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Abstract

To solve problems in using natural sea corals with high biocompatibility, good osteoconductivity, and
ideal degradability, a synthetic three-dimensional coral matrix was fabricated and observed for its capability
to enhance osteogenic differentiation of human mesenchymal stem cells (h-MSCs), in the presence or
absence of growth factors (GFs) supplied from platelet-rich plasma (PRP). Expressions of runx, osterix,
and osteocalcin were investigated, following cell attachment, and proliferation analysis. Ectopic bone
formation in nonosseous tissues of Sprague-Dawley rats at predetermined time intervals was investigated,
including mineralized tissue growth in vivo. The 3D synthetic coral matrix (SCM) can interact with the GF
cocktail in the PRP and MSCs to generate and secret bone extracellular matrix (ECM) both in vitro and in
vivo. The matrix supplied with GF cocktail from the PRP provided an ideal microenvironment for MSCs
to attach, proliferate, and differentiate into osteoblast faster, as indicated by the expression levels of runx2,
osterix, and osteocalcin. The high capability of SCMs to enhance bone formation has been proven by the
formation of ectopic bones in the nonosseous environment. The incorporated PRP provided blood proteins
such as fibrin to slow down matrix degradation, whereas GF supplied by the PRP stimulated h-MSCs to
attach and proliferate onto the matrix. Moreover, the GF supplied by the PRP enhanced osteogenic
differentiation and mineralization, accelerating bone regeneration. Valorization phases are needed to apply
the SCM for bone tissue engineering in clinics.

Keywords: Synthetic coral matrix (SCM), Scaffold, Growth factors, Platelet rich plasma (PRP), Human
mesenchymal stem cells (h-MSCs), Bone tissue engineering

Introduction

From the perspective of biomedical sciences and tissue engineering, providing a microenvironment
mimicking the physiological and physicochemical conditions of the extracellular matrix (ECM) of the
native tissue has become a research focus to allow tissues to regenerate well in damaged or injured areas.
The biomimetic microenvironment will accommodate diverse host processes toward wound healing, i.e.,
angiogenesis, vasculogenesis, cell migration, cell proliferation, cell orientation, inflammation, and immune
responsiveness, because it can be a reservoir for signaling factors. The biomimetic microenvironment such
as the native ECM also facilitates attachment sites for cell surface receptors.

In the context of tissue engineering, this biomimetic microenvironment, which acts as synthetic ECM,
is called a scaffold. Scaffolds optimize cellular interactions within the body, which results in the successful
integration of the scaffold and biophysical and biochemical cues into the host tissue [1,2], leading to cell
differentiation and ECM generation to form new tissues [3]. Although the newest technological
advancement in tissue engineering has reached the concept of intracellular reprogramming [4], synthetic
ECM is still the focus of tissue engineering science.

In bone tissue engineering, congenital, age-related, or acquired bone damage or injury could result in
bone loss [5-8]. As reported previously, more than a million people are treated for skeletal problems
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annually in the fields of orthopedic surgery, plastic surgery, maxillofacial surgery, and neurosurgery [9].
Although bone tissues have an excellent capacity to regenerate and spontaneously repair damage [10,11],
their self-repair capability must be enhanced in the presence of a large critical defect. In this condition, a
well-affirmed method to accelerate bone regeneration is a system consisting of scaffolds as synthetic ECM,
signaling molecules, and cells, either alone or in combination [12].

In bone tissue engineering, scaffolds will support and induce cells to proliferate and differentiate
properly [13] and form three-dimensional (3D) tissue structures as a substitute for damaged tissues [14].
For this, a wide range of hybrid biomaterials with tunable biophysical and biochemical characteristics have
been developed as scaffolds in bone tissue engineering [15]. Among them is the coral scaffold, which is
biocompatible, osteoconductive, and resorbable and can provide a delivery system for bone growth factors
[16]. Sea corals have pores like human spongy bones and contain CaCOj3 in the form of calcite. Coral
scaffolds have been utilized several decades ago as a bone substitute material, without any further
mineralogical changes [17]. When accompanied by growth factor recombinant bone morphogenic protein
2 and mesenchymal stem cells (MSCs), the use of coral scaffolds resulted in the repair of cranial defects
[16].

Moreover, in some cases, the use of coral scaffolds requires other components, i.e., cells, and
signaling molecules to regenerate damaged tissues [16-18], particularly in areas with extensive and large
damage (critical defects). Stem cells (SCs) from the bone marrow and umbilical cord tested with coral
scaffolds could grow and differentiate into osteoblasts [18]. However, the exact mechanism of how other
components such as GFs and cells can result in accelerated bone regeneration is still unclear. The underlying
processes for the bones to regenerate in the presence of coral scaffolds with or without accompanying GFs
and MSCs remain questionable [19,20]. In addition, the excessive use of original sea corals may damage
the natural habitats of the corals.

To address the issues of the unclear yet regenerative mechanism in the use of coral scaffolds for bone
tissue engineering and the limitation on the use of natural corals, in this study, we continued our previous
studies on mimicking coral structures [19]. The capability of the formulated SCM from endotoxin-
controlled bovine gelatin and CaCOj in inducing MSC differentiation into osteoblasts in relation to bone
tissue regeneration processes was investigated in vitro and in vivo, with and without the presence of a
growth factor cocktail derived from platelet-rich plasma (PRP). An in vivo study was conducted by
implanting SCMs with and without PRP and MSCs in a nonosseous environment.

Materials and methods

Study design and ethical approval

In this experimental laboratory study with a post-test control group, ethical clearance for the in vitro
and in vivo study protocols was applied. This study was approved by the research ethics committee (No.
694/KKEP/FKG-UGM/EC/2014), which has been renewed annually and amended for improvement when
needed until the end of the study. Informed consent was obtained from eligible voluntary donors for PRP
preparation.

SCM preparation

To provide SCMs with the intended properties, gelatin and calcium carbonate in a 5:5 ratio inside
10 % w/v were prepared from CaCO3 (Wako Co., Tokyo, Japan) and bovine gelatin (Nitta, Osaka, Japan).
The fabrication procedure for the development of SCMs was based on a previous study [19]. The obtained
SCMs were checked for their macro- and microstructural appearance, physical, and chemical properties,
microstructure, and Zeta-potential by scanning electron microscopy (with platinum coating) using an SU-
35000 microscope (Hitachi, Tokyo, Japan) and a particle size analyzer (Horiba SZ-100, Horiba, Japan).
The swelling ratio, degradation profile, PRP-loading capacity, and PRP-release profile from the matrix
were measured. The swelling ratio and degradation profile were evaluated using a UV-vis
spectrophotometer (UV-1800, Shimadzu, Japan), referring to procedures published previously [21]. The
PRP preparation and analysis of PRP-loading capacity and release profile were also conducted based on a
previous study [21-24]. Before all in vitro cell and animal studies, the obtained SCMs were sterilized with
ethylene oxide gas under dry conditions at 40 °C.

Preparation of PRP

Inclusion criteria were as follows: Voluntary healthy donors who had no systemic diseases, hepatitis,
or HIV infections during PRP preparation. Human PRP was obtained from the eligible voluntary donors
who filled out and signed informed consent. Then, 10 mL of whole blood was collected from each donor
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and placed in a citrate Vacutainer (BD, NY, USA) for platelet counting [19,24]. The whole blood was then
centrifuged for 10 min at 4 °C and 1700 rcf, and platelets were collected into another new tube. The
collected platelets were transferred into microtubes (Axygen, CA, USA), centrifuged again for another 10
min at 4 °C and 3100 rcf in a refrigerated centrifuge (Eppendorf 5417 R, Hamburg, Germany), and PRP
was ready for the study.

Preparation and characterization of MSCs

Human MSCs (h-MSCs) were isolated from Wharton’s jelly in the human umbilical cord after
delivery using the explant method, and they were handled following the established national standard
protocol for isolation, culture, and use of MSCs derived from the umbilical cord at the accredited laboratory
of Stem Cells and Cancer Institute of PT Kalbe Farma Tbk. After isolation, MSCs were cultured in a
minimum essential medium growth media supplemented with Glutamax (Gibco, Waltham, MA, USA),
with fetal bovine serum (Sigma-Aldrich, St. Louis, MO, USA), fungizone, and penicillin—streptomycin
(Gibco). Passage six of the h-MSCs was then characterized by fluorescence-activated cell sorting (Becton
Dickinson, Franklin Lake, NJ, USA) with surface markers (Figure 1).

Cell studies

The group assignment for cell studies is presented in Table 1. For h-MSC attachment and proliferation
studies, SCMs with, or without PRP were tested. The cell attachment and proliferation studies for each
group were conducted following methods published in a previous study [19]. By using the dye exclusion
method, the percentage of the attached cells at 3, 6, and 24 h and the number of proliferated cells 24, 48,
and 72 h after incubation were determined.

Table 1 Test group assignment to observe the attachment, proliferation, differentiation, and ectopic bone
formation capability of MSCs on the synthetic coral matrix (S) with (P1) and without GFs from PRP (P0).

Type of test Treatment group Control croup Notes
Cell attachment S1POM1-SM SOPOM1-SM  The control group was designed to check
S1IPIM1-SM the capability of MSCs to attach in the well
without SCM and PRP.
Cell proliferation S1POM1-SM SOPOM1-SM  The control group was designed to check
S1IPIM1-SM the capability of MSCs to proliferate in the

well without SCM and PRP.

Cell differentiation S1POM1-OM SOPOM1-OM  In SOPOM1-OM, the control group was

(Runx2, Osterix, SIPIM1-OM SIPIM1-SM  designed to assess the capability of MSCs
and Osteocalcin to differentiate on the well in an osteogenic
Expressions) medium, without SCM, and PRP. In

S1P1M1-SM, it was designed as a positive
control in a standard medium (non-osseous
environment), wherein the SCM was
incorporated with PRP for MSCs to

differentiate.
Ectopic bone S1POM1 S1POMO The control group consisted of SCM only,
formation S1PIM1 S1P1MO without growth factors and cells, and SCM

incorporated with growth factors from the
PRP without cells.

*Remarks: S = SCM, P = PRP, M = MSC, 0 = without, 1 = with, OM = osteogenic medium, SM = standard medium.



Trends Sci. 2024; 21(2): 7168 4 of 14

1991 FITC (Lke Teeh) —
gy PR S
¥
8
L M "
; ‘
i - K. -
1991 FITC (Le Tach) T,
—p—p— . .
§ §:
£ B
5§ ]
g - ~{ -
o ‘A
TR e > B 2
€O14 FITC CD48 AITC
g omm g e
E &
¥ o
b - k&
“‘l .‘
T A N
962 PE CD108 PE
§— e §— e
H & B
g g 5
B, 3 gl ™ ) o
¥ n‘ {: ﬂ . ‘
S S & Sl Jaa et TS 2 -
o= £
9o1a PL co73 PE <086 Frrc
- g, o mossme 3 - -
b ¥ :
£ £ LE
8 8 i
i s i s ¥y “
d ;g
t il , oF A
> > e e - S M )
s A

Figure 1 Methods used in the study. For the study, h-MSCs were isolated from Wharton’s jelly in the
human umbilical cord after delivery using the explant method. A) After 4 and 6 days of incubation, 60%
confluency was reached. B) Histological observation after immunohistochemistry (IHC) staining was
conducted at 400x magnification. C) Identification on h-MSCs resulted in negative surface marker toward
CD45, CD19, CD86, CD80, CD14, CD34, HLADR, and positive toward CD73, CD90, and CD105. D)
Assignment for subcutaneous implantation on rat dorsum.
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Cell attachment onto the SCM was also observed by SEM. After incubation for 48 h, the culture was
washed with phosphate-buffered saline (PBS) solution three times and fixed with 2.5 % glutaraldehyde. A
dehydration series was conducted at 50, 70 and 90 % before final dehydration with 100% alcohol
concentration, two times for 30 min each. Specimens were then dried at room temperature, platinum coated,
and observed under a JEOL-JSM 6510 microscope (JEOL Ltd., Tokyo, Japan).

For h-MSC differentiation, in all assigned groups, cells were incubated in 6-well plates for 3 days in
a standard growth medium to achieve an average of 60 % attached cell confluency. The medium was then
replaced with either a standard medium (SM) or an osteogenic medium (OM) based on the group
assignment with 1.2x105 cells/well, incubated for 7, 14, and 21 days, with medium replacement every 3 -
4 days, and used for cell differentiation analysis. Upon reaching the predetermined incubation duration, h-
MSCs were harvested by detaching the cells from the synthetic matrix and/or well plate using trypsin EDTA
(Gibco). Then, the cells were washed with sterilized PBS three times, centrifuged, and subjected to RNA
isolation with RNeasy Minikit (Qiagen, Germantown, MD, USA). The isolated RNA was then used to
prepare cDNA using the iScript cDNA Synthesis Kit (BioRad, Hercules, CA, USA).

Then, the CDNA was used for osteogenic marker observation on day 7 for runx2, day 14 for osterix,
and day 21 for osteocalcin with GDPH as the housekeeping gene. The expression of osteogenic markers
was analyzed by reverse-transcriptase polymerase chain reaction (RT-PCR) using Veriti 96-well thermal
cycler (Applied Biosystem, Waltham, MA, USA) and gel doc electrophoresis using i-Mupid J (Eurogentec,
Seraing, Liege, Belgium) at 302-nm UV wavelength. Then, the results of the RT-PCR and electrophoresis
were visualized by ImagelJ, by referring to Gene Bank ID AF001450, AF477981, and NM_199173.4 for
runx2, osterix, and osteocalcin, respectively.

Animal model and subcutaneous implantation

The animal protocol for this study was approved by the Research Ethics Committee of The Faculty
of Dentistry, Universitas Gadjah Mada (UGM). In this study, 24 male Sprague-Dawley rats (3 months old;
weight, 250 - 300 g) were used. This study followed the national guidelines for the care and use of
laboratory animals. The animals were housed in cages located at the Integrated Research and Testing
Laboratory, Gadjah Mada University (UGM). Surgery was performed aseptically under general anesthesia
by intramuscular (i.m.) injection of ketamine (11 - 22 mg/kg body weight) in combination with xylasin
(0.55 - 1.1 mg/kg body weight). To reduce the risk of perioperative infection, the rats were treated with
antibiotics, that is, Interflox-100 (Interchemix, Holland) at 10 mL/20 - 40 kg i.m. during and 3 - 5 days after
surgery.

A 1-cm long dorsal pocket was created gently under the dermis. Four treatment groups were created
with (0) or without (1) SCM (S), PRP (P), and h-MSCs (M), as previously described in this study. STPOMO,
S1P1MO, S1POM1, and SIPIM1 were implanted subcutaneously on rat backs to observe ectopic bone
formation (Figure 1). Before implantation, SCMs were prepared with punch biopsy to obtain a matrix sheet
with a diameter of 6 mm and then sterilized. In the group with a growth factor cocktail from the PRP, the
SCM was incorporated with 50 mL of PRP. h-MSCs were seeded on the matrix (with or without PRP) in
96-well plates with as much as 2x103 cells/well and incubated for a minimum of 3 h. After the insertion,
the wounds were closed with vicryl 2.0 suture material. The durations for the implantation were 7 (n = 5),
14 (n=5), 21 (n=15), and 28 (n = 5) days. Four additional animals without any implantation were added
as a negative control.

Histological procedure and analysis

After the implantation time points, the rats were euthanized using an overdose of ketamine.
Immediately afterward, the dorsal part of the rats was harvested, and excess tissues were removed. The
tissue was cut and fixed in 4 % paraformaldehyde and 0.1 M phosphate buffer. Dehydration in a graded
series of ethanol from 50 to 100 % was conducted, and the tissue was embedded in paraffin. A series of
immunohistochemistry (IHC) staining procedures with osteocalcin derived from human monoclonal
antibodies (BioCare Medical, Pacheco, CA, USA) was conducted. Histological slides were evaluated by
two independent observers using the calculated Kappa value to measure the mean percentage of cell positive
reaction and staining intensity under a light microscope (Olympus CX21, Tokyo, Japan). The
immunoreactive score (IRS) was calculated based on the method reported by Fedchenko and Reifenrath
[25].

Statistical analysis
Data were expressed in mean + standard deviation for the swelling ratio, degradation, cell
attachment, and proliferation. Statistical analysis was performed with Kruskal-Wallis’ analysis of variance
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and the Mann-Whitney test to assess significant differences among and between groups, respectively, at a
p-value of < 0.05. Chi-square analysis was conducted to measure the IRS, with the p-value also set at <
0.05.

Results and discussion

Physical and chemical properties

In this study, citrate-based dispersants were used to mobilize CaCOs into the suspension. Sodium
citrate tribasic is a native dispersant in the human body. In this study, CaCOs has been equally dispersed
throughout the suspension, as previously described in different studies [26,27]. As shown in Figure 2, the
obtained matrix demonstrated 3D interconnective porosity, without calcium particles from CaCOs3, and with
high (> 90 %) PRP-loading capacity (92.078 + 5.70 %). The platelet diameter, which is approximately 2.5
mm [28,29], appeared to enter the 3D interconnective pore of the SCM easily.

100um X

Property Value
PRP Loading Capacity 92.078+5.70%
Zeta Potential -0.267 +0.01

Figure 2 Microstructure of the SCM in A) 500x magnification and B) 2000x magnification showed a 3D
interconnective pore without any microscale calcium occurrence, which indicated that calcium was
dispersed equally throughout the polymer matrix. The pore size was larger than the platelet diameter of 2.5
mm. Thus, the porosity facilitated > 90 % of platelets loading into the matrix.

Upon direct contact with the body fluid, the SCM became swollen, or absorbed liquid as shown in
Figure 3, ranging from 3.72 + 0.45 to 4.65 + 1.01 after 1 - 48 h of incubation. Interestingly, the degradation
rate was only approximately 30 % (32.280 + 1.01), and approximately 85.536 + 1.71 % of the PRP were
released after 96 h of incubation. It means that an adequate crosslinking procedure has been achieved to
avoid direct matrix degradation, maintain the balance of water sorption in the matrix, and provide
controllable release capacity [30,31].

Bone regeneration enhancement

In tissue engineering, scaffolds will support and induce cells to proliferate and differentiate properly
[13] in forming 3D tissue structures as a substitute for damaged tissues [14]. In this study, the groups with
SCM (S1POM1 and S1P1M1) showed a significantly higher percentage of cell attachment (p < 0.036) and
number of proliferated cells (p < 0.046) than the group without SCM (SOPOM1) 1, 3, and 24 h after
incubation for attachment and 24 and 72 h after incubation for proliferation, except for 6 h (p < 0.741) for
cell attachment and 48 h (p < 0.138) for cell proliferation (Figure 4). Besides providing larger cell-to-
matrix interactions geometrically, it was assumed that Ca®>* and COs?", which are present in the SCM,
support cell attachment, as previously identified [32,33].

The highest attachment and proliferation were observed after 6 and 48 h, respectively. The higher cell
attachment and proliferation in SIPIM1 may be due to the appearance of transforming growth factor f8
(TGF-B), epidermal growth factor, and platelet-derived growth factor on the surface of the SCM [34], which
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could stimulate integrin as a molecule responsible for cell attachment. Blood proteins such as fibrin,
fibronectin, and vitronectin in the PRP also contributed to cell attachment [35]. The combination of SCM
with fibrin from the PRP enables the slow release of growth factors and strengthens the fibrin structure as
a scaffold [36,37]. The fibrin content of the PRP provided stronger matrix networks, slowed down the
degradation rate of the SCM, controlled the gradual release of growth factors, and generated the constant
supply of growth factors to cells [38-40]. In addition, cell viability is affected by calcium ions released from
the SCM during degradation. The existence of fibrin from the PRP influenced calcium ion release, i.e., not
too much and longer [41]. This study revealed that the degradation rate was not too much, even 96 h after
being accelerated with an acidic solution. Under SEM observation, h-MSCs were found to attach, extend
their processus, and proliferate after 48 h of incubation.
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Figure 3 Degradation rate, release profile, and swelling ratio of the synthetic coral matrix (SCM)
demonstrate adequate crosslinking procedure to maintain water sorption, avoid direct matrix degradation,
and provide tunable release profile.
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Figure 4 Percentage of h-MSC attachment and the number of proliferated cells in the culture without any
scaffold (SOPOM1), culture with scaffold without PRP (SIPOM1), and culture with PRP (S1PIM1).
Significant differences in the attachment and proliferation were found among samples, except in groups
after 6 h of incubation (p < 0.741) for cell attachment and 48 h of incubation (p < 0.138) for cell
proliferation. However, significant differences were found in all groups, except 48 h after incubation. A)
Micrograph of the h-MSC before attachment and B) when h-MSCs started to attach (5000x magnification)
after 48 h of incubation. h-MSCs were found to extend their processus 48 h after incubation (2500%
magnification).
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Regarding h-MSC differentiation in this study, runx2, osterix, and osteocalcin genes were chosen as
biomarkers for osteoblast differentiation. Runx2 is expressed in the early stage of differentiation, coexisting
with Type-1 collagen, LMP-1, DIx5, alkaline phosphatase (ALP), osteopontin (OSP), osterix, FGF-receptor
3, TGF-B2, PTHrP, Dickkp2, and FGF-18 in the proliferative stage [42,43]. Runx2 is the most upstream
transcription factor vital for osteoblast differentiation, regulates the expression of Sp7 protein for osteoblast
differentiation and other bone matrix genes, and is essential for chondrocyte maturation [44]. Meanwhile,
osterix is also one of the markers in the proliferative stage, which activates differentiation toward cell
maturation. Osterix expression indicated that the cells did not differentiate into chondrocytes [45].
Furthermore, to detect the final differentiation process, osteocalcin is involved in the regulation of mineral
deposition and acts as a bone matrix signal that promotes osteoblast differentiation and activation.
Osteocalcin is expressed by osteoblasts alone as a marker of mature osteoblasts [46,47].

In this study, the highest runx2 expression on day 7 was found in SIPOM1-OM but not in SIP1M1-
OM. This may be due to the faster expression of runx2 by the induction of SCM with PRP. Runx2 usually
appears on day 8 of incubation; however, in the induced state, it could be expressed earlier. After the
expression of runx2 reaches a peak, the expression will decrease [37,48]. In this study, runx2, the gene
involved in the early differentiation stage, was expressed earlier in the presence of signaling molecules
from the PRP, which regulated h-MSC differentiation. A corresponding phenomenon was also found in the
expression of osterix on day 14. Furthermore, for osteocalcin expression on day 21, SIPIM1-OM had the
highest expression level, whereas SIP1M1-SM had the lowest, which may be due to the lower capacity of
SM to induce mineralization compared with OM which provided an osteogenic microenvironment to h-
MSCs (Figure 5).
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Figure 5 Expression level of Runx2, Osterix and Osteocalcin.

Ectopic bone formation

Bone formation in a nonosseous environment has been used as an indicator of ossification by
osteoblasts. In this study, SCMs (S) were implanted in rat dorsum with (0) or without (1) growth factor
cocktail from the PRP (P) and preincubated with (1) or without (0) h-MSCs. Histological staining with
Mallory’s trichrome of the subcutaneous tissues 3 weeks after implantation showed bone islands within the
surviving SCMs in SIPIM1 and S1POMI, indicating bone formation and collagen fiber production by
osteoblast (Figure 6).

To confirm the formation of ectopic bone, IHC staining with osteocalcin was performed. The
reactivity level to IHC staining was observed and scored by 2 independent observers, who were using a
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Kappa value of 0.104. The results of IHC with osteocalcin corroborated the results of Mallory trichrome
staining. The results of the IRS analysis are listed in Table 2. The SIP1M1 had the highest IRS, expressed
by strongly positive immunoreactivity in weeks 3 and 4 after implantation, as also demonstrated in Figure
7. In SIPOM1 (group with SCM and MSCs but without growth factors from the PRP), moderate reactivity
was detected since week 3 of the implantation. No significant relationships were found between reactivity
with implantation duration and types of implanted matrices (SIPOMO, SIPOM1, S1IPIMO, and SIP1M1) in
weeks 1, 2, and 3 with the significance values of 0.484, 0.484, and 0.241, respectively. However, 4 weeks
after implantation, the relationship was found significant (p = 0.003).

In vivo implantation of the SCM with or without PRP in a nonosseous tissue of rat dorsum exhibited
different phenomena. In vivo cytoskeletogenesis is influenced by three signaling factors, i.e., pro-
inflammatory cytokines (early phase), growth factors and differentiation (middle phase), and then
metalloproteinases (MMP) and angiogenesis factors (late phase). After implantation injury, the tissue will
react within 24 h. Inflammatory cells and local MSCs will secrete interleukin (IL)-1, IL-6, and tumor
necrosis factor-a, which stimulate other inflammatory cells, ECM synthesis, MSC arrest, chondrocyte
apoptosis, and osteoclast activity [49,50]. From the in vivo observation, the SCMs in the SIPOMO and
S1P1MO had not fully degraded until week 2. Starting from week 3, the SCMs degraded, and no osteogenic
differentiation was found. Upon S1POMO implantation, the inflammatory cell response failed to induce
local SCs to differentiate into osteoblasts [51]. In SIP1MO, the same phenomenon occurred as in SIPOMO,
even with PRP incorporation. This might occur because growth factors released through the SCM have
failed to induce local cells to achieve osteogenic differentiation. A body response even showed
phagocytosis of the SCM over time [52]. A different phenomenon may happen if the SCM is implanted in
a bone area, because the bone environment (osseos) contains osteoprogenitors, preosteoblasts, and
osteoblasts, which are not present in a nonosseous environment.

§1p1M0-3

S1POM1-3

Figure 6 Mallory trichrome staining of rat dorsum 3 weeks after subcutaneous implantation (400x
magnification). Arrows represent bone formation in the remaining synthetic coral matrices and the
production of collagen fibers by osteoblasts.

In the middle phase, TGF-B and BMP act to stimulate cell growth and differentiation of SCs into
osteoblasts. In the final phase, ECM degradation by MMP, and angiogenesis with vascular invasion begin.
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MMPs 13 and 9 work together to degrade collagen and aggrecan to provide opportunities for vascular
invasion. Vascular invasion for this angiogenesis is stimulated by VEGF secreted by chondrocytes during
chondrocyte hypertrophy [53,54].

This study revealed differences between in vitro and in vivo conditions. The rate of SCM degradation
is one of several differences, in which in vivo degradation takes longer than in vitro. Based on previous
observations, implanted scaffolds could still support defective structures up to 6 and 8 weeks after
implantation [52,55,56]. This allows cells to grow, develop, and deposit bone matrix. During in vivo
implantation, local cells actively participate in the healing and formation of new bones. Local cells express
and secrete growth factors and cytokines involved in bone formation [57]. For this, osteocalcin can act as
a marker indicating osteoblast maturation, bone matrix deposition, and mineralization. In other words,
osteocalcin can be a marker for bone formation [49].
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Figure 7 Immunohistochemistry staining for osteocalcin in the subcutaneous tissue on rat dorsum in A)
week 1, B) week 2, C) week 3, and D) week 4 after implantation. The arrows show the remaining synthetic
coral matrix. A positive response to osteocalcin is indicated by the appearance of a brown color.
Histological analysis shows that the brownish color at the edge of the synthetic coral matrices started to
spread into the matrices, indicating the presence of osteoblast and bone matrix production. Without MSCs,
synthetic coral matrices started to degrade in week 3 of implantation. In the group with MSCs, synthetic
matrices remained up to week 4 of implantation.

IHC using osteocalcin will express a brown color in the implanted SCM area. Bone matrix secretion
and mineralization are indicated by the appearance of osteocalcin. SIP1M1 and SIPOMI1 expressed a clear
brown color at week 3, indicating the presence of mature osteoblasts. SIP1M1 preparations had a higher
brown color intensity, which spread over the SCM area, indicating the spread of the bone matrix secreted
by osteoblasts. In SIPOM1, ectopic bone formation occurred on week 3, even without PRP. In the in vivo
environment, the implantation site still received growth factors such as TGF-B produced by
proinflammatory cells and local cells, which can induce MSCs that have been attached to the scaffold to
differentiate into osteoblasts. This was different from the in vitro conditions. In the in vivo conditions
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without PRP, a steady supply of growth factors needed by MSCs for osteogenic differentiation can be
obtained from inflammatory cells that generate growth factors [57,58].

Furthermore, SIP1M1 had a higher staining intensity than SIPOM1 because, in addition to obtaining
growth factors from the implantation environment (inflammatory cells and local surrounding cells),
S1P1M1 also obtained growth factors from PRP incorporated into the SCM, which are released along with
the degradation of the SCM. In SIPOMI1 and S1P1M1, the SCM was still on site until week 4. This is in
line with the results of several previous studies, such as in [58,59], implanted various scaffold materials
into the intramuscular area to evaluate ectopic bone formation until week 12 and distinguished them
between scaffolds alone and cell-seeded scaffolds. This study validated the phenomena found in previous
studies related to cell-seeded scaffolds [58,59], to the point that SCM degradation slowed down and allowed
bone formation [51,58,59]. By contrast, the group without MSC, namely, SIPOMO, and S1P1MO,
demonstrated rapid SCM degradation in week 3. The IHC results (Figure 7) are also in line with the results
of histological staining with Mallory’s trichrome (Figure 6) by the appearance of ectopic bone in the
subcutaneous tissue in rat dorsum in SIPOM1 and SIP1M1 3 weeks after implantation. The incorporation
of growth factor cocktails from the PRP into the SCM as a scaffold did not alter the results in vivo.

Table 2 Results of immunoreactivity score (IRS) of the IHC-stained subcutaneous tissues.

Duration of Immunoreactivity Score (IRS)
subcutaneous Specimen
implantation number S1POMO S1POM1 S1P1MO S1P1IM1
(week)
1 1 Negative Negative Negative Negative
2 Negative Negative Mild Negative
3 Negative Negative Negative Mild
2 1 Negative Negative Negative Negative
2 Negative Negative Negative Negative
3 Negative Mild Negative Mild
3 1 Negative Moderate Negative Moderate
2 Mild Negative Mild Moderate
3 Negative Negative Negative Strongly positive
4 1 Negative Moderate Negative Strongly positive
2 Negative Moderate Negative Strongly positive
3 Negative Moderate Negative Moderate
Conclusions

In this study, SCM with high biocompatibility, good osteoconductivity, and resorbability, which can
provide a bone growth factor delivery system, has been developed to resolve problems in using native corals
for bone tissue engineering. The SCM provided an ideal microenvironment for h-MSCs to enhance bone
regeneration process, indicated by faster, and high expression levels of runx2, osterix, and osteocalcin. The
high capability of SCM with or without growth factor from the PRP to enhance bone formation has been
proven from the ectopic bone formed in the nonosseous environment represented by subcutaneous rat dorsal
tissue. This study also verified results of previous studies that implantation of scaffolds without cell seeding
resulted in a lower rate of bone formation due to the faster degradation of the scaffold. Further studies and
valorization phases are needed for the application of the results for bone tissue engineering in clinics.
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