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Abstract:

 Biomaterial surface functionalization remains of great interest in the promotion of cell osteogenic induction. Previous studies highlighted the positive effects of porous Ti-6Al-4V and phospholipid coating on osteoblast differentiation and bone remodeling. Therefore, the first objective of this study was to evaluate the potential synergistic effects of material porosity and phospholipid coating. Primary human osteoblasts and Saos-2 cells were cultured on different Ti-6Al-4V specimens (mirror-like polished or porous specimens) and were coated or not with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) for three weeks or five weeks. Selected gene expressions (e.g., classical bone markers: alkaline phosphatase, osteocalcin, osteoprotegerin (OPG), receptor activator of nuclear factor kappa-β ligand (RANKL) and runt-related transcription factor 2) were estimated in vitro. Furthermore, the expressions of osteocalcin and osteopontin were examined via fluorescent microscopy at five weeks (immunocytochemistry). Consequently, it was observed that phospholipid coating potentiates preferences for low and high porosities in Saos-2 and primary cells, respectively, at the gene and protein levels. Additionally, RANKL and OPG exhibited different gene expression patterns; primary cells showed dramatically increased RANKL expression, whereas OPG expression was decreased in the presence of POPE. A synergistic effect of increased porosity and phospholipid coating was observed in primary osteoblasts in bone remodeling. This study showed the advantage of primary cells over the standard bone cell model.
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1. Introduction


A report published in January 2014 stated that the global orthopedic devices market, valued at 29.2 billion United States Dollars (USD) in 2012, will rise to 41.2 billion USD in 2019 [1]. One major type of metal biomaterial used in orthopedic applications is titanium and titanium-based alloys. Permanent metallic implant materials have been successfully applied in medicine for decades, but their life span remains limited, possibly due to septic and aseptic loosening, which often warrants surgical revision [2]. To increase implant life span, several optimization approaches are under consideration, such as mechanical properties and microstructure improvements [3,4]. Another method involves surface modification to enhance cell adhesion and/or cell matrix production and, therefore, bone formation. Several coatings have been developed in recent years, such as coatings made of calcium phosphate [5], hydroxyapatite [6], proteins [7], growth factors [8], collagen [9], and peptides [10].



In this study, the synergistic effect of different material porosities and phospholipid coating on osteogenic differentiation was examined.



Previously characterized [11] materials (see scanning electron microscopy (SEM) and optical microscopy (OM) photographs in Figure 1A) were produced by metal injection molding (MIM) and exhibited various mechanical properties ranging from solid Ti-6Al-4V to bone-like properties that diminished stress shielding effects [12] (see Table 1). Two-dimensional (2D) pore analysis via optical microscopy indicated pore volumes of 5% ± 1%, 11% ± 1%, 33% ± 5%, and 34% ± 1%, which were named Small, Medium, Mixed, and Large, respectively (see Table 1). The pore diameters were further clustered in 25 µm steps (see Figure 1B).


Figure 1. Material characterization (adapted from [11]). (A) Material Images. Scanning electron microscopy (SEM) and optical microscopy photographs (OM) of Small, Medium, Mixed, and Large materials (scale bar 200 µm). (B) Pore sizes. Distribution of the pore sizes (in µm) for each material: Small, Medium, Mixed, and Large in black, dark grey, light grey, and white, respectively.
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Table 1. Material properties, mechanical properties, pore volumes, and oxygen contents of the different porous Ti-6Al-4V materials (adapted from [11]). The results of tensile, compression, and resonant ultrasound spectroscopy (RUS) tests are displayed in Palatino Linotype, bold, and in italic font, respectively.



	
Material

	
Porosity

	
Mechanical Properties

	
O2 Content




	
Porosity 2D

	
Porosity 3D

	
E

	
UTS (UCS)

	
YS (CYS)

	
εf (εc)

	
(µg/g)




	
(%)

	
(%)

	
(GPa)

	
(MPa)

	
(MPa)

	
(%)






	
Small

	
5 ± 1

	
–

	
101 ± 5

	
806 ± 2

	
707 ± 4

	
14 ± 2

	
1509




	
–

	
–

	
109 ± 3

	
1358 ± 37

	
783 ± 16

	
26 ± 1




	
Medium

	
11 ± 1

	
–

	
93 ± 5

	
733 ± 24

	
628 ± 13

	
5 ± 3

	
2013




	
–

	
–

	
92 ± 3

	
1341 ± 66

	
741 ± 18

	
26 ± 2




	
Mixed

	
33 ± 5

	
29 ± 1

	
31 ± 6

	
95 ± 40

	
–

	
–

	
1918




	
–

	
–

	
42 ± 2

	
623 ± 20

	
261 ± 10

	
25 ± 1




	
Large

	
34 ± 1

	
34 ± 1

	
18 ± 1

	
98 ± 10

	
–

	
–

	
1918




	
–

	
–

	
21 ± 2

	
306 ± 7

	
152 ± 5

	
14 ± 1




	
Ti-6Al-4V ELI grade

	
–

	
–

	
112 ± 7

	
860

	
795

	
10

	
–




	
Natural bone

	
–

	
–

	
10–30 a

	
133 c

	
–

	
–

	
–




	
8–33 b

	
200 ± 20 d

	
130–180 e








a [13,14,15]; b [16,17]; c [18]; d [19]; e [15]. CYS: compressive yield strength, E: Young’s modulus, εf: elongation to fracture, εc: compressibility, UCS: ultimate compression strength, UTS: ultimate tensile strength and YS: yield strength.








Furthermore, the scaffolds offered a structure mimicking bone architecture, enabling bone-cell colonization, biological anchorage and, therefore, osseointegration [20]. The material names were assigned according to increasing porosity (mirror polished (“MP”), “Small”, “Medium”, “Mixed”, and “Large”). Titanium scaffolds are already successfully employed in preclinical and clinical studies for bone regeneration [21]. However, the application of MIM remains rather rare compared with other more classical metalworking processes, such as selective electron beam melting [22], 3D fiber (3DF) deposition [23], and the space holder method [24]. MIM allows tailoring of material porosity (and, therefore, the E modulus) by adjusting, for example, the sizes and shapes of metal powder particles [25]. Furthermore, MIM permits production of numerous complex parts in a single operation.



Phospholipids are a promising coating material that should mimic natural cell membranes, hide artificial implant material, and strengthen the intimate interface between metallic implant surfaces and bone tissue [26,27].



Phospholipids are the most abundant eukaryotic membrane lipid. Phospholipids are asymmetrically distributed in plasma membranes, of which the majority are phosphatidylserine (PS) and phosphatidylethanolamine (PE), which are mainly located in the cytoplasmic leaflet, and phosphatidylcholine (PC), sphingomyelin (SM), and glycosphingolipids, which are mostly found in the exoplasmic leaflet [28]. Biological membranes are crucial for molecular functions [29], and membrane lipids are essential for proper protein interactions [30]. Phospholipids account for 20% to 30% of total lipids [31] in bone and cartilage tissues and are, thus, excellent candidates for biomimetic coatings. PS, due to its ability to bind calcium phosphate and its indirect role in bacterial adhesion inhibition [32,33,34,35], and PC are able to reduce platelet adhesion [36,37] and are the main phospholipids studied. However, few studies are available on the biological applications of these lipids (for more details refer to [27]). It has been shown that PE is essential for cytokinesis [38]. Furthermore, POPE has an inductive effect on osteogenic differentiation in human mesenchymal stem cells and can promote extracellular matrix mineralization [27,39].



Human bone derived cells (HBDCs) and the osteosarcoma cell line Saos-2 were cultured on these materials with and without POPE coating to study a possible synergistic effect on osteogenic differentiation. To monitor these effects, the expressions of six target genes (i.e., alkaline phosphatase (ALPL), osteocalcin (OC), osteopontin (OPN), osteoprotegerin (OPG), receptor activator of nuclear factor kappa-β ligand (RANKL) and runt-related transcription factor 2 (RUNX2)) and two target proteins (osteocalcin (OC) and osteopontin (OPN)) were studied via real-time polymerase chain reaction (PCR) and immunocytochemistry, respectively, for up to five weeks (5 W).




2. Experimental Section


2.1. Sample Preparation


Disk-shaped samples (10 mm diameter × 2 mm height) were prepared via metal injection moulding (MIM), as described in [11]. To obtain different porosities, Ti-6Al-4V powders (TLS Technik Spezialpulver, Bitterfeld, Germany) with different particle diameters were used. Ti-6Al-4V powder was mixed with binder, injected into a mound, debound chemically and thermally, and finally sintered at 1300 °C. The samples were designated as follows (powder particle sizes in brackets): Small (<45 µm), Medium (45–63 µm), Large (125–180 µm) and Mixed (90% 125–180 µm + 10% <45 µm). Mirror-like polished (“MP”) solid material of the same alloy was used as a control. Control samples were cut from a round bar (F. W. Hempel Legierungsmetall GmbH and Co. KG, Oberhausen, Germany) and polished by conventional procedures, followed by a final manual polishing with a Struers oxide polish suspension (OPS) compound (Struers GmbH, Hannover-Garbsen, Germany). Prior to the biological tests, culture substrates were cleaned by immersing them in 2% Hellmanex solution (Hellma, Mühlheim, Germany) and ultrasonication at room temperature for 20 min. These steps were repeated by replacing the Hellmanex solution with chloroform (Sigma-Aldrich Chemie GmbH, Munich, Germany), ethanol (Sigma-Aldrich Chemie GmbH, Munich, Germany), chloroform/methanol (80/20; optional), and deionized water to remove cell debris (if the samples were used before). The samples were then sterilized (autoclaved for 20 min at 121 °C).




2.2. Phospholipid Coating


POPE (Avanti Polar Lipids, Inc., Alabaster, AL, USA) was prepared at a concentration of 1 mM in chloroform/methanol (80:20, Sigma-Aldrich Chemie GmbH, Munich, Germany). A drop of 50 µL was applied to each sample, and the solvent was allowed to evaporate for 30 min. Subsequently, specimens were incubated for two hours in cell-type corresponding cell culture medium prior to cell seeding. Coating characteristics, such as stability, were previously studied [40].




2.3. Cell Culture


HBDCs: HBDC isolation was performed on bone fragments obtained from total hip replacements, and the procedure was approved by the local ethics committee [41,42]. Adapted from Gartland et al. [42], cancellous bone pieces of approximately 5 mm were cut and cultured in Dulbecco’s modified eagle medium (DMEM) Glutamax-I (Invitrogen Corporation, Karlsruhe, Germany) supplemented with 10% foetal bovine serum (FBS, PAA Laboratories GmbH, Linz, Austria), 1% penicillin and streptomycin (Invitrogen Corporation, Karlsruhe, Germany) for approximately 10 days without a medium change. Upon visibility of the outgrowing HBDCs, the medium was changed every three days. Passaging was performed when the cells achieved 80% confluence. Cells in the second passage were used for the experiments. The osteoblastic potentials, phenotypes, and genotypes of HBDCs were studied and validated previously [11,43].



Saos-2 cells: The human osteosarcoma cell line Saos-2 was purchased from the European collection of cell cultures (ECACC, Salisbury, UK). Saos-2 cells were cultured in McCoy's 5A (Invitrogen Corporation, Karlsruhe, Germany) supplemented with 