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Abstract: In this study, a B-tricalcium phosphate (-TCP)/poly (lactic-co-glycolic acid) (PLGA) bone tissue scaffold was
loaded with osteogenesis-promoting drug HA15 and constructed by three-dimensional (3D) printing technology. This drug
delivery system with favorable biomechanical properties, bone conduction function, and local release of osteogenic drugs
could provide the basis for the treatment of bone defects. The biomechanical properties of the scaffold were investigated
by compressive testing, showing comparable biomechanical properties with cancellous bone tissue. Furthermore, the
microstructure, pore morphology, and condition were studied. Moreover, the drug release concentration, the effect of anti-
tuberculosis drugs in vitro and in rabbit radial defects, and the ability of the scaffold to repair the defects were studied. The
results show that the scaffold loaded with HA15 can promote cell differentiation into osteoblasts in vitro, targeting HSPAS.
The micro-computed tomography scans showed that after 12 weeks of scaffold implantation, the defect of the rabbit radius was
repaired and the peripheral blood vessels were regenerated. Thus, HA15 can target HSPAS to inhibit endoplasmic reticulum
stress which finally leads to promotion of osteogenesis, bone regeneration, and angiogenesis in the rabbit bone defect model.
Overall, the 3D-printed B-TCP/PLGA-loaded HA15 bone tissue scaffold can be used as a substitute material for the treatment
of bone defects because of its unique biomechanical properties and bone conductivity.
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1. Introduction including bone atrophy, trauma, benign and malignant
) ) . tumors, and periodontal diseasel'l. In this regard, an
Bone defects, which are of prominent importance, refer autologous bone graft is a unique standard of the hard tissue

to a range of injuries that happen due to different reasons, transplantation treatment, especially for bone defects!?.
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These autologous bone grafts have numerous biological
benefits over heterologous and synthetic bone substitutes
due to their excellent combination of osteogenic,
osteoinductive, and osteoconductive characteristicsi®*l,
Despite these advantages, bone transplantation can lead to
issues, such as bleeding, hematoma, infection, and chronic
pains. Furthermore, this form of treatment is restrained by
the donor sources and high costs of surgery®®!. Considering
these issues and the great demand for treatment of bone
defects, the need for modern designs and new strategies
has been elevated to an urgent status, specifically for large-
area bone defects. In this relation, bone tissue engineering
is considered one of the most promising alternative
approach for bone defect repairment'”). One of the aims
of bone tissue engineering is to fabricate osteoconductive
scaffolds along with the successful delivery of osteogenic
cells and biological factors'®l.

The scaffold design should be able to accommodate living
cells and guide their growth, and assist tissue regeneration in
three dimensions®'?!. The fabrication techniques also have a
great impact on scaffold properties!'!). Moreover, the material
and method selection must be designed according to specific
demands of tissue (structural and metabolic)!'?. According to
the biomimetic scaffold production protocols, the prepared
scaffold must maintain a sufficient area for cell adhesion
and proliferation, exchange of gaseous species, with the
optimized surface-to-volume ratio and the degradation rate
that matches tissue formation rate!'¥). The scaffold’s porosity,
surface chemistry, morphology, three dimensional (3D)
structure, immunogenicity, and mechanical properties have
an extensive impact on the matrix properties in the biological
artificial bone substitutes!'¥. As yet, a wide array of materials
has been used as matrix in bone tissue engineering, including
natural polymers and their monomers (elastin, chitosan, silk,
collagen, gelatin, etc.)l'”), synthetic biodegradable polymers
(polylactides, polycaprolactone, polypropylene fumarate,
polyethylene glycol, etc.)!'®, inorganic compounds of bone
extracellular matrix (calcium phosphates, [-tricalcium
phosphate [B-TCP], hydroxyapatite [HA], calcium
carbonate, etc.)!'”), and signaling molecules (RGD proteins
and various growth factors)!'®.. It was clear that bone tissue
engineering scaffolds should imitate the composition
and structure of natural bone tissue mostly by engaging
biodegradable polymer matrix and inorganic bioactive fillers
in 3D composite porous scaffolds.

