Journal of Materials Science: Materials in Medicine (2020) 31:96
https://doi.org/10.1007/s10856-020-06441-2

TISSUE ENGINEERING CONSTRUCTS AND CELL SUBSTRATES

Check
s

Original Research Upeie

The effects of oyster shell/alpha-calcium sulfate hemihydrate/
platelet-rich plasma/bone mesenchymal stem cells bioengineering
scaffold on rat critical-sized calvarial defects

Jinwu Wang'? - Linzhen Xie'? - Xingyu Wang'? - Wenhao Zheng'? - Hua Chen'? - Leyi Cai'? - Long Chen'?

Received: 15 February 2020 / Accepted: 24 September 2020 / Published online: 31 October 2020
© Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract

Engineering scaffolds combining natural biomineral and artificially synthesized material hold promising potential for bone
tissue regeneration. We fabricated a bioengineering scaffold, oyster shell (OS) and alpha-calcium sulfate hemihydrate (a-
CSH) as scaffold, platelet-rich plasma (PRP) as provider of growth factors and bone mesenchymal stem cells (BMSCs) as
seed cells, and determined it could be applied as a new type of bone graft substitutes by rat calvarial defects repairing
experiment in vitro and in vivo. SEM showed that the mean diameter of the pores was about 150 um with a range of
50-200 um, and scaffold’s porosity was ~27.4% by Archimedes’ Principle. In vitro, Scaffold + BMSCs + PRP group
presented a higher ALP activity compared with other groups by ELISA (P <0.05). But the expression of OC was not
detectable on day 4 or 8. The MTT assay showed that the relative cell number of BMSCs+PRP group increased significantly
(P <0.05). In vivo, the smallest defect area of skull and highest volume of regenerated new bone were observed in Scaffold
+ PRP + BMSCs group by X-ray and Micro-CT analysis (P <0.05). And the similar results also were observed in HE and
Masson staining. The immunohistochemistry staining for osteogenic marker proteins ALP and OC showed that the most
obvious positive staining was observed in Scaffold + PRP 4+ BMSCs group (P <0.05). The expression of inflammatory
markers IL-6 and TNF-a was the lowest in control group (P < 0.05). In conclusion, a bioengineering scaffold based on OS,
created by simply combining «-CSH and PRP and implanting with BMSCs, could be clinically useful and has marked
advantages as a targeted, off-the-shelf, cell-loaded treatment option for the bone healing of critical-size calvarial defects.

Abbreviation osteocalcin (00)
oyster shell (0S) enzyme linked immunosorbent assay (ELISA)
alpha-calcium sulfate hemihydrate  («-CSH) hethylenediaminetetraacetic acid (EDTA)
platelet-rich plasma (PRP) calcium sulphate dihydrate (CSD)
bone mesenchymal stem cell (BMSC)

fetal bovine serum (FBS)

phosphate buffer saline (PBS) 1 Introduction

alkaline phosphatase (ALP)

In the clinic, the reconstruction of critical-sized bone defect
remains challenging in orthopedics [1]. Bone grafts, namely
autografts, allografts, and bone graft substitutes, are widely
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used to replace bone losses after defects due to a variety of
causes. In present period, autografts and allografts are still
major graft means in clinical practice, but their own inevitable
drawbacks such as donor-site morbidity and immunogenicity
restrict the use of transplantation [2]. To search for faultless
alternatives, transplantation of bone graft substitutes seems to
be a promisingly approach. With intensive clinical demand, the
search for satisfactory bone graft materials has become a
rapidly expanding field [3]. An ideal bone graft material should
provide the combination of mechanical strength, angiogenesis,
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and osteogenesis. Though various products have entered the
market, and much more materials are under research, no per-
fect one is able to meet all the clinical requirement demands up
to now. Searching for graft substitutes has become one of the
research hotspots in the field of orthopedics.

Based on the triangular concept within tissue engineering
[4], the standard method of bone tissue engineering inclu-
ded three essential pillars: scaffolds, bioactive factors, and
osteogenic cell populations [4, 5]. The combinations of
these tissue engineering construct might possess suitable
osteoconduction, osteoinduction, and osteogenesis [6].

An ideal scaffold would have moderate biocompatibility,
biodegradability, porosity, and well mechanical properties.
The oyster shell (OS) tissue is a hard tissue mainly com-
posed of organic matrix-calcium carbonate [7], the structure
of which is similar to mammalian bone tissue [8]. Previous
studies have revealed the biocompatibility and biodegrad-
ability of nacre derived from OS [8]. Similar to mammalian
bone, the favorable mechanical strength and resilience are
ensured by the microstructure [9]. In addition, it is also
reported with osteoinductive and osteoconductive capability
[8, 10]. In vitro experiment, it has been demonstrated that
when human osteoblasts cultured with moderate nacre, a
complete sequence of bone formation could be reproduced
[11]. Oyster shell is also rich in natural porous structure,
which is essential for cells’ growth, differentiation and
proliferation. But the slow degradation speed and limited
resorption might hinder its use as a type of scaffold [12].
Though some studies have shown its promising potential,
OS remains an underexplored biomaterial.

