cells adhered to the composite scaffolds is
better, indicating that the ECM secreted by BMSCs has
good activity and can significantly promote cell prolifera-
tion and adhesion.’

The cells on the composite scaffolds that display better
cytoactivity and morphology than the cells on the control
scaffolds may be ascribed to two reasons. First, the com-
posite scaffolds show a better adhesion ratio than the 3D-
HA scaffolds. Cell adhesion is the first step of the cell-
scaffold interaction, and better adhesion is more beneficial
for subsequent proliferation and extracellular matrix for-
mation. Secondly, the surface of the composite scaffolds is
covered by ECM, and ECM has several kinds of functional
proteins that are beneficial for cell growth.*>®

We then further demonstrated the osteogenic capacity
of the scaffolds in vivo and in vitro. We collected the
eluates of the different scaffolds and applied them to the
BMSC culture. We found that the secretion of ALP with

composite scaffolds elutes was significantly stronger than
that induced by control scaffolds elutes and normal med-
ium, and the calcium nodules generated by cell minerali-
that the
component contained in ECM had a strong ability to

zation significantly increased, indicating
induce osteogenic differentiation. After cells adhered
onto the scaffolds, the BMSCs/scaffolds were cultured
with or without osteogenesis induction. The ALP protein
is a classical marker of bone formation; in composite
scaffolds with OS, it can reach a high level after 7 days
and peak after 14 days and is maintained until 21 days,
which is significantly higher than that of control scaffolds.
Without OS, it can also reach a high level after 21 days in
composite scaffolds, while the control scaffolds were sig-
nificantly worse. For osteoblastic marker mRNAs, we
chose Col I, ALP, OPN, OCN, and Runx-2 because Col
I and ALP are markers of early osteogenesis, OPN is
a marker of middle osteogenesis, OCN is a marker of

3940 and Runx-2 is another classic mar-

late osteogenesis,
ker of osteogenesis, which supports osteogenesis detection
covering the whole osteogenesis process.*'**> However,
because the calcium nodules generated by cell mineraliza-
tion are close to HA nodules, the newly generated calcium
nodules cannot be stained for analysis.

We established a model of skull defect in rats, and after
3 months, there was no significant bone regeneration at the
defect site, confirming that the model of critical bone
defects was successfully established. The osteogenesis
effects of the 3D-HA and composite scaffolds were also
evaluated, and after 3 months, the bone repair in 3D-HA
group was much worse, which may have been related to
the weaker osteogenic induction ability. However, the
composite scaffolds exhibited better bone-scaffold integra-
tion and new bone appeared on and around the scaffolds,
which indicated the bioactive function of BMSC-ECM and
the great potential of composite scaffold for bone
regeneration.

Conclusions

In summary, BMSC-ECM is an organic material with
a strong osteogenic ability. After modifying the surface
of the 3D-HA scaffolds, the composite scaffolds show
a good tissue-space structure and good osteogenic perfor-
mance and have great application potential. However, due
to the complexity of the BMSC-ECM components and
functions, it is still difficult to identify the specific
mechanism of BMSC-ECM osteogenesis; thus, further
research is needed in the future.
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