The utilization of B-TCP and poly (lactic-co-glycolic
acid) (PLGA) is very common due to their beneficial
aspects. The B-TCP has found many applications in load-
bearing orthopedic implants because of its compositional
analogy to mnatural bone, osteoconductivity, and
tailorable bioresorbability!'>?%. Furthermore, the PLGA
is considered one of the base biomaterials because of its
biocompatibility, potential for tailoring its biodegradation
rate, Food and Drug Administration certification for

clinical use in humans, surface modification ability, and
the ease of export to other countries!. In addition, HA15
is an efficient inhibitor of endoplasmic reticulum (ER)
chaperone protein glucose regulatory protein 78 (GRP78,
also known as BiP), which can prohibit the ATPase
activity of BiP and trigger the ER stress. Through ER
stress, the cells activate unfolded protein response (UPR)
and other signaling pathways in reaction to misfolded
and unfolded protein aggregation in the ER cavity and
the disorder of calcium balance.

Many stress responses can activate ER stress, thus
could be called UPR™*?*, UPR is mediated by three major
signaling cascades that are triggered by the so-called ER
pressure sensors, such as double-stranded RNA activated
protein kinase R (like endothelial reticulum kinase
[PERK]), inositol-dependent enzyme 1 o (IRE1 o), and
activating transcription factor 6 (ATF6). PERK, IRE1 «,
and ATF6 are ER membrane proteins, which are known to
form complexes with BiP in a steady-state condition. The
increased demand for protein folding leads to activation of
PERK, IRE1 a, and ATF6, subsequently activating their
downstream influencers to alleviate protein toxic stress on
ER and restore ER homeostasis®2. In this regard, HA15
can bind to the ATP enzyme of BiP and inhibit its activity,
leading to BiP separation from PERK, IRE1 o, and ATF6
that elicits ER stress and UPRP”. The dissociation of BiP
can activate PERK that subsequently phosphorylates elF2
o, leading to the inhibition of protein synthesis, which is
conducive to the folding of proteins in the ER. Unlike
most proteins, the phosphorylated elF2 o selectively
promotes the translation of ATF 4. Since the ATF4 has
an upstream open reading frame in its fifth untranslated
region, under normal circumstances, these upstream
open reading frames would prevent the translation of
ATF4. Phosphorylated elF2 o can promote ribosome
binding to the open reading frame of ATF4, inducing the
expression of ATF4 mRNA and increasing the translation
of ATF4. ATF4 and runt-related transcription factor
2 (Runx2) can interact with osteoblast-specific actin
element 1 (OSE1) and osteoblast-specific actin element 2
(OSE2), respectively, in the osteocalcin (OCN) promoter
region. This can induce the expression of osteoblast-
specific OCN along with bone matrix mineralization
promotion, osteoblast differentiation regulation, and bone
formation™?), Therefore, HA15 can promote osteoblast
differentiation through the PERK-elf2 a-ATF4 pathway.
It was known that the accumulation of misfolded protein
in the ER may lead to the secretion of HSPAS5/BiP
(GRP78) from ERN1/IRE1, allowing homodimerization
and subsequent activation of ERN1/IRE1. This event
has an auxiliary role in the post-translational transport of
small presecretory proteins across the ER. Furthermore,
the HSPAS gene is overexpressed due to UPR under the
cellular stress conditions®®-3?; therefore, the expression of
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HSPAS gene is a reliable indicator of ER stress in human
diseases™. Furthermore, HSPAS5 promotes cell survival
and drug resistance under ER stress conditions?**. Hence,
it seems that B-TCP/PLGA-loaded HAI15 material
targeting HSPAS5 which is a master regulator of the
anti-apoptotic UPR signaling network®*! can be a good
therapeutic option for bone defect problems.

In this study, we constructed a 3D-printed B-TCP/
PLGA-loaded HA15 targeting HSPAS5 bone tissue
scaffold according to a rabbit model of radial bone defect
and performed the implantation. The effect of 3D-printed
B-TCP/PLGA-loaded HA15 bone tissue scaffold on bone
defect treatment and the healing condition is thoroughly
discussed in this article. This study also provides a
theoretical and experimental guideline for the treatment
of bone defect with drug-loaded biomaterials that may be
a promising treatment of bone lesions.