For exceptional osteoconductivity, osteoinductivity,
biocompatibility and biodegradability, alpha-calcium sul-
fate hemihydrate («-CSH) is a sufficient bone substitute and
has been widely used in clinics as a replacement for auto-
genous cancellous grafts [13, 14]. When meeting water, o-
CSH will turned into calcium sulphate dihydrate (CSD),
which has been used to manufacture calcium sulfate cement
for bone graft substitute and bone augmentation [15]. But
the single use of a-CSH has certain drawbacks, mainly the
relatively fast degradation rate and partly low mechanical
strength [16]. To complement each other, OS powder was
combined with «-CSH in the ratio of 1:3 as the scaffold.

Platelet-rich plasma (PRP), a kind of enriched platelet
suspension in plasma from whole blood [17], is considered
the source of cytokines and growing factors, including
platelet derived growth factor, transforming growth factor-
B, bone morphogenetic protein 2, and insulin-like growth
factor, et cetera [18]. It can be activated into gel state by
addition of calcium chloride or thrombin [2]. The applica-
tion of PRP could promote wound healing, bone tissue
regeneration, and angiogenesis [19]. And several animal
studies have demonstrated the healing efficacy of using PRP
as one part of therapeutic agents in critical-size defects [8].
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Bone mesenchymal stem cells (BMSCs) possess the
multipotential ability of differentiating into bone, cartilage,
stroma, and so on [20], which have been extensively
applied in tissue engineering. It has long been proven that
when mixed with bone materials, BMSCs could act as
promoters of critical-size bone defects’ regeneration [21].

Therefore, we chose OS with a-CSH as the scaffold, PRP
as the provider of growth factors, and BMSCs as seed cells.
We fabricated this substitute material and tried to determine
if this kind of bioengineering scaffold could be applied as a
new type of bone graft substitutes by rat calvarial bone
defects repairing experiment.

2 Materials and methods

2.1 Fabrication and morphological observation of
scaffolds

Fresh oysters (Fig. 1) weight around 100 g were bought
from a local seafood shop and shells were separated out.
Oyster shells were rinsed thoroughly with distilled water
and left to dry off. Then shells were crushed into powder by
electric grinder. After passing through 200 mesh sieve, the
grain was controlled less than 200 meshes. The powder was
soaked in 10% chloroform for 24 h and the suspension was
stirred with a magnetic stirrer. After washed by deionized
water, the powder was soaked with stir in 30% hydrogen
peroxide for 24 h. After ultrasonic cleaning with deionized
water, the OS powder was left to dry in a hot-air drying
oven. Calcium sulfate was also sifted by 200 mesh sieve
after milled. At room temperature, added 18 g OS powder
and 6 g calcium sulfate (the mass ratio = 1:3) into 25 ml
absolute alcohol. The suspension was stirred with a mag-
netic stirrer for 30 min and sonicated. Then the mixture was
poured into cylindrical molds sized with 5 mm in diameter
and 4 mm in high and next dried at 37 °C for 24 h. Finally,
scaffold powder was separated from the mold, sealed and
stored in 4 °C refrigerator for use. We chose the fourier
transform infrared spectra (FT-IR), X-Ray fluorescence
(XRF), and X-ray diffraction (XRD) with Cu radiation to
examined scaffold powder. When meeting water, «a-CSH
would turn into CSD and solidified in few minutes. Thus,

Fig. 1 Appearance and morphology of oyster shell
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once scaffold powder mixed with deionized water, the
paste-like mixture should be immediately fixed on a circular
copper plate. After that, the scaffold’s surface was coated
with a palldium-gold film using a rotating sputtering
machine. Then, the pore size and microstructure of scaffold
were observed by SEM. The porosity of scaffold was
measured by Archimedes’ Principle [22, 23] and calculated
as following:

Vp = (W2 — W3 — Wg)/pe,

Vs = (W) — Wy + Ws)/pe,

Porosity (%) = Vy/(Vp + Vs),

V,, standed for the volume of scaffold pore, Vg standed for
the volume of scaffolds, Wg was the quality of the scaffold,
W1 meaned the weight of bottle filled with ethanol, W, was
the weight of bottle including the ethanol and the scaffold
and then the bottle was weighed (W3) after taking out of the
ethanol-saturated scaffold.

2.2 Degradation test in vitro

We prepared the simulated body fluid (SBF) by the method
introduced by Kokubo [24]. The pre-prepared sample of the
scaffold (® 5 mm x 3 mm) was soaked in SBF solution, and
then the soaking solution was collected at each immersion
time point. The pH value and Ca®" concentration in the
soaking solution obtained at each time point were deter-
mined by electrolyte-type pH meter (FE20K, Mettler
Toledo, Switzerland) and inductively coupled plasma-
atomic  emission spectrometry (ICP-AES, Optima
2100, USA).

2.3 Preparation of platelet-rich plasma

An SD rats (392 g) was anesthetized with intraperitoneal
injections of 1.2 ml 10% chloral hydrate. After shaving and
disinfection, open the thoracic cavity to expose the heart,
then use syringe to collect 8 ml blood from the heart. The
blood was soon mixed with 2ml 10% sodium citrate and
shaked up. Poured into centrifuge tube, the blood was
divided into two obvious layers after dimission at 200 g for
10 min. The upper yellow layer was then dimission at 250 g
for 10 min, and the bottom liquid except precipitate was
collected as PRP. Around 1 ml PRP was derived and stored
at —70 °C.

2.4 Preparation of thrombin

A 3000U thrombin (T6021, Biotopped) was added into 3 ml
10% calcium chloride solution. Shake well before use.

2.5 Primary culture and expression of BMSCs

Bone marrow was harvested from bilateral femurs of a 3-
week-old male SD rat. After executed with overdose of
intraperitoneal chloral hydrate, bilateral femurs were strip-
ped out and cut off. Bone marrow was flushed out with
phosphate buffer saline, and filtered with 100 um filter.
After centrifugation, precipitate was cultured in cell med-
ium which contained 80% (w/w) DMEM (C11995500bt,
Gibco), 20% FBS (16000-044, Gibco) and Penicillin-
Streptomycin(100 U/ml, P1400, Solarbio) at a humidified
atmosphere of 37°C and 5% CO,. The medium was
replaced in the 5th day and the first subculture was carried
out in the 9th day. Cells were passaged in vitro with trypsin
enzyme-digesting technique (T1300, Solarbio) when
expanded to 80% confluence. When the 5th generation of
cells expanded to 90% confluence, cells were gathered with
0.25% trypsin (T1300, Solarbio). After counting, the
BMSCs suspension was diluted to 1.0 x 10° cells/ml for use
[25].

2.6 BMSCs’ implantation to scaffold in vitro

Mixed up 3000 mg scaffold with 1 ml deionized water, and
then paved 800 ul paste-like mixtures at each well’s bottom
of 24 well culture plates. After scaffolds solidification,
added 1 ml osteoblast induction medium (100 U/ml peni-
cillin-streptomycin, 80% DMEM, 20% FBS, 10 mmol/L
beta sodium glycerophosphate and 1.0 x 10~" mol/L dex-
amethasone) into each well. The group I (n = 8) was added
Sul BMSCs suspension (1.0 x 10%ml) into each well. The
group II (n=28) was added with Sul BMSCs suspension
(1.0 x 106/m1), 10ul PRP and 2 ul thrombin in each well.
The group III (n =4) was added with 10 ul PRP and 2 ul
thrombin in each well. The group IV (rn=4) received no
further procedure. The 24 well culture plate was placed at a
humidified atmosphere of 37 °C and 5% CO, for 4 days. All
wells’ supernatants were collected for ELISA determination
of alkaline phosphatase (ALP), osteocalcin (OC), and all
wells’ medium were replaced with 1.3 ml culture medium.
After another 4 days’ continued culture, the supernatant of
each well was respectively collected for ELISA determi-
nation of alkaline phosphatase (ALP) and OC using alkaline
phosphatase assay kit (A059-2, NJJCBIO) and osteocalcin
assay kit (ml002883, mlbio).

2.7 BMSCs’ proliferation assay

In total, 1.0 x 10° cells/ml BMSCs were cultured with 100
ul culture medium (80% DMEM with 20% FBS) in each
well of a 96 well culture plate at 37 °C and 5% CO, for
24 h. Then medium was aspirated. The medium of group A
(n=28) was composed of 1.0 ml FBS and 4.0 ml DMEM.
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And the medium of group B (n=28) was composed of
1.0 ml FBS, 4.0 ml DMEM, 25ul PRP and 5ul thrombin.
100 ul medium with 10ul MTT solution was added into
each well. The 96 well culture plate was continued cultured
at 37°C and 5% CO, for 4 h. Next steps were strictly in
accordance with the specification of MTT assay kit
(top0109, biotopped). And we measured the absorbance of
each well at 570 nm by enzymatic-reader.

2.8 Surgical procedure

In total, 32 SD rats (168 +£9 g) were randomly divided into
four groups in the ratio of 1:1:1:1 by means of random
number table. After anesthetized with intraperitoneal
injections of 10% chloral hydrate (0.5 g for each rat), Hairs
on the roof of skull were shaved and the skin was disin-
fected by iodophor. Do 1.5 cm sagittal median incision on
the top, stripped out soft tissues until the calvarial bone was
completely exposed. And a hole with a diameter of 5 mm in
was drilled using a hollow electron trephine bur under
saline cooling irrigation in unilateral calvaria, avoiding the
sagittal suture. The round bone slice was then removed by
scalpel without injury to the dura mater. Surgical field was
then thoroughly washed with warm physiological saline.
Each defect in group I, II, and III was paved with 20 mg
premixing mixture scaffold (Premixing mixture scaffold:
Mix 1000 mg scaffold powder with 334 ul deionized water).
Next, each defect in group I was filled with 5ul PRP, 1 ul
thrombin, and 24 ul BMSCs suspension; each defect in
group II was filled with 5ul PRP, 1 ul thrombin, and 24 ul
cell medium without BMSCs; each defect in group III was
filled with 30 ul cell mediu (Cell medium: DMEM con-
taining 20% FBS. Mixtures were immediately used after
mixed), and each defect in group IV was filled with nothing.
Then soft tissues were repositioned and incisions were sewn
up by 4-0 suture. All rats received daily intraperitoneal daily
injection of 50,000U penicillin for 5 days after surgery.

2.9 X-ray analysis

After the 4th and 8th week of surgical operation, four rats
were sacrificed by overdose of intraperitoneal chloral
hydrate in each group respectively. The skull defect spe-
cimens were taken and fixed with 4% paraformaldehyde.
After 48 h of fixation, specimens were harvested using
75% alcohol. We then radiographed each sample by
digital X-ray machine (Kubtec Model XPERT.8; KUB
Technologies Inc.) to monitor the treated area about the
presence of the new bone and area of remaining skull
defect at four and eight weeks after surgical operation.
And image pro-plus 6.0 (Media Cybernetics, Inc., MD,
USA) was used to measure and analyze the area of
remaining skull defect.
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2.10 Micro-CT analysis

At 8th week after operation, the skull defect specimens of
rats were fixed with 4% paraformaldehyde at 37 °C for 48 h.
Then, bone specimens, containing a hole of 5 mm in dia-
meter, were analyzed by Micro-CT (MicroCTul100,
SCANCO Medical, Switzerland) scans. Skull specimens
were scanned at 70 KV, 200 pA and 300 ms exposure time
to obtain a 20 um image resolution. As seen from sagittal,
horizontal, and coronal views, bone formed within the
boundary line of the defects was considered to be new bone.
Relevant reconstruction software was used to reconstruct
image slices and quantify the volume of newly regenerated
bone in skull defect separately.

2.11 Histological/immunohistochemical staining

All skull specimens were decalcified with 10% EDTA
(E1171, Solarbio) for 2 months after Miro-CT scanning.
Decalcification solution was replaced once every 3 days.
And specimens went through routinely dehydration and
paraffin embedding. Vertical slices (4 um) parallel to the
long axis of the head were cut out from paraffin blocks, and
then HE and Masson’s trichrome staining were performed.
In order to evaluate the protein expression level, the sec-
tions were incubated with corresponding antibodies (ALP,
OC, IL-6, and TNF-a). Three sections were randomly
selected from each group, and the positive staining of ALP,
OC, IL-6, and TNF-a were observed on an Eclipse CI
microscope (Nikon, Japan). Images of the stained tissue
samples were taken at 400X and quantified using the Image
Pro-Plus program. The positive staining was expressed as
percentage of the positive area.

2.12 Statistics

The results are showed as means + SDs. A value of P value
<0.05 was statistically significant. SPSS software version
17.0 was used to analyze datum. GraphPad Prism version
7.0 was used to constructe graphs.

3 Results
After euthanasia, the skulls of all rats were removed for
further evaluation at 4" week and 8" week, respectively. No
complications such as wound infection occurred during the
experiment.

3.1 Characterization of scaffold

In order to apply scaffold in calvarial defect for bone
regeneration, porous scaffold (Fig. 2a) was prepared and
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Fig. 2 Optical photographs of
scaffold (a), SEM micrograph
obtained from the surface of
prepared scaffold at low (b) and
higher magnification (c)

observed the characterization of the scaffold by SEM (Fig.
2b, c¢). SEM analysis showed that the mean pore diameter of
the scaffold was about 150 um with a range of 50-200 um.
And porosity of the scaffold was ~27.4%, which con-
tributed to help BMSCs settle in scaffold. The prepared
scaffolds were analyzed by XRD, and the results are shown
in Fig. 3a. The main diffraction peaks of CSD/CSH and
calcium carbonate and the characteristic diffraction peaks
for bone-like apatite appeared. The existence of OS in
scaffold was confirmed by FT-IR (Fig. 3b). The internal
vibration modes of the CO32’ ions, 712, 700-877,
844-1082, and 1416cm*1, confirmed the existence of the
carbonate ions. The strong IR band detected at 1796 cm ™!
could also be attributed to the C=0 groups of the carbonate
ions. The element list analysis of XRF for the scaffold
showed that the total proportion of calcium and oxygen
were 95.95%, and it also contained sodium, iron, and other
elements (Fig. 3c).

3.2 Ca?" Release and pH in SBF of the scaffold

Figure 4 showed the changes in the calcium ion con-
centration and pH values of the SBF solution after SBF
soaking. It can be observed that the scaffold could release
calcium ions continuously in Fig. 4a and show an alkaline
to acidic pH transition in Fig. 4b.

3.3 BMSCs’ implantation to scaffold in vitro

ALP activity and OC of BMSCs were determined by
ELISA at the fourth and eighth day. The ALP activity of
group II, containing scaffold with BMSCs suspension, PRP
and thrombin, was higher than group I (P <0.05, Fig. 5). So
PRP promoted BMSCs, on scaffold, osteogenic

differentiation in vitro. Due to the lack of BMSCs in the
group III and IV, osteogenic differentiation could not be
initiated and ALP was almost not expressed in the two
groups (Fig. 5). It is worth noting that OC was an indicator
of late expression of osteogenic differentiation. Thus, the
expression of OC was not detectable on day 4 or 8.

3.4 BMSCs’ proliferation assay in vitro

The MTT assay data of BMSCs showed that the relative cell
number (value of OD) of BMSCs+PRP group increased
significantly compared to BMSCs group (P < 0.05, Fig. 6),
which revealed PRP could promote BMSCs proliferation
in vitro.

3.5 X-ray analysis

After the defect was created in the skull bone, X-ray ima-
ging and analysis were performed to identify the position of
the defect and the healing of the defect area at 4th and 8th
week, respectively. As shown on the X-ray images, the
bone regeneration began at the border of all bone defects
and the initial skull defect area gradually decreased with
time (Fig. 7). In particular, the healing of the defect area at
4th week showed significantly faster bone regeneration than
that at 8th week, and the area of skull defect in each group
was decreased in varying degrees. The Scaffold + PRP +
BMSCs group showed the smallest defect area of skull
among the experimental groups (Fig. 7b, P <0.05), verify-
ing that PRP in scaffold possessed an excellent ability of
osteogenesis induced. What’s more, due to the presence of
PRP + BMSCs in scaffold, the area of skull defect
decreased significantly compared to other treatments. In
addition, the area of bone defect treated with Scaffold + PRP
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Fig. 3 a XRD patterns of the scaffold; b FT-IR of the scaffold; ¢ XRF element list analysis of the scaffold
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Fig. 6 Proliferation of BMSCs under different culture conditions.
*Statistical significance was considered to be P <0.05

was smaller than that in animals treated with scaffold or
control (Fig. 7b, P <0.001). The degree of remaining area of
calvarial bone defect was different between scaffold group
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Fig. 7 a Scaffolds were treated after skull surgery. Samples were
collected at 4 or 8 weeks and radiographs were taken to analyze the
repairation of skull defects. b X-ray detection. The area of the
remaining defect zones was measured in the radiographs using image
pro-plus6.0 (Media Cybernetics, Inc., MD, USA). *P <0.05 as com-
pared to group control, & P <0.05 as compared to group scaffold, #P
<0.05 as compared to group Scaffold+PRP. n = 4/group

and control group, but the difference had no statistical sig-
nificance (Fig. 7b, P>0.05).

3.6 Micro-CT analysis

At 8 weeks after operation, the formation of new bone was
detected by Micro-CT. To certain extent, different quan-
tities of new bone were formed in the all experimental
groups (Fig. 8a). For the 8th week postoperative time point,
the Scaffold + PRP +BMSCs group (1.71+0.30 mm?)
showed the highest volume of newly regenerated bone,
which was statistically significant (Fig. 8b, P <0.05). Dur-
ing the same period, the newly regenerated bone volume of
the animals treated with Scaffold+PRP + PRP (1.25+
0.10 mm?®) was larger than that in the scaffold group (0.87 +
0.08 mm®) and the control group (0.83 +0.02 mm?), with
these differences being significant (Fig. 8b, P <0.05).
However, there was no significant difference in the volume
of newly formed bone at the implantation sites between the
scaffold group and the control group (0.87 +0.08 mm> VS
0.83 +0.02 mm®, P =0.734, Fig. 8b).
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Fig. 8 a Three-dimensional reconstructed of calvarial defect calvarial
defect at 8 weeks after craniotomy. b The volume of new bone within
defect. *P <0.05 as compared to group control, & P <0.05 as com-
pared to group scaffold, # P <0.05 as compared to group Scaffold
+PRP. n = 4/group

3.7 HE staining and immunohistochemistry

Histological analysis at 8 weeks after surgery also con-
firmed the changes in the repair of calvarial bone defect
defects. HE staining confirmed that all groups had different
degrees of bone regeneration in calvarial defects (Fig. 9a).
The Scaffold+PRP + BMSCs group and the Scaffold +
PRP group showed more newly regenerated bone at the
defect sites than scaffold group and control group (Fig. 9a).
And the largest bone formation was shown in the Scaffold
+ PRP + BMSCs group in all experimental groups (Fig. 9a)
and grew from the edge of defect toward the center, which
suggested combined treatment of scaffold, PRP, and
BMSC:s contributed to improve bone formation. In Scaffold
+ PRP group, newly regenerated bone and dense fibrous
connective tissues almost filled more than half of the bone
defect. Little bone formation was observed and most of the
defect areas were covered by fibroid tissues in scaffold
group and control group.

The immunohistochemistry staining for osteogenic mar-
ker proteins ALP and OC revealed that the positive staining
being detected was the highest in the Scaffold 4+ PRP +
BMSCs group (P <0.05) (Fig. 9b, c). The expression of
ALP and OC in the Scaffold + PRP group was significantly
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higher than that in scaffold group and control group (P <
0.05, Fig. 9b, c). In addition, positive brown staining was
observed in scaffold group and control group, but no sta-
tistical difference was found between them (P > 0.05). The
immunohistochemistry staining for inflammatory markers
IL-6 and TNF-a showed that the positive expressions in
control group were lowest in all groups (P <0.05, Fig. 9d,
e). In groups Scaffold + PRP + BMSCs, Scaffold+PRP
and scaffold, the positive staining of IL-6 was the most
obvious in the Scaffold +PRP group and the positive
staining of TNF-a was the most obvious in the scaffold
group. But no significant difference was found among the
three groups (P > 0.05).

3.8 Masson staining

In order to detect collagen fibrils which often appeared in
the process of osteogenic differentiation, we used Masson
trichrome staining to evaluate newly regenerated collagen
stained in blue in fibrous connective tissues (Fig. 10a). The
blue dye indicated collagen fibrils and the red dye indicated
muscle fiber or erythrocyte. Scaffold + PRP + BMSCs
group showed the highest expression of collagen fibrils
among the experimental groups (Fig. 10b, P <0.05). Blue
staining area occupied almost all new bone and just a little
amount of red-stained muscle fiber was observed in Scaf-
fold + PRP + BMSCs group. The expression of collagen
fibrils in Scaffold + PRP group was 38.72 +5.11%, which
was obviously higher than that of scaffold group and the
control group (P <0.05, Fig. 10b). And a small amount of
red stained areas was observed in some blue- stained new
bone in Scaffold+PRP group (Fig. 10a). The expression of
collagen fibrils in control group (14.19 +£2.53%) was less
than that in scaffold group (23.22 +2.35%). However, no
statistical difference was found between them (P = 0.078,
Fig. 10b).

4 Discussion

Skull defects are resultant from surgical procedures, trauma
and other tumor removals. The reparation of skull defect
requires autogenous bone graft transplantation, which is
identified as the “gold standard” for the treatment of bone
defects. However, some conditions limited the application
of bone grafting technology such as donor site morbidity
and the limited supply of bone available for transplantation
[26]. To get rid of these limitations, a great deal of scaffolds
is the subject of intense current research efforts and has
been developed for the repairation of cranial defects.
Scaffolds combinging artificially synthesized material and
natural biomineral hold promising potential for repair of
bone defect, which not only met the demand of bone
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Fig. 9 a HE staining and immunohistochemical assay for ALP, OC,
IL-6, and TNF-a expression in each group to observe osteogenesis and
inflammation in calvarial defect. The brown color represents positive
staining. b Positive area of ALP. ¢ Positive area of OC, d Positive area

transplantation, but also greatly increased the quantity and
quality of osteogenesis in a short time [27-30].

We fabricated bioengineering scaffold, OS with a-CSH
as scaffold, PRP as the provider of growth factors and
BMSC:s as seed cells, on healing critical-sized bone defects.
And our results demonstrated the efficiency of this bioen-
gineering scaffold in bone regeneration, and emphasized the
potential ability to employ bioengineering scaffold for bone
defect repairation. The porosity of the bioengineering
scaffold is about 27.4%, and the average pore size is

Scaffold

Positive area(%)
Positive area(%)

of IL-6, e Positive area of TNF-a. *P <0.05 as compared to group
control, & P <0.05 as compared to group scaffold, #P<0.05 as
compared to group scaffold+PRP. n = 4/group

150 uM, which was beneficial to the attachment, prolifera-
tion, division and differentiation of bone marrow
mesenchymal stem cells and promote bone formation within
the scaffold. In addition, the micro-pore structure of the
scaffold could make the PRP and Ca’" in the bioengi-
neering scaffold continuously and slowly release to the edge
of the defect and speed up the repair of bone defect. What’s
more, the porous structure of such scaffolds enhanced
osseointegration allowing for new bone tissue growth into
the pores and improved osteoconduction [31]. Kim et al.
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Fig. 10 a Microphotograph at week 8 after the surgical operation in
experimental site. Masson staining. X200 and X400. b positive area of
Masson. The blue color represents positive staining. X200

[32] pointed out that the higher the porosity, the more
conducive to the growth of new bone. The transport of
nutrients could be completed when the pore diameter of the
porous scaffold was more than 20 uM, and the minimum
pore diameter for cell adhesion and tissue growth was
100 uM. According to the results of the previous study [32],
the pore size distribution of the porous scaffold materials
prepared in this study can fully meet the requirements of
bone tissue engineering for the porosity and pore size dis-
tribution of the scaffold materials.

Degradability is another important aspect to consider in
evaluating implanted biomaterials, which is determined by
the chemical structure and the physical characteristics of
materials. One of the main challenges faced by pure a-CSH
is the material’s rapid rate of degradation, which cannot
match the rate of bone regeneration. In our study, the a-
CSH/OS composites presented a significantly delayed
degradation rate compared to the degradation rate of pure -
CSH. The delayed degradation rate is attributed to the fact
that the additive OS particles exhibit significantly low
solubility. Either the embedded OS particles on the surface
of CSD crystals or free OS particles among a-CSH particles
could retard the penetration of SBF solution and reduce
their degree of contact. Moreover, the presence of OS
particles could provide a better microenvironment around
the implantation location due to the chemical stability and
weak ionization of carbonic acid molecules. Moreover, a
solution with higher pH might facilitate the acid exudation
of pure a-CSH in clinic applications [33]. Duplat et al. [34]
observed that the degradation of OS was mainly based on
physicochemical factors, whereas living cells mediating in
an absorbing manner played limited role on the degradation.

@ Springer

Duplat et al. [35] also indicated that the high mineral con-
tent of OS and calcium release into resorption lacunae
would trigger the inhibition of osteoclast activity [36, 37].
Our results also indicate that Ca’" ions are released during
soaking in SBF. Maeno et al. [38] concluded that 2 — 4 mM
Ca’" is suitable for the proliferation and survival of
osteoblasts, whereas slightly higher concentrations (6 —
8 mM) favor osteoblast differentiation and matrix miner-
alization in both two- and three-dimensional cultures.
Higher concentrations (410 mM) are cytotoxic. Figure 4
demonstrates that the Ca>" release of the a-CSH/OS com-
posites occurred more smoothly during the degradation
period and more closely approached the most suitable Ca**
concentration (6 — 8 mM) after 1 week. To summarize, the
degradation rate and microenvironment of the a-CSH/OS
composite pastes was ameliorated by the addition of OS.
We did experiments in vitro and in vivo to further evaluate
the effect of bioengineering scaffold on the repair of bone
defect.

ALP was a cell membrane-associated enzyme, which
was the most widely recognized marker in the early stage of
osteoblast differentiation [39]. In our vitro experiment,
when OS scaffold conbined with BMSCs, PRP and
thrombin, the results presented an obviously higher ALP
activity compared with other experimental groups at 4 and
8 day, which demonstrated that PRP is beneficial to pro-
mote osteogenic differentiation of BMSCs in vitro. This
fnding was consistent with Roubelakis et al.’s result [40].
Meheux et al. [41] and Wang et al. [42] also pointed out that
PRP had been widely used in various clinical procedures
due to its high concentration of growth factors and bioactive
proteins (such as platelet derived growth factor, trans-
forming growth factor-p, bone morphogenetic protein 2 and
insulin-like growth factor) that influence the healing of bone
injuries, which further supports our result that the positive
role of PRP in osteogenic differentiation in vitro. In addi-
tion, the proliferation of BMSCs in vitro was also carried
out. The proliferation of BMSCs in the experimental group
was compared by adding PRP or not. MTT assay demon-
strated that the cell proliferation in PRP group was
obviously higher than that in non-PRP group, which was
inclined toward promoting the cellular proliferation of
BMSCs. This tesult further proved the proliferation and
osteogenic induction of PRP in bone defect repair and
provided theoretical support for the previous study [40]. OC
participated in the control of mineralization process and was
the characteristic of osteoblast cell maturation, which
appeared at a late stage of osteogenic differentiation
[41, 42]. The expression of OC was not detectable by the
ELISA determination at day 4 and 8. We believed that this
result was mainly due to the short induction time of
osteogenesis and the incomplete osteogenesis process.
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For exploring its potential clinical applications, the
ability of bioengineering scaffold to repair a critical sized
skull defect was studied in vivo [43]. When over the critical
size, bone defects lose the spontaneously regenerative
capacity to heal without intervention. For the weak blood
supply and poor bone regeneration, rat calvarial defect
model was extensively used in bone graft researches [44]. A
5 mm in diameter is the most widely used size in modeling
rat calvarial defects [45]. 5 mm defect would not damage
calvarial bone structural stabilization. And with the support
by dura and scalp, bone graft substitutes could be placed
into the defect space without extra fixation [46]. Therefore,
on the basis of previously similar studies [47], we chose the
SD rat calvarial defect model with 5 mm in diameter and
8 weeks as the terminal of our animal study.

Compared to group II (scaffold +PRP), group III
(scaffold) and group IV (blank control), the results of X-ray
imaging and Micro-CT showed the benefit of delivering
PRP, yielding bone regeneration and repairing the area of
skull defect significantly exceeding that of scaffold and
control. What’s more, these results showed the benefit of
co-delivering BMSCs with PRP, yielding new bone and
repairing the area of skull defect greater than these of
Scaffold+PRP, scaffold and control. The result indicates
that BMSCs and the growth factors in PRP have large
effects on nearly every stage of bone defect healing. Pre-
vious studies also found that transplanted stem cells were
able to participate in and contribute to osteogenesis [48].
For example, in vitro osteogenic induction of hBMSCs
seeding on B-TCP ceramic significantly enhanced ectopic
bone formation [49]. In addition, adipose-derived stem cells
(ACS) accelerated bone regeneration, although ACS
seemed to be inferior to BMSCs in osteogenic potential
[50]. This further indicates that the implantation of BMSCs
on the scaffolds can accelerate the repair of bone defects
and promote the formation of new bone. In 8 weeks after
surgery, most substitute material in defect area was absor-
bed and residues became hard to observe in Micro-CT and
histologic sections. Immunohistochemistry staining against
ALP and OC demonstrated greater osteogenic differentia-
tion and mineralization in Scaffold + PRP 4+ BMSCs group
compared to remaining groups.

Scaffold was made of OS and a-CSH according to a
certain proportion. Oyster shells (OS) has low cost, wide
availability and natural biological origin, which contains
crystal structure and composition similar to human bone so
its application as the raw material for bone tissue engi-
neering is promising [51]. And OS is mainly composed of
calcium carbonate biomineral, which is also considered to
be an ideal bone substitute material [52]. Mount et al. [8]
found that the biomineralization process of OS was similar
to osteogenesis in the human body. When meeting water, o-
CSH will turned into CSD and solidify in few minutes,

which has been used to produce calcium sulfate cement for
bone augmentation and bone graft substitutes [15]. And this
process is slightly exothermic. Some previous studies had
shown that calcium sulfate was an outstanding bone sub-
stitute due to good biodegradability, biocompatibility, and
osteoconductivity [53-56]. In addition, Kim et al. [57]
found that calcium sulfate had potentially osteoinductive-
like differentiation of BMSCs into osteoblasts. Calcium
sulfate promoted bone regeneration mechanism might be to
maintain high levels of extracellular calcium ions [58, 59].
Therefore, the two materials were mixed in a certain pro-
portion to provide the corresponding calcium ion and bridge
effect for osteogenesis.

Yoshimi et al. [60] and Man et al. [61] had investigated
the causes and mechanisms of combined delivering of
BMSCs and PRP to enhance bone regeneration, which
further supported our findings. As the source of progenitors
for osteoblasts, BMSCs acted seed cells in the repair of
bone defects and played a significant role in the homeostasis
of bone and bone marrow, which regulated the osteogenic
differentiation and bone tissue regeneration process [48].
PRP was confirmed to promote bone regeneration [62—65].
Platelet 100 x 104/ul in PRP had a good effect on inducing
osteogenesis [66]. And it provided BMSCs with growth
factors such as IGF, PDGF, TGF-p, VEGF, and so on
[60, 61, 67]. A large number of growth factors in PRP could
activate intracellular signal transduction, which promoted
the proliferation, differentiation, collagen fiber synthesis
and tissue matrix formation of BMSCs [61, 67]. All in all,
scaffold serve as bridge and release calcium ions, stem cells
act as seed cells, and PRP provides growth factors. The
combined action of them can provide good osteogenesis and
effectively promote bone healing.

What’s more, slight inflammatory reaction was observed
in all the four groups. The immunohistochemistry staining
for inflammatory markers IL-6 and TNF-a showed that the
positive expressions in Scaffold + PRP + BMSCs group,
Scaffold + PRP group and scaffold group were higher than
these in control group (P <0.05). However, no significant
difference was found among the three experimental groups.
However, the group I had the best bone healing and the
largest new bone mass, while the control group had poor
healing. This result suggested that slight inflammatory sti-
mulation could promote bone healing and new bone for-
mation. Li et al. [68] found that MG63 cells grown on
MSC-CM pre-treated with IFN-g and TNF-o exhibit
superior biological characteristics compared with those
grown on pre-treated media with no inflammatory cytokines
or a single inflammatory cytokine. When cultured in MSC-
CM pretreated with both IFN-g and TNF-a, the prolifera-
tion and migration of MG63 cells were significantly pro-
moted, thereby contributing to the osteogenesis
transformation from the proliferation phase to the
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differentiation phase. Hess et al. [69] had proved that TNF-
a promoted osteogenic differentiation of human mesench-
ymal stem cells by triggering the NF-kappaB signaling
pathway. These studies further support our findings that
slight inflammatory stimulation could effectively promote
osteogenesis and bone healing [68, 69]. As for other
inflammatory pathways and the effect of inflammatory level
on osteogenesis, we will continue to explore in future
experiments. In this study, the combined effects of these
factors contributed to increase the absorption of scaffolds,
enhance the regeneration of new bone and repair of bone
defects. Overall, the combination of scaffold with PRP and
BMSCs is an effective approach for bone regeneration and
repair. And this kind of bioengineering scaffold can be
applied as a new type of bone graft substitutes by rat cal-
varial bone defects repairing experiment.

5 Conclusions

Scaffold, OS with a-CSH, is porous and absorbable, which
combines the self-setting ability of calcium sulfate and the
bioactivity of OS, maintains high levels of extracellular
calcium ions and provides bridge effect for osteogenesis. As
the source of progenitors for osteoblasts, BMSCs regulated
the osteogenic differentiation and bone tissue regeneration
process. PRP provided BMSCs with growth factors such as
IGF, PDGF, TGF- and VEGF, and activate intracellular
signal transduction, which promoted the proliferation, dif-
ferentiation, collagen fiber synthesis and tissue matrix for-
mation of BMSCs. Slight inflammatory stimulation could
effectively promote osteogenesis and bone healing. In
conclusion, the combined action of them can provide good
osteogenesis and effectively promoted the bone healing of
critical-size calvarial defects in rats. The resultant composite
bioengineering scaffold is very promising candidates for
facilitating osteoanagenesis in clinic treatment.
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