Discover Applied Sciences

Research

The effect of nano-natural biomaterial on stimulation of RADMSCs
toward osteogenesis: an in vitro study

Farideh Alahgahi' - Esmail Fattahi' - Mohsen Saeidi? - Mir Mahmoud Mortazavi Roudmiane®*

Received: 17 July 2023 / Accepted: 22 January 2024
Published online: 07 February 2024
© The Author(s) 2024 OPEN

Abstract

In recent years, natural biomaterials have been the focal point of most biomedical investigations. To prepare the Ostrich
Eggshell/Hydroxyapatite (OE/HA) powder scaffolds, OE powder was immersed in 1% Triton X-100 for 24 h and then
autoclaved twice. Medical grade HA was combined with pulverized OE at different ratios to yield three different OE/HA
powder scaffolds. The resultant scaffolds underwent characterization experiments using different techniques, including
FTIR, XRD, radiography, and SEM analyses. Rabbit adipose-derived mesenchymal stem cells (RADMSCs) were isolated
from adipose tissues and characterized by flow cytometry. A direct contact test was performed for the cytotoxicity test
using L929 cells. Cell adhesion was validated using SEM imaging, viability was assessed using DAPI and Annexin V/PI
staining, and osteogenic differentiation was investigated using the ALP assay. The cytotoxicity assay using L929 cells veri-
fied that the OE/HA powder scaffold is safe and further functional experiments could be carried out. Behavioral assays,
radiography, surface markers, surface topography analyses, and viability tests yielded promising results confirming cel-
lular acceptance of the scaffold. In the present study, we provided evidence that the prepared OE/HA scaffold is not only
cytocompatible but also can enhance mesenchymal stem cell adhesion, growth, and osteogenic differentiation in vitro.

Article Highlights

e Ostrich eggshell has been found to be an effective substance for stimulating mesenchymal stem cells towards bone
formation.

e A new combination of a Nano-sized natural biomaterial with a resembling bone material like hydroxyapatite can
enhance the growth and attachments of cells on the material surface.

e This study has proven the power of Nano calcium-based materials in altering cell lines towards the formation of bone
cells.
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1 Introduction

In the last few decades, patients have benefited from conventional therapeutic approaches in various ways. However,
in the context of orthopedic surgery and bone defect reconstruction, several challenges have remained unresolved
[1]. Additionally, the process of bone repair is both costly and time-consuming [2]. Damaged bones have low mechani-
cal tolerance [2]. And significant bone trauma cannot heal spontaneously, while any type of infection can delay the
healing process [3]. Reports indicate that nearly 2.2 million bone grafts are implanted annually in the US, imposing
a significant burden of approximately 300 million dollars on the healthcare system [4]. The use of bone substitutes
has the potential to reduce healing time and increase bone density in the damaged area [5]. Recent advances in
regenerative medicine have opened up new possibilities for bone defect reconstruction. Most implants, including
bone grafts from other individuals (homologous), are not readily accepted by the recipient’s body and face chal-
lenges in this regard [6]. Numerous studies have reported positive results when using natural biomaterials for tis-
sue regeneration purposes. When the right biomaterial is chosen, it can seamlessly integrate with the surrounding
tissue, thereby facilitating successful tissue engineering. The high surface area of biomaterials also plays a crucial
role in promoting cellular adhesion and increasing cell density. Additionally, surface roughness is an important
characteristic that facilitates interactions with host tissue. It is believed that cell-matrix interactions primarily occur
within a proximity of 1 nm to the surface of the biomaterial, highlighting the importance of surface properties in
facilitating these interactions [7]. One widely used biomaterial that has shown beneficial effects in bone regenera-
tion is hydroxyapatite (HA) To ensure the suitability of hydroxyapatite-polymer composites within 3D-printed grafts
for medical device applications, careful optimization of both mechanical and biological properties is essential [8].
The use of 3D-printing technology presents an innovative approach to fabricating scaffolds based on hydroxyapa-
tite (HA), offering promising opportunities for personalized bone regeneration [9]. This biomaterial possesses high
osteoconductivity and resorption rates. However, it has several drawbacks, such as lacking a porous structure and
ridged corners necessary for optimal cell attachment and extracellular matrix orientation.

Eggshell, as a bio-waste material, not only contains numerous minerals but also provides scaffold stability and an
extraordinary topography for cell attachment. Multipotent stem cells, such as rabbit adipose-derived mesenchymal
stem cells (RADMSCs), have become a focal point in bio-scaffold research due to their specific responses to distinct
microenvironmental cues. In this study, the osteoinductive potential of an ostrich eggshell-hydroxyapatite (OE-HA)
scaffold was assessed by seeding. The integration and osteo-induction of cells with the bio-scaffold were extensively
examined by several investigators under in vitro conditions before proceeding to the final step. The main purpose of
using ostrich eggshell with hydroxyapatite is to define and explore the optimal ratio of this mixture for bone healing.
Despite searching through several articles, we did not find any previous studies that specifically investigated the ratio
of ostrich eggshell with hydroxyapatite for better cell attachment and lacuna for cell expansion. This study aimed to
fill this research gap and determine the most effective combination of these biomaterials.

2 Materials and methods
2.1 Animals

To investigate the osteoinductive capability of the OE-HA scaffold, a mixture of natural scaffold with synthetic mate-
rial, rabbit adipose-derived mesenchymal stem cells (RADMSCs) were taken from dorsal part of animal, subcutane-
ous adipose tissue between scapula bone used in this study. Five male New Zealand White (NZW) rabbits weighing
between 2.0 to 2.5 kg were obtained from the Research and Production Complex of the Pasteur Institute of Iran,
located in Tehran, Iran.

The rabbits were housed under standard environmental conditions, including a temperature of 23+ 2 °C, a humid-
ity level of 35%, and a light/dark cycle of 12 h/12 h. The animals were provided with appropriate care and conditions,
following the guidelines for the care and use of laboratory animals. The study protocol was approved by the Eth-
ics Committee of Golestan University of Medical Sciences in Gorgan, Iran, under the reference number IR.GOUMS.
REC.1397.258.
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2.2 Biomaterial

A mixture of the ostrich eggshell (OE) was prepared for use in this study by cutting it into T cm x 1 cm slices and
removing the internal membrane. The shells were then immersed in a solution of Triton X-100 (1%) for 24 h to facilitate
decellularization. Afterward, they were washed with PBS and autoclaved using distilled water. This powder was passed
through 0.5 mm mesh to get unique size of OE granules. To complete the decellularization process, the shells were
further washed with 10% sodium hydrochloride. Subsequently, they were ground using a sterile mortar to obtain
shell powder. The pulverized eggshell was then sterilized using Ethylene Oxide Sterilization (ETO) and autoclaved at
120 °C for 15 min. Hydroxyapatite (HA) powder [Ca,, (OH),(PO,)¢] (Cat No: 693863 Sigma-Aldrich Germany), which
serves as the main component, was mixed with the pulverized ostrich eggshell to fabricate bone engineering scaf-
folds. Different ratios of OE to HA were used, including 2:1, 1:2, 1:1, 1:0, and 0:1. These designed scaffolds were utilized
in various in vitro experiments as part of the study.

2.3 FTIR analysis

The structure and functional groups of the designed scaffold were analyzed using Fourier-transform infrared spectros-
copy (FTIR). The FTIR analysis was conducted using a Thermo Nicolet 380 instrument, USA, which operates within the
wavelength range of 500-4000 cm™". The scan speed was set at 21 scans per minute, and the resolution was 4 cm™".

Spectra were recorded at room temperature during the analysis process.
2.4 XRD analysis

The designed powder scaffold underwent X-Ray Diffraction (XRD) analysis using a Philips model 17,030, Germany, dif-
fractometer. The XRD analysis was conducted at room temperature. The instrument operated with Cu Ka radiation
(A=1.540600 A). The voltage was set at 30 kV, and the current was set at 40 mA. During the XRD analysis, the patterns
were recorded in the 20 range of 150 to 750, with an interval scan speed of 30/min. This allowed for the measurement of
the diffraction angles and intensities, which provide information about the crystalline structure and phase composition
of the scaffold material.

2.5 SEM analysis

The microstructure and surface morphology of the powder scaffold were examined using field emission scanning elec-
tron microscopy (FESEM). A Hitachi Ultra-High-Resolution Schottky, Japan, Scanning Electron Microscope model SU7000
was utilized for this purpose. The FESEM had an image resolution capability of 0.8 nm at an acceleration voltage of 15 kV.
To prepare the samples for imaging, a thin layer of gold was coated onto the scaffold using a sputtering device (JEOL,
JFC-1200). This gold coating helps improve the conductivity of the sample and enhances the imaging quality. Ultra-
micrographs of the scaffold were captured at magnifications of 50, 100, and 200 kX. These high magnification settings
allowed for detailed observations of the microstructure and surface morphology, providing valuable insights into the
scaffold’s physical characteristics at a microscopic level.

2.6 Radiographic analysis

A radiological evaluation was conducted to assess the opacity of the designed scaffold. The analysis was performed
using an X-Ray TITAN 2000 device manufactured by COMED MEDICAL in Korea. The X-ray machine was operated at 50 kV
(kilovolts) and 7 mA (milliamperes) for a duration of 0.6 s. The standardized film-plane distance used during the evalua-
tion was 14 cm. By utilizing X-ray imaging, the opacity of the scaffold could be visualized, providing information about
its radiodensity and ability to block or attenuate X-rays. This evaluation helps determine the suitability of the scaffold
for applications where radiopacity is desired, such as in bone defect reconstructions or other orthopedic procedures.

2.7 Cytotoxicity assay

To assess the cytotoxicity of the OE/HA scaffold, an in vitro cytotoxicity assay was performed using a direct contact test.
L929 fibroblast cells at passage 3 were thawed and cultured in DMEM LG (Gibco™ Dulbecco’s Modified Eagle’s Medium, low
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glucose, pyruvate, Cat-No: 11885084) medium. The cells were allowed to grow for 72 h until they reached confluence, with
a cell density of 1x1 0° cells, in a cell culture flask. To evaluate the non-cytotoxic nature of the OE/HA scaffold, the powder
scaffolds were placed in 6-well plates containing 1x 10° cells in the cultured L929 cells. This setup allowed direct contact
between the scaffold material and the cells. The purpose of this assay was to determine whether the scaffold had any adverse
effects on the viability and proliferation of the L929 fibroblast cells.

2.8 RADMSCs isolation and expansion

In this study, New Zealand White (NZW) rabbits were anesthetized using intramuscular injections of ketamine (35 mg/kg)
from BREMER PHARMA GMBH, Germany, and xylazine (5 mg/kg) from Sedaxylan Solution, Hyperdrug, UK. The anesthesia
was administered to ensure the comfort and immobility of the rabbits during the procedure. Under aseptic conditions,
adipose tissues were harvested from the rabbits. The collected adipose tissues were placed in 50 ml of PBS containing two
units of penicillin to prevent contamination. The adipose tissue, weighing 15 g, was washed 4 times with sterile PBS. During
each washing step, the tissue was minced into small pieces, resulting in a soup-like solution. To further process the adipose
tissue, a 0.1% collagenase | solution (Sigma-Aldrich Cat-No: SCR103) was added, and the mixture was incubated at 37 °C for
60 min [12]. This step allowed for the enzymatic digestion by collagenase | on the tissue to digest the matrix and release cells
and the adipose-derived mesenchymal stem cells (ADMSCs). After the collagenase reaction, the digestion was stopped by
adding DMEM LG (Gibco™ Dulbecco’s Modified Eagle’s Medium, low glucose).

The digested tissue was then filtered through a 22 um filter to remove any remaining tissue fragments. The resulting cell
suspension was centrifuged at 2250 rpm and 4 °C for seven minutes. The pellet obtained from centrifugation contained the
RADMSCs (rabbit adipose-derived mesenchymal stem cells), which were then resuspended in one ml of DMEM HG (Gibco™
Dulbecco’s Modified Eagle’s Medium, high glucose) and transferred into a tissue culture flask containing 4 ml of DMEM HG.
The tissue culture flask was then incubated at 37 °C and 5% CO2 for 24 h. This incubation period allowed the RADMSCs to
attach and proliferate within the flask, establishing a cell culture for further experiments and investigations [25].

2.9 Flow cytometry analysis of RADMSCs

To characterize the isolated RADMSCs (rabbit adipose-derived mesenchymal stem cells), the surface expression of specific
markers, including CD34, CD45, CD90, and CD105, was analyzed using flow cytometry. In the experiment, RADMSCs at pas-
sage 4 were harvested and washed with PBS. The cells were then centrifuged and resuspended at a concentration of 1x 10°
cells in 100 pl of DMEM (Dulbecco’s Modified Eagle’s Medium) for marker characterization. For cell staining, CD34 and CD45
were used as negative markers, while CD90 and CD105 were used as positive markers for RADMSCs. Antibodies specific to
these markers were used, such as CD34 (Cat. No: 14486-1-AP) and CD45 (Cat. No: 20103-1-AP) from Proteintech LTD—North
America as negative markers, and CD90 (Cat. No: 20597-1-AP) and CD105 (Cat. No: 10862-1-AP) from Proteintech LTD—North
America as positive markers.

The cells were incubated for 30 min in the dark to allow for antibody binding, and then rinsed with PBS to remove any
unbound antibodies. Four tubes containing the stained cells were prepared for flow cytometry analysis. The flow cytometry
analysis was performed using the BD FACSAria™ Ill Cell Sorter from BD Biosciences. The instrument allowed for the detec-
tion and quantification of the fluorescence signals emitted by the labeled cells. The data obtained from the analysis were
then analyzed using FlowJo software, which is commonly used for flow cytometry data analysis. This software enabled the
interpretation and characterization of the RADMSCs based on the expression levels of the specific markers [15, 16].

2.10 2.10 Cell seeding on the three-dimensional granular scaffold
To investigate the cell morphology and adhesion within the structure of the prepared OE/HA scaffolds, the scaffolds with

different ratios (as presented in Table 1) were used in combination with cultured RADMSCs in 6-well cell culture plates.
The experimental procedure involved the following steps:

Table 1 The composition of

OE/HA OE/HA OE/HA OE/HA OE/HA
OE/HA scaffolds with different / / / / /
ratios 2-1 1-2 1-1 1-0 0-1
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(1) Sterile scaffolds in the culture medium were placed into the wells of a 6-well plate and incubated for 24 h. This
allowed the scaffolds to stabilize and create a suitable environment for cell seeding.

(2) Passage 3 RADMSCs at a density of 0.5 x 10* cells per well were transferred from 25 cm? tissue culture flasks into the
6-well plates containing the scaffolds. The cells were seeded onto the scaffolds and allowed to adhere and interact
with the scaffold surface.

(3) After 24 h of incubation at 37 °C and 5% CO,, the wells were examined under an inverted microscope. The Nikon
Inverted Microscope ECLIPSE Ti-S from EINST Technology, Ltd, Singapore, was used for this purpose. The microscope
allowed for visual inspection of the cell morphology and adhesion within the scaffold structure.

(4) To assess the presence of cells within the scaffold structure, two staining methods were employed: 4, 6-diamidino-
2-phenylindole (DAPI) staining and Annexin V/propidium iodide (PI) double staining. DAPI staining (Sigma-Aldrich,
Germany, Cat No: D9542) is a commonly used fluorescent dye that binds to DNA, allowing visualization of cell
nuclei. Annexin V/PI staining (Sigma-Aldrich, Germany, Cat No: 640914) is used to detect apoptotic and necrotic
cells. Annexin V binds to phosphatidylserine on the cell surface, while Pl stains the DNA of late-stage apoptotic or
necrotic cells.

2.11 SEM analysis of OE/HA-ADMSCs

The surface microstructure and topography of the prepared OE/HA scaffolds containing cultured RADMSCs were ana-
lyzed using FESEM (Field-Emission Scanning Electron Microscopy). Prior to imaging, all samples underwent a thin layer
of gold coating using a sputtering device (JEOL, JFC-1200). Cells were kept in 2.5% glutaraldehyde in 0.1 M phosphate
buffer pH 7.2 -7.4 for 24-48 h. Then wash cells with 0.1 M phosphate buffer 4 times for 15 min and rinse tissue with
distilled water 3 times for 5 min and finally dehydrate cells with series of dilution of ethanol from 50 to 100% for each
step 20 min. Finally, it gets ready for critical point drying. The imaging process was performed using a Hitachi Ultra-
High-Resolution Schottky Scanning Electron Microscope (model SU7000) operating at an accelerating voltage of 15 kV.
Images were captured at magnifications of 500X, 1000X, and 5000X, with an image resolution of 0.8 nm. This imaging
technique enabled the examination of the scaffold’s surface characteristics, including microstructure and topography.
The gold coating enhanced the conductivity of the samples, while the FESEM provided high-resolution images, allowing
for detailed analysis of the scaffold and the interaction between RADMSCs and the scaffold material.

2.12 Live-dead assay

The scaffolds were immersed into the wells of 6-well plates, pre-filled with 2 ml of DMEM LG medium, and incubated for
24 h.Thereafter, passage 4 ADMSCs (Adipose-derived Mesenchymal Stem Cells) were seeded at a density of 1x 1 0° cells
per well into the 6-well plates and incubated for another 24 h. After the 24-h incubation period, the cells were washed
with PBS and then fixed with 3.7% paraformaldehyde. To permeabilize the cell membranes and allow for intracellular
staining, a 0.1% Triton X-100 solution was added for 5 min. Next, the cell-containing scaffolds underwent a washing step
with PBS, followed by DAPI staining in the dark for 1 h at room temperature. Subsequently, the wells were washed with
PBS again before being visualized with a Nikon Inverted fluorescent microscope at a magnification of 20X. In this assay,
the nuclei of live cells were stained blue using DAPI.

Additionally, to further verify the viability of the cultured cells within the scaffold structure, another staining approach
was employed. Annexin V/Pl double-staining (MERK Germany, Cat No: 640914) was used, where the nuclei of cells were
stained red with Annexin V, while the cytoplasmic fibrils were visualized in green. These staining techniques allowed for
the evaluation of cell viability and distribution within the scaffold structure, providing valuable insights into cell survival
and interaction with the scaffold material.

2.13 ALP activity

To assess the mineralization level of the osteoblastic lineage of ADMSCs in the cell culture, ALP (Alkaline Phos-
phatase) expression was measured using a Phosphatase substrate kit (Merk, Cat No: 33333-18-4, Germany). The
ALP rate was determined using p-nitrophenyl phosphate (p-NPP) as the phosphate substrate. For intracellular ALP
rate measurement, cells were lysed by multiple cycles of freezing and thawing in deionized distilled water. The
culture medium was collected on days 1, 5,9, 13, 17, and 21 after culture to obtain the secreted ALP. The collected
samples were stored in liquid nitrogen until analysis. To measure ALP activity, 75 pl of each sample was transferred
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into 96-well plates for final reading. Then, 97 pl of a 5 uM p-NPP solution (New England BioLabs) was added to each
well. The solution was incubated for 1 h at room temperature, and the absorbance was measured at 405 nm using
an atomic absorption spectrophotometer (Shimadzu AA-6200). The ALP rate is a measure of the activity of alkaline
phosphatase enzyme, which is involved in the process of osteogenesis, or bone formation. In this context, the ALP
rate is being used to assess the effectiveness of mesenchymal stem cells in promoting bone formation. The ALP
rate was calculated using Excel software with a standard curve and confidence level of 95% (p < 0.05) considered
statistically significant. it was considered statistically significant, indicating that the ostrich eggshell component
with hydroxyapatite can promote stem cells to osteogenesis.

3 Result
3.1 FTIR analysis

The functional groups of different scaffolds were determined using an FTIR (Fourier Transform Infrared) analyzer.
Figure 1 shows the spectra labeled as D and E, which correspond to the source materials OE and HA, respectively. By
analyzing the spectra labeled as A, B, and C, the presence of the source materials in the designed scaffolds can be
confirmed. Table 2 provides the wavelengths and corresponding functional groups observed. The construction of
OE/HA scaffolds with different ratios involved the use of OE powder (spectrum D) and medical-grade HA (spectrum
E) as the source materials. In the OE spectrum (Fig. 1), the main absorption peaks at 709 cm™', 874 cm™, 1420 cm™’,
1801 cm™', and 2516 cm™" indicate the presence of the CO3-2 group in CaCO3 (calcite) within the OE structure. The
major bands for calcite in OF appeared at 874 cm™' and 1420 cm™".

Regarding the HA spectra, the peaks at 563 cm™' and 603 cm™' are attributed to the PO4-3 bend v4, while the
peak at 1036 cm™" indicates the PO4-3 bend v3. The presence of a peak at 3442 cm™' is due to the stretching and
bending of the hydroxyl group (O-H). The hydroxyl group is present in both OE and HA, as well as in their combi-
nation. In the HA spectrum, additional overlaying peaks at 603 cm™' and 1036 cm™' represent the presence of the
SO4-2 group.
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3.2 XRD analysis

XRD (X-ray Diffraction) analysis was conducted for three different scaffold compositions, and the obtained data were
compared with those of OE and HA, which served as the source materials. The results are presented in Table 3 and Fig. 2.
The extracted information from the International Centre for Diffraction Data (ICDD) was used for analysis. According to
Table 3, the XRD pattern of group D corresponds to calcite (CaCO3) with the JCPDS (Joint Committee on Powder Diffrac-
tion Standards) card No. 00-047-1743.The code for Calcium Carbonate in Table 3 is 00-002-0629.

The XRD pattern of group E corresponds to hydroxyapatite and matches the ICDD reference with the JCPDS card
No. 09-0432.The codes for Calcium Phosphate Hydroxide and Calcium Sulfate Hydrate in Table 3 are 01-084-1998 and
01-076-1746, respectively. The code 00-002-0629 also matches exactly with the XRD pattern. These comparisons pro-
vide evidence of the presence of specific crystalline phases, such as calcite and hydroxyapatite, in the different scaffold
compositions. The XRD analysis contributes to the characterization of the scaffold structures and their similarity to the
source materials.

3.3 Radiographic analysis

Radiographic analysis enables the tracking of materials, even in powder form. In this study, both pure and combined
forms of materials were examined. Study groups are including A(OE/HA 2-1), B(OE/HA 1-2), C (OE/HA 1-1), D(OE/HA 1-0),
E(OE/HA 0-1). Rabbit bone, ostrich eggshell (OE), and a metal coin were chosen as reference materials (Fig. 3A, E, and
F, respectively). Other materials were used as test materials (Fig. 3B, C, and D, respectively). Hydroxyapatite was visible
in the X-ray graph (Fig. 3B), while ostrich eggshell was visible in the radiograph (Fig. 3C). The mixture of both materials
was also visible (Fig. 3D). The observed significant difference in radiopacity was attributed to the presence of the metal
(Fig. 3A). The most distinguishable structures, aside from the metal coin, corresponded to the rabbit bone and OE (Fig. 3E
and F, respectively).

3.4 Ultrastructure analysis by SEM

The surface morphology and topography of the prepared scaffolds were examined using SEM micrographs obtained at
magnifications ranging from 50 to 200 kX. The study groups were observed at low magnification A (OE/HA 2-1), B (OE/
HA 1-2), C (OE/HA 1-1), D (OE/HA 1-0), E (OE/HA 0-1), and the images can be found in Fig. 4 (A1,B1,C1,D1,and E1). The
granule sizes ranged from 24 to 50 nm and exhibited irregular and ridged shapes, as shown in Fig. 4(A2, B2, C2, D2, and
E2). The granules of OE had sheet-like shapes (Fig. 4D2), while the HA powder had irregular rod shapes. However, it was
found that the areas covered by the sheets of OE were smaller than what is required for cell attachment.

3.5 Cytotoxicity studies

Cytotoxicity evaluations demonstrated that the scaffolds did not exhibit cytotoxic effects on L929 cells. This effect was
showed the growth L929 cells beside OE/HA scaffold and showed 0% of zone around material (Fig. A and B). Throughout

Table 3 References of XRD patterns for three different types of scaffolds (A, B, and C) and the two source materials (D and E)

Test Group Ref. Code Score Compound Name Displace- Scale factor Chemical formula Refs.
ment [°2Th.]

A 98-002-1905 89 Calcite 0.220 1.097 C1Ca103 [18,19]
01-076-0694 44 Calcium Phosphate Hydroxide 0.200 0.276 Ca5(PO0O4)30H [20]

B 01-076-0694 65 Calcium Phosphate Hydroxide 0.136 1.109 Ca5(PO0O4)30H [20]
98-011-0799 92 Calcite -0.028 1.057 C1Ca103 [18,19]
00-024-0033 83 Calcium Phosphate Hydroxide —-0.010 0.400 Ca5(P04)3(0OH) [20]
00-002-0629 75 Calcium Carbonate 0.335 0.324 CaCO3 [18]

E 01-084-1998 66 Calcium Phosphate Hydroxide 0.013 0.960 Ca5(P04)3(0OH) [20]
01-076-1746 48 Calcium Sulfate Hydrate —0.089 0.194 CaS04(H20)2 [20]
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Fig.2 XRD patterns of the three different types of OE/HA scaffold A, B, and C and OE D and HA E source materials

Fig.3 The X-ray radiograph
showed the radiopacity of
different materials, including
a metal coin, which served as
a hard material sample and
was visible A. Biomaterials

for bone substitution, such as
bone itself, were also visible

in the radiograph, including
hydroxyapatite powder B, OE
powder C, and OE/HA powder
D. Rabbit femur bone E and
natural OE F were also visible
in the radiograph and showed
varying degrees of radiopacity
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Fig.4 SEM micrographs were taken of five different powders OE/HA scaffold to examine their surface morphology. The scaffolds had dif-
ferent ratios of OE/HA, including 2/1 (A1, A2), 1/2 (B1, B2), 1/1 (C1, C2), 1/0 (D1, D2), and 0/1 (E1, E2). The micrographs showed the surface
morphology of the scaffolds at different magnifications, with A2, B2, C2, D2, and E2 showing higher magnifications compared to A1, B1, C1,
D1, and E1, respectively

the experiment, 0% cell apoptosis or cell-free zones were observed in the scaffold when examining the tissue culture
flasks (Fig. 5C). It is interesting to note that these phenomena occur while the cells are attached to the scaffold without
any defective zones. This suggests that the scaffold is able to support cell growth and differentiation without any adverse
effects on cell behavior. The absence of defective zones is particularly important, as these areas can act as weak points in
the tissue engineering construct, potentially leading to failure of the regenerative process. The cells successfully adhered
to the designed scaffolds, and there were no indications of vacuolated cytoplasm, indicating the high cytocompatibility
of the prepared scaffold.

3.6 RADMSCs isolation and expansion under 2D and 3D cultureconditions

RADMSCs (Rabbit Adipose-Derived Mesenchymal Stem Cells) cultured and expanded in cell culture flasks were counted
using a hemocytometer (Fig. 6A and B). The average total cell count per flask was determined to be approximately
3.2x 108 cells. The adipose-derived mesenchymal stem cells were expanded as monolayers and exhibited a spindle-
shaped morphology (Fig. 6B). The isolated RADMSCs were expanded under both 2D and 3D culture conditions with
total cell number of 0.5 x 10 in each wells. Comparing their growth under these two conditions, it was observed that
the number of RADMSCs after nine days of 3D culture was higher than that in the 2D culture conditions after the same
culture period (Fig. 6). This difference can be attributed to the availability of more space in the 3D culture compared to
the 2D culture conditions (Fig. 6).

Fig.5 Cytotoxicity assay of the OE/HA scaffold. Passage 3 L929 cells were seeded on the scaffold and incubated for 24 h. A shows the petri
dish containing the OE/HA scaffold plus cultured L929 cells, B shows the cultured cells in a scaffold-free zone, and C is a microscopic field
showing the presence of L929 cells alongside the scaffold surface
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3.7 RADMSCs characterization

RADMSCs (Rabbit Adipose-Derived Mesenchymal Stem Cells) were further characterized through flow cytometric
analysis of surface markers. Passage 4 RADMSCs were dissociated using trypsin and labeled with specific antibodies
targeting CD34, CD45, CD90, and CD105. As depicted in Fig. 7, the isolated cells exhibited positive expression of CD90
and CD105, confirming their mesenchymal nature. Conversely, they did not show surface expression of CD34 and
CD45, further supporting their mesenchymal identity. The percentage of positive cells for CD90 and CD105 markers
were 99.51% and 23.25%, respectively (Fig. 7).

3.8 SEM analysis of RADMSCs presence in the structure of OE/HA scaffold

SEM images of the RADMSCs cultured on the 3D granular OE/HA scaffold clearly showed the presence of these cells
within the scaffold structure. The captured images demonstrated the successful adherence of RADMSCs to the powder
scaffold. The rough surface of the OE component in the scaffold structure likely played a significant role in facilitating
the strong attachment and expansion of RADMSCs. This observation provides compelling evidence of the scaffold’s
osteoconductive effects on the cultured RADMSCs (Fig. 8).
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Fig. 8 SEM images of RADMSCs cultured onto the OE/HA scaffold at three different magnifications of 500 X A and D, 1000 X B and E, and
5000 X € and F. Red arrows show RADMSCs and yellow arrows show the scaffold

3.9 Live-dead assay

DAPI staining was utilized to stain the nuclei of RADMSCs (Rabbit Adipose-Derived Mesenchymal Stem Cells). The cells
were washed with PBS and then permeabilized using 0.1% Triton X-100 in 20 mL of PBS for 3 min. Subsequently, they
were washed again and incubated with DAPI (4, 6-diamidino-2-phenylindole) for 5 min under dark conditions to visual-
ize the cell nuclei.

The obtained data demonstrated the viability of RADMSCs that were seeded and cultured on the scaffolds with dif-
ferent compositions of OE and HA. This indicates that the prepared scaffold is cytocompatible and provides a suitable
environment for RADMSC proliferation. A comparison between different combinations revealed that the powder scaffold
with an OE:HA ratio of 1:2 exhibited the most favorable results (Fig. 9). To further confirm the presence of viable cells
within the scaffold structure, Annexin V/PI double-staining was performed. Upon careful examination of all the wells, it
was observed that all cells were alive and located adjacent to the scaffold surfaces. For the OE:HA ratio of 1:2, the cells
exhibited proper orientation with visible nuclei. Even in the control well without any scaffold, the cells remained viable
(Fig. 10).

3.9.1 ALP activity

ALP activity was done for 6 study groups and it is as an early-stage marker for osteogenic differentiation,was meas-
uredby a colorimetric assay. This enzyme catalyzes p-nitrophenyl phosphate hydrolysis into p-nitrophenol and phos-
phate.Based on the acquired data, no significant change in ALP activity was detected on days 1 and 5. But, from day 9
to 21 ALP activity was significantly increased so that the maximal ALP activity was measured on days 17 and 21.The
control group showed a lower ALP expression in comparison to the test groups. On the last day (day 21), ALP activity
in the group containing the powder scaffold withan OE/HA ratio of 1:2 was the highest. Osteogenic activity was more
after 13 days of culture. However, this scaffold could reveal its ability to mimic bone morphogenic protein-2 and lead
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Fig.9 Fluorescent micro-
graphs of DAPI-stained RADM-
SCs in the structure of powder
scaffolds with different source
material compositions A, B, C,
D, and E. In this assay, the cell
nucleus is stained blue, and
blue dots in the micrographs
are indicative of live cells. F
represents the control well
without a scaffold

Fig. 10 Fluorescent micro- A~ OsE(100%) + Cell B- HA (100%) + Cell C - OsE/HA (1-1) + Cell
graphs of Annexin V/Pl double

staining of the cultured
RADMSCs in the structure

of powder scaffolds with
different source materials
compositions A, B, C, D, and
E. Red colors indicate the cell
nucleus and green colors indi-
cate the cytoplasmic fibrils.

F represents the control well
without a scaffold

D - OsE/HA (2-1) + Cell E - OsE/HA (1-2) + Cell F - Control (Cell Alone)

RADMSCs toward Osteogenic activity (Fig. 11). ALP (Alkaline Phosphatase) activity, which serves as an early-stage
marker for osteogenic differentiation, was assessed using a colorimetric assay. This enzyme catalyzes the hydrolysis
of p-nitrophenyl phosphate, resulting in the production of p-nitrophenol and phosphate. Based on the acquired
data, there was no significant change in ALP activity observed on days 1 and 5 of the experiment. However, from
day 9 to 21, there was a significant increase in ALP activity, with the highest levels measured on days 17 and 21. This
indicates that osteogenic differentiation of the cells was initiated and progressed further during this time period. In
comparison to the control group, the test groups exhibited higher ALP expression. On the last day of the experiment
(day 21), the group that contained the powder scaffold with an OE/HA ratio of 1:2 demonstrated the highest ALP
activity. The increase in ALP activity after 13 days of culture indicates that osteogenic activity was enhanced over time.

This suggests that the scaffold, with its specific composition, was able to mimic the effects of bone morphogenic
protein-2 (BMP-2), a protein known to play a crucial role in bone formation, and could effectively guide RADMSCs
towards osteogenic differentiation. Therefore, the results indicate that the powder scaffold with an OE/HA ratio of
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1:2 exhibited the highest ALP activity, suggesting its potential to promote osteogenic differentiation and mimic the
effects of bone morphogenic protein-2, ultimately contributing to the development of bone tissue (Fig. 11).

4 Discussion

In this study, a novel bone tissue engineering scaffold was developed by combining ostrich eggshell (OE) and HA
(Hydroxyapatite) at different ratios, resulting in various types of OE/HA scaffolds. The scaffolds were characterized using
different techniques. FTIR (Fourier Transform Infrared) analysis of three different powder scaffolds (labeled as A, B, and C)
yielded three distinct FTIR spectra, confirming the presence of OE and HA as the source compounds. In spectrum A, the
peaks observed at 875 cm™" and 1420 cm™' indicated the presence of calcite, while the peaks at 564 cm-1 and 1035 cm™
were related to the PO, group of HA [ 36]. A minor bent was observed in group D, which suggests a higher proportion
of OE material compared to HA, with a ratio of 2:1 in group A. In group B, the width of the IR spectra for the PO4-3 bent
at 564 cm™" and 1036 cm™' resembled the HA curve, while other peaks associated with OE appeared very weak and had
a low width at 876 cm™ and 1423 cm™'. This indicates a stronger presence of HA compared to OE. According to Table 2,
HA is twice as abundant as OE in this composition based on their molecular weight. Group C exhibited a better width
for both components of OF and HA. The peaks in this powdered scaffold were stronger for both PO4-3 (564 cm™' and
1036 cm™") and calcite (875 cm™" and 1422 cm™). This provides evidence for the usage of an equal measure of both
components as a scaffold [22]. The FTIR spectra revealed specific peaks indicative of calcite and the PO4-3 group of HA.
The analysis showed that in group A, the ratio of OE to HA was 2:1, as evidenced by a minor bent in the spectrum. Group
B demonstrated a stronger presence of HA compared to OE, while group C exhibited a better balance between the two
components. These findings suggest that by adjusting the ratios of OE and HA, the composition of the scaffolds can be
controlled, potentially influencing their suitability for bone tissue engineering applications.

XRD (X-ray Diffraction) analysis revealed that CaCO3 from ostrich eggshell (OE) and Ca; (PO,); OH of from
hydroxyapatite (HA) are the main compounds present in the three different OE/HA scaffolds. The results confirmed
that the calcite content in sample A (OE:HA ratio of 2:1) is higher than the calcium phosphate hydroxide content, as
shown in Table 3 and Fig. 2. The calcite score was determined to be 89 in this sample, compared to a calcium phos-
phate hydroxide score of 44 [38]. In sample B, test peaks of calcium phosphate hydroxide were visible compared
to calcium carbonate. This finding was supported by Table 3, which showed a score of 65 for calcium phosphate
hydroxide in this powdered scaffold, while the peak of ostrich eggshell was very weak. In material group C, the XRD
pattern indicated nearly equal scores for both calcium carbonate and calcium phosphate hydroxide, indicating the
successful integration of both material sources [24]. Radiographic analysis of the materials indicated that OE powder
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exhibited a radiopacity similar to HA powder. However, the mixture of both powdered materials showed improved
radiopacity. In comparison, the mixture of OE/HA, HA, and OE powders exhibited lower radiopacity due to the
granular structure of OE. This phenomenon can be attributed to the granule structure of ostrich eggshell (Fig. 3D).
The correct design of integrating both material sources was confirmed [24]. In sample B, surface lacuna and porosity
were higher compared to the other samples, primarily due to the presence of more HA (with a rod-like shape) and
fewer OE (with a sheet-like shape) granules. The higher the content of HA, the larger the surface area of the OE/HA
scaffold. The increased surface area provides a better environment for cell adhesion. Cell attachment to the scaffold
surface can be facilitated by enlarging the cytoplasm and/or forming cellular pedicles (41).

Sample A, with a ratio of 2 parts OE to 1 part HA, exhibited a higher calcite content compared to calcium phosphate
hydroxide. In sample B, the presence of calcium phosphate hydroxide was more prominent compared to calcium carbon-
ate. Sample C demonstrated almost equal scores for both calcium carbonate and calcium phosphate hydroxide, indicat-
ing successful integration of both materials. Radiographic analysis revealed that the mixture of OE and HA powders had
improved radiopacity compared to individual powders. However, the radiopacity of the mixture was lower than that
of pure HA or OE powders due to the granular structure of OE. Sample B exhibited higher surface lacuna and porosity,
attributed to the higher content of HA with a rod-like shape and fewer OE granules with a sheet-like shape. The increased
surface area in the OE/HA scaffold provides a favorable environment for cell adhesion, as cells can attach to the scaffold
surface by enlarging the cytoplasm or forming cellular pedicles.

Before being analyzed in functional studies, a synthesized scaffold must undergo cytotoxicity studies [35]. L929
fibroblast-like cells are commonly used for cytotoxicity testing [29]. Passage 3 L929 cells with number of 0.5 x 103 were
cultured in each wells of 6 well plate for 24 h with different types of OE/HA scaffolds. No signs of cellular damage were
observed during this incubation period [30]. Light micrographs did not show any signs of apoptosis or vacuolated cells.
These observations indicate that the fabricated scaffolds are non-toxic and possess desirable cytocompatibility proper-
ties [31]. Materials containing hydroxyapatite are often combined with other substances to enhance cell proliferation
on the biomaterial. The presence of these additional elements can influence the acceptance of the material by cells. In
some cases, the available zone is measured, and a zone less than 0.33 mm is considered acceptable for further work. In
our study, no zone was observed in the OE/HA materials across all test groups with different material ratios [32]. Isolated
RADMSCs (Rabbit Adipose-Derived Mesenchymal Stem Cells) were cultured in flasks to expand their numbers for sub-
sequent experiments. Passage 4 cells were cultured under both 2D and 3D conditions, and evaluations of cell growth
showed higher cell proliferation in the 3D conditions (Fig. 6) [33]. After isolating RADMSCs from rabbit adipose tissue,
surface expression of mesenchymal stem cell-specific markers was analyzed using flow cytometry. CD45 and CD34 were
used as negative markers, while CD90 and CD105 were selected as positive markers for these cells (Fig. 7) [14].

RADMSCs' adhesion to the scaffold surface was investigated using SEM. The images revealed that the cells extended
their cytoplasm and formed cellular pedicles towards the scaffold surface. At a magnification of 5,000x, visible areas of
cell membrane attachment to the surfaces of OE/HA granules were observed. This suggests that the rough edges of
OE granules possess osteoconductive properties, providing a suitable niche for RADMSCs’ adhesion, proliferation, and
osteogenic differentiation, resembling real conditions of bone regeneration In a study by Xie et al. in 2016, SEM images at
high magnifications showed thick layers and dense appetite around a spherical shape in the composite with a flower-like
shape. In comparison, our material exhibited a sheet layer with specific lacunae for cell attachment in the dosage of 1-2
of OE/HA material [32]. To confirm that the powder scaffold is not cytotoxic, the attached cells were stained with DAPI
and Annexin V/PI. Fluorescent micrograph analyses showed blue dots in the DAPI staining, indicating viable cell nuclei
(Fig. 9) [37]. Annexin-Pl stain colored the cytoplasmic fibril in green and the live nucleus in red (Fig. 10). In a study by Tsai
et al. in 2019, which investigated cellular responses to HA/PCL scaffold, cells exhibited proper adhesive properties as
shown by DAPI staining. Similar to their study, our study demonstrated that HA in combination with OE provided suitable
niches for RADMSCs’ adhesion. The best cellular attachment was observed in the OE:HA ratio of 1:2, specifically sample 2.

The osteogenic activity of the cultured RADMSCs in the presence of scaffolds was assessed by measuring ALP activity.
Over time, ALP expression/activity increased following cell culture on the scaffolds. In the initial days of ALP measure-
ment, ALP showed a gradual increase, which was accompanied by an increase in cell proliferation. Among all the scaf-
folds, sample 2 (with an OE:HA ratio of 1:2) exhibited the highest ability to enhance ALP levels. Increased ALP activity
indicates a higher osteoconductive capability of the scaffold. In a study by Eeva Castrén and colleagues in 2015, ALP
activity of cultured bone marrow-derived mesenchymal stromal cells (BMSCs) was higher in 3D culture compared to
2D cultures. They showed that under 2D conditions, ALP activity increased until day 14, while under 3D conditions, ALP
increase was sustained until day 21 [38]. In our study, ALP activity increased significantly from day 9 onwards until day
21 in the presence of an OE/HA scaffold.
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5 Conclusion

In conclusion based on the information provided in the passage. The study demonstrated that the combination of
hydroxyapatite (HA) and ostrich eggshell (OE) resulted in the development of a non-cytotoxic scaffold that supported
the adhesion, proliferation, and osteogenic differentiation of RADMSCs (Rabbit Adipose-Derived Mesenchymal Stem
Cells). These findings suggest that the scaffold has the potential to be used in bone tissue engineering applications,
such as bone defect reconstruction and fracture healing. However, further investigations are needed to fully validate
the scaffold’s safety and functionality. Additional in vitro and in vivo studies would be required to confirm its efficacy
in bone engineering and to understand the underlying molecular mechanisms responsible for its osteogenic activity.
These future studies would provide more comprehensive insights into the scaffold’s potential and pave the way for
its practical application in regenerative medicine.
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