2. Materials and methods

2.1. Scaffold fabrication

The 3D-printed bone tissue scaffold formation procedure
along with in vitro and in vivo experiments is briefly
shown in Figure 1. First, 3 g of PLGA (Shandong
Medical Device Company, P.R. China) with an inherent
viscosity of 0.6-0.8 dL/g was dissolved in 10 mL of
dichloromethane (DCM). Then, 3 g of B-TCP was added
to prepare PLGA/DCM solution, which was subject
to a 20-min ultra-sonication. After that, 200 ug of
HA15 was added to 1.5 ml of deionized water to form
an aqueous solution. The HA15 aqueous solution was
mixed with B-TCP/PLGA/DCM composite solution
with the assistance of ultra-sonication to form uniform
HA15/water/TCP/PLGA/DCM  composite emulsions
as printing inks. The inks were subsequently added into
a 20 mL syringe connected to a V-shape nozzle (inner
diameter: 0.4 mm). A pre-designed STL file shown in
Figure 2D and E with dimensions of sample and multi-
section views was imported in a cryogenic 3D printer
(Shenzhen Creality 3D Technology Co., Limited, P.R.
China) and cylindrical scaffolds with 3D grid patterns
were printed. The printing procedure was carried out
according to the pre-set parameters; the feed speed was
0.005 mL/s and the printing speed was 8 mm/s. Finally, a
cylindrical scaffold with a diameter of 4 mm and a height
of 15 mm were obtained (Figure 2). The printed scaffolds
were freeze-dried for 24 h to remove all DCM.

2.2. Detection using scanning electron microscope

Scanning electron microscopy (SEM) (TESCAN-Vega
3 system) was used to observe the pore structure and
micro-morphology of the prepared 3D-printed scaffold as
well as the scaffold aperture size, pore connectivity, and
surface morphology of pore walls. The Nano Measurer

1.2 was used to perform aperture measurement on the
SEM micrograph of the bracket. In this regard, 30
measurement holes were randomly selected to calculate
the mean and standard deviations (SD) to make a
preliminary assessment of the aperture range.

2.3. Mechanical properties of scaffolds

An electronic universal testing machine was used to test
the mechanical response of the bone tissue scaffolds
with a dimension of 15 mm x 3 mm x 2 mm according
to the GB/T1041-1992 Chinese standard protocol. The
prepared sample was inserted in the testing area and the
compression loading was conducted with a speed of 0.5
mm/min until the complete deformation, then the strength
and modulus of the scaffold were measured.

2.4. In vitro experiments
(1) Cell culture

Murine mesenchymal stem cell line C3H10 was incubated
under the standard condition in DMEM medium
supplemented with 10% fetal bovine serum, 100 U/ml
penicillin G, and 100 mg/ml streptomycin. To seed the
C3H10 cells onto the 3D-printed scaffolds, the scaffolds
were sterilized with ultraviolet light and 70% ethanol
and were placed in 24-well tissue culture plates. For cell
seeding, samples were pre-soaked in DMEM complete
culture medium for 24 h. Subsequently, 1 mL complete
culture medium (3 x 10* C3H10 cells) was poured on
the top surface of the scaffolds. Then, the samples were
incubated for 2 h to permit the cells to attach the scaffolds.
The cells were stimulated with two concentrations of
leaching solution from B-TCP/PLGA/HAI1S5 scaffolds;
the scaffold was infiltrated with 5 ml (HA15-1) or 10 ml
(HA15-2) culture medium for 48 h.

(2) siRNA knockdown

We transiently transfected C3H10T1/2 cells with HSPAS
siRNA using Lipofectamine RNAIMAX (Invitrogen,
Carlsbad, CA, USA) in Opti-MEM medium (Invitrogen),
according to the manufacturer’s instructions. The
sequences of HSPAS siRNA are as follows: Forward,
5’-AAGGUUACCCAUGCAGUUGTT-3" and reverse,
5’-AGAUUCAGCAACUGGUUAAAGTT-3’. Universal
Non-targeting Control siRNA was considered and
used as the control for non-sequence-specific effects.
The capability of siRNA knockdown was evaluated by
Western blotting. Each experiment was performed in
triplicates.

(3) Western blot analysis

Cells were lysed in 2% sodium dodecyl sulfate
(SDS) with 2 M urea, 10% glycerol, 10 mM Tris—

102 International Journal of Bioprinting (2021)—Volume 7, Issue 1



Zheng, et al.

B-TCP

PLGA/DCM solution

Surgical procedure

~—

3D printed Scaffold implantation in rabbit

=»

PLGA/DCM solution

T
SN - l
OOO (o] ]

o 0°o

HA15/water/TCP/PLGA/DCM
composite emulsions

3D printed porous HA15-loaded B-TCP/PLGA
bone tissue scaffold

" 4

MSCs culture on HA15-loaded B-TCP/PLGA
bone tissue scaffold

Figure 1. Production procedure of 3D-printed porous HA15-loaded B-tricalcium phosphate/poly (Lactic-co-glycolic acid) bone tissue
scaffold along with in vitro mesenchymal stem cells (MSCs) culture and in vivo scaffold implantation in rabbit.
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Figure 2. Prepared scaffolds. (A) B-tricalcium phosphate/poly (Lactic-co-glycolic acid)B-(TCP/PLGA) and (B) B-TCP/PLGA/HA15
samples; (C) the length of scaffolds; (D) pre-designed STL files showing the dimensions in mm; (E) STL file showing the multiple sections
of sample: red for X section, green Y section, and blue for Z section.

HCl (pH 6.8), 10 mM dithiothreitol, and 1 mM
phenylmethylsulfonyl fluoride. Proteins were separated
by 10% SDS-polyacrylamide gel electrophoresis.
After electrophoresis, proteins were transferred onto
the membranes (Bio-Rad Laboratories, Hercules, CA,
USA) using the wet transfer method. Each membrane
was blocked using TBST (100 mM Tris—HCI pH 7.5,
150 mM NaCl, and 0.05% Tween 20) and 5% non-fat

dried milk for 1 h at room temperature, and incubated
with primary antibodies overnight on a shaker at 4°C.
The membrane was incubated with HRP-coupled
secondary antibody for 1 h at room temperature.
Following this, membranes were treated with enhanced
chemiluminescence reagents (ECL Kit, Amersham
Biosciences, Piscataway, NJ, USA) and the proteins
were detected using chemiluminescence technique.
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(4) Gene expression and real-time polymerase chain
reaction (PCR) analysis

The expression of osteogenic genes, including OCN,
HSPAS, bone morphogenetic protein 2 (BMP2), alkaline
phosphatase (ALP), collagen type I (collal), transcription
factor Sp7 (Osterix), and Runx2, in C3H10 cells cultured
on various specimens was analyzed by real-time PCR
assay. After culturing for 7 days, total RNA was extracted
using Trizol reagent from cells. The concentration of
RNA was measured by a NanoDrop spectrophotometer
(Thermo Fisher Scientific, USA). The primers used are
shown in Table 1.

(5) Alizarin red S staining

Following osteogenic induction for 14 days, the cells
were placed in 48-well plates (3-wells for each group) and
fixed with 4% paraformaldehyde (PFA) for 20 min, and
then rinsed twice with phosphate buffered saline (PBS).
After that, the cells were stained using 40 mM alizarin
red working solution for 10 min at room temperature. The
cells were then rinsed twice with PBS and visualized under
a light microscope. Next, 100 mmol/l cetylpyridinium
chloride was poured into each well and semi-quantitative
analyses were done by optical density measurement at
560 nm.

(6) Immunofluorescence analysis

For immunofluorescence analysis, after incubation with
primary antibodies, followed by Alexa Fluor 594 donkey
anti-mouse IgGl (Life Technologies, Carlsbad, CA,
USA) and Alexa Fluor 488 goat anti-mouse 1gG2b (Life
Technologies) secondary antibodies, cells were washed
3 times in PBS, after which nuclei were counterstained
with 4',6-diamidino-2-phenylindole (Life Technologies).
Images were obtained on a confocal laser-scanning
microscope (Olympus, Tokyo, Japan).

2.5. In vivo experiments
(1) Radial defect treatment of rabbit

All in vivo animal experiments were conducted under
the “Regulations on the Administration of Laboratory
Animals” approved by the State Council, issued by the
National Science and Technology Commission and
approved by the Experimental Animal Ethics Committee
of Youjiang Nationalities Medical College. Six New
Zealand white rabbits, with an average weight of 2.5 +
0.5kg, that were used in this experiment were provided by
the Science Experiment Center of Youjiang Nationalities
Medical College. Among them, the male rabbits and
female rabbits were divided into B-TCP/groups using the
random number method; these groups were PLGA/HA15
group, B-TCP/PLGA group, and bone defect group. The

rabbits were assigned to either left or right radial defect
model group using the random numbering method.
The rabbits were anesthetized with 3% pentobarbital
sodium at 20 mg/kg through ear intravenous injection
(Figure 3A). The rabbits were fixed in the supine position
and the forearm hairs were shaved to reveal the surgery
site, which was disinfected with 2% iodine tincture 3
times. About 75% alcohol was used for deiodination.
The corneal reflex of animals was observed to check if
they were ready for surgery. The surgery began with a
2.0 cm long incision parallel to the radius of the forearm
in the middle and upper segment of the forearm. Then,
the subcutaneous tissue and muscle space were separated
to expose the radius, after that the periosteum of the
radius was cut (Figure 3B). An orthopedic mini-drill was
used to cut a radius of about 1.5 cm in the upper-middle
segment of the radius, and then the surgical site was rinsed
with 0.9% sodium chloride solution. The samples were
implanted at this site (indicated by a circle in Figure 3C).
The subcutaneous tissue was sewed with 4-0 absorbable
risk (Figure 3D). The incision was sutured with No. 0
suture and the wound was then disinfected and bandaged.
The rabbits were kept in separate cages and each was
administered an intramuscular penicillin injection at a
dose of 1.6 x 10° units/day for 3 days post-surgery. All
the animals were sacrificed 12 weeks after surgery by
air embolization at the ear’s marginal vein. The original
surgical site was incised to observe the healing condition
of the local bone defects. The surgical process is shown
in Figure 3.

(2) Micro-computed tomography (micro-CT) scan

All experimental animals were subjected to 40-row micro-
CT scanning through SIEMENS Inveon MMCT micro-
CT instrument with working parameters of voltage and
power of 55 kV and 80 W, respectively. Furthermore, the
3D reconstruction examination of the surgical sites was
performed 12 weeks after surgery to thoroughly clarify
the specific and intuitive bone callus growth and healing
condition at the bone defect. Moreover, the quantitative
analysis of bone volume/total volume (BV/TV), bone
mineral density, trabecular thickness, and the structural
model index was done according to the Hedberg’s
standard for evaluating the condition of new bone area.

(3) Microfil angiography and micro-CT imaging

The anesthetizing procedure was carried out according to
a previously described method. The abdomen was fixed
upward on the plate and the skin and muscle layer was cut
along the midline of the abdomen. Then, the diaphragm
was cut and the heart was exposed afterward. The heart
was fixed with hemostatic forceps, and inserted with a 23G
needle. The right atrial appendage in the left ventricle was
cut with ophthalmic scissors. Subsequently, the infusion
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Table 1. Primer sequences of osteogenic genes

Osteogenic genes

Primer sequences

HSPAS

F: 5’-CACGGTCTTTGACGCCAAG-3’

R: 5’-CCAAATAAGCCTCAGCGGTTT-3’

ALP F: 5°-CGGATCCTGACCAAAAACC-3’
R: 5’-TCATGATGTCCGTGGTCAAT-3"

BMP2

F: 5°~-GAATGACTGGATCGTGGCACCTC-3’

R: 5’-GGCATGGTTAGTGGAGTTCAGGTG-3’

Collal

F: 5’-CATGTTCAGCTTTGTGGACCT-3’

R: 5’-GCAGCTGACTTCAGGGATGT-3’

OCN

F: 5’-CACCATGAGGACCCTCTCTC-3’

R: 5’-TGGACATGAAGGCTTTGTCA-3’

Osterix

F: 5>-TCTCCATCTGCCTGACTCCT-3’

R: 5’-AGCGTATGGCTTCTTTGTGC-3’

Runx2

F: 5°-GACTGTGGTTACCGTCATGGC-3’

R: 5’-ACTTGGTTTTTCATAACAGCGGA-3’

GAPDH

F: 5’-CATGTACGTTGCTATCCAGGC-3’

R: 5’-CTCCTTAATGTCACGCACGAT-3’

F, forward; R, reverse; BMP2, bone morphogenetic protein 2; ALP, alkaline phosphate; collal, collagen type I; OCN; osteocalcin.

AP

Figure 3. Surgery process on rabbit model. (A) Ear intravenous injection for anesthesia; (B) radius of the forearm in the middle and upper
segment of the forearm; (C) sample implantation; (D) stitched wound.

pump was turned on and irrigated with saline until no red
liquid flows out, and then it was changed to 4% PFA.

After the muscle tissue was fixed, the perfusion of
40-50 ml of mixed microfil liquid (solvent: solute=4:5,
1-2% coagulant added) was started. At the end of
the perfusion process, the small blood vessels of the
mesentery appeared yellow. Then, the rabbit corpse
was placed in a 4°C refrigerator overnight. After the
contrast agent was fixed, the rabbit upper limb was
extracted to implement a micro-CT scan and observe
the angiography.

2.6. Statistical analysis

The obtained results were expressed as mean = SD. All
the quantitative data were obtained from three or four
independent experiments. The statistical analysis was
performed using one-way analysis of variance followed
by post-hoc tests. A value of P < 0.05 was regarded as
significant.

3. Results and discussion
3.1. Characterizations of scaffolds

The pore structure of the 3D-printed scaffolds was
evaluated using SEM. Figure 4 shows the SEM
micrographs of [-TCP/PLGA and p-TCP/PLGA/
HAT1S scaffolds. Both samples have 3D interconnected
macropores with an acceptable shape tolerance and
uniformity®®. Tt can be observed that the number of
distortions and defects is negligible and the 3D printing
process has a good capability to produce this type of layer-
by-layer 3-TCP/PLGA scaffolds. The red dotted circles
in Figure 3 shows the near perfect pore morphologies.
Also, the pores have rectangular shapes but are of varying
sizes. The bigger pores have dimensions of about 200 um
%180 um while the smaller ones have dimensions in the
range of ~100 um x ~180 um. This perfect pore structure
maintains a large number of adhesion areas for cells.
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B-TCP/PLGA

B-TCP/PLGA/HA1S

Figure 4. Scanning electron microscopy scanning results of the scaffolds with different magnifications. The upper row shows the B-tricalcium
phosphate/poly (Lactic-co-glycolic acid) (B-TCP/PLGA) scaffolds and the bottom row shows the 3-TCP/PLGA/HA1S5 scaffolds. The red
dotted circles show the perfect pores.
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3.2. Western blot

Figure SA shows the qualitative western blot results
of osteogenesis proteins after knockdown of HSPAS
in C3HI10 cells (siRNA-transfected [Si-HSPAS])
and after being transfected with two concentrations
of HAIS in stimulated osteogenic medium for 7
days. Both conditions (Si-HSPAS- and HA15-treated
samples) exhibited expression for all osteogenic
proteins tested, including HSPAS, OCN, Collal,
Osterix, and P-actin. It was clearly seen that both
Si-HSPAS5- and HAI15-treated samples did express
a strong persistent signal for (-actin. Nevertheless,
the Osterix has a considerable signal in both samples
but it is more pronounced in Si-HSPAS. The Osterix
expression is a general phenomenon in human bone
tissues and Osterix as an important transcription
factor is necessary for differentiation of osteoblasts?’).
Moreover, OCN as a sign of late osteoblast maturation
and Collal as the osteogenesis-related protein
have considerably stronger signals compared to the
negligible signals seen in the HA15-treated samples.
It can be seen that Si-HSPAS is more successful in
silencing the HSPAS proteins than HA15 treatment
whereas HA15 can decrease the OCN and Collal
signals.

3.3. Gene expression

Figure 5B shows the mRNA expression of osteogenic
genes in Si-HSPAS and after 7 days treatment with two
concentrations of leaching solution in C3H10 cells which
is stimulated by the osteogenic medium. It was seen that
all the osteogenic genes except HSPAS were upregulated

500 Em

in both Si-HSPAS5 and HA15 conditions compared to
the control samples. The gene expression of ALP, which
is an early marker of osteogenic differentiation®®!, was
upregulated about 3 folds in HA15-1 condition and about
0.17 fold in HA15-2 condition compared to the control
sample (untreated condition and considered as natural
healing). On the other hand, in the Si-HSPA condition, this
increment was about 1.5 times compared to the control
sample. Furthermore, the expression of OCN gene,
which is a late marker of osteogenic differentiation!**’,
was increased for about 1.85 folds in Si-HSPA, and
about 3 and 1.8 fold in HA15-2 and HA15-1 conditions,
respectively. COL1A1 gene expression also showed
considerable enhancement compared to control samples
in all conditions. The reduction of HSPAS in Figure 5B
indicates a reduction of ER stress*” and the improvement
of drug performance.

3.4. Alizarin red S staining

The results of alizarin red staining showed enhanced
calcium deposition in C3H10 cells that were transfected
with Si-HSPAS and two concentrations of leaching
solution from P-TCP/PLGA/HA1S5 scaffolds on day
14, being greater in HA15-1 and Si-HSPAS5 conditions
(Figure 5C). Hence, the mineralization of extracellular
matrix that usually happens during in vitro osteogenesis*!)
can be improved by implementing HA15 and Si-HSPAS.
The red spots, which serve as an indicator of calcium
deposition and HA formation, considerably increased
compared to control samples, indicating a better
osteogenesis performance of all samples, especially the
HA15-1 condition.

106 International Journal of Bioprinting (2021)—Volume 7, Issue 1



Zheng, et al.

A o B
A qu A ,»c,' s"”
o, O
- cgrl 15 - ctrl
HSPAS  we - e c 8, W SiHSPAS c 1 2 m::;
o ("
2 -
OCN -. - g §-1 -
X 5
Collal - e > é %
- £ i
. g %
e L — 3 g
04
Practin - — &

Figure 5. (A) Western blot analyses of osteogenic proteins after knockdown of HSPAS in C3H10 cells (Si-HSPAS) and after treatment with
two concentrations of leaching solution from B-tricalcium phosphate/poly (Lactic-co-glycolic acid)/HA15 scaffolds (HA15-1, HA15-2) in
stimulated osteogenic medium for 7 days. (B) mRNA expression of osteogenic genes after knockdown of HSPAS, treatment with HA15-1
or HA15-2 in C3H10 cells and being stimulated by osteogenic medium for 7 days. (C) Alizarin red S staining of C3H10 cells with HSPAS
knockdown and treatment with HA15-1 or HA15-2 in osteogenic medium for 14 days.

3.5. Immunofluorescence staining

The OCN protein, DAPI, and HSPAS were stained using
immunofluorescence method and the co-localization
of them was observed using confocal laser scanning
microscope. The OCN proteins were marked by green
fluorescence, HSPAS5 by red color, and the nucleus
labeled by DAPI as blue color. After merging all the
immunofluorescence figures, it can be seen that OCN
and HSPAS were co-localized in cytoplasm and nucleus
(Figure 6). Significantly stronger OCN staining was
observed in the HA1S5 sample in comparison to the
control, indicating a better osteogenic effect. Contrarily,
the amount of HSPAS5 was considerably decreased in
the HA15 sample compared to the control. Thus, HA15
has the potential to improve osteogenesis and reduce
HSAPS.

3.6. Mechanical properties

The mechanical compression performance of 3-TCP/
PLGA and B-TCP/PLGA/HA1S5 samples is listed in
Table 2 and their respective stress-strain curves are
illustrated in Figure 7. The compression strengths of
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Table 2. Compression mechanical results of 3-TCP/PLGA and
B-TCP/PLGA/HA15 scaffolds

Scaffold Young Ultimate Strain
modulus (E) tensile
strength (UTS)
B-TCP/PLGA 27.86 0.366 MPa 1.28%
B-TCP/ 31.36 0.443 MPa 8.6%
PLGA/HA15

B-TCP/PLGA and B-TCP/PLGA/HA15 samples were
about 0.366 MPa and 0.443 MPa, respectively. It can
be seen that the compression strength of the 3-TCP/
PLGA/HAT1S scaffold is 19% higher than that of the
B-TCP/PLGA and is considered more suitable for
load-bearing applications, especially bone defects.
Although B-TCP/PLGA has less Young’s modulus
and can inhibit stress shielding effect, this amount in
B-TCP/PLGA/HA15 is not considerably high and it
can still maintain good biomechanical properties. The
compression strength and Young’s modulus of these
samples are comparable with those of cancellous bone
tissue***; hence, they seem to be suitable for bone
defect applications. Nonetheless, the performance of
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Figure 6. Immunofluorescence staining of OCN, HSPAS, and DAPI in C3H10 cells treated with leaching solution from f-tricalcium
phosphate/poly (Lactic-co-glycolic acid)/HA15 scaffolds and osteogenic medium for 7 days.
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Figure 7. Mechanical compression stress-strain curve of
B-tricalcium phosphate/poly (Lactic-co-glycolic acid) (B-TCP/
PLGA) and B-TCP/PLGA/HAI1S5 scaffolds.

B-TCP/PLGA/HAL1S5 scaffold is better and should be
the potential choice.

3.7. Micro-CT scan and microfil angiography of
bone formation

After implantation of scaffolds and surgery procedure
(Figure8A),the BV fraction (%) of scaffolds was analyzed
by micro-CT scan as shown in Figure 8B. Micro-CT
scan experiment can accurately quantify the bone and its
spatial growth and 3D distribution™¥. It can be seen that
the samples have very different mineralization behavior.
The extent of bone formation of the B-TCP/PLGA/HA15

sample was considerably higher than that of the 3-TCP/
PLGA and control sample 12 weeks after the surgery.
The addition of HA15 considerably improved bone
mineralization but the effect of B-TCP/PLGA seemed
to be not significant. It should be considered that the
scaffold material was mostly degraded after 12 weeks so
it cannot be shown by micro-CT scans.

The 3D images of neovascularization (newly
formed vessel-like structure) in the scaffold region are
demonstrated in Figure 8C. There were considerably
more newly formed vessels in the P-TCP/PLGA/
HA15 and B-TCP/PLGA scaffolds compared to the
control sample. The best performance was seen in the
B-TCP/PLGA/HA1S5 sample. For more effective bone
repair and regeneration, angiogenesis is essential.
Moreover, vascularization leads to osteogenesis during
tissue maturity and regeneration™]. Reportedly, the
neovascularization improvement could accelerate
osteogenesis even before the establishment of local
blood flow!*l. Hence, the formation of B-TCP/PLGA
and B-TCP/PLGA/HA15 scaffolds could significantly
enhanced bone regeneration. Figure 9 shows the
accumulative HA15 release profile of B-TCP/PLGA/
HA1S5 scaffold in which it can be seen that about 73% of
HAT15 was released in 25 days. The rate of HA15 release
was very fast in the 1% week, especially after 5 days, then
it started to decrease. If the release rate of the substance
was assumed to be constant after 7 days, 100% of the
HAT15 would be released after about 59 days.
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Figure 8. (A) Scaffold implantation surgical procedure in rabbits. (B) Micro-computed tomography (Micro-CT) scan images and
quantification results of the defect area 12 weeks after the surgery; newly formed bone appeared as white dots on the CT images. (C) Microfil

angiography and micro-CT imaging results of the rabbits.
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Figure 9. Accumulative HA15 release profile of B-tricalcium
phosphate/poly (Lactic-co-glycolic acid)/HA15 scaffold.

4. Conclusion

In this study, a B-TCP/PLGA bone tissue scaffold loaded
with osteogenesis-promoting drug HA15 was constructed
by 3D printing technology. The scaffold loaded with the
HA15 delivery system has favorable biomechanical
properties comparable to those of the cancellous bone
tissue and can promote cell differentiation into osteoblasts
in vitro targeting HSPAS and promote bone regeneration
in a rabbit bone defect model. Moreover, this scaffold can
enhance angiogenesis that has a significant role in more
effective bone repair and regeneration. It was seen that
HA1S5 can target HSPAS to inhibit ER stress and promote
osteogenesis, along with the inhibition of ER stress,
reduced apoptosis, and induced autophagy in vivo. Overall,
this study might provide a theoretical approach for the
treatment of bone defects with HA15-loaded biomaterials.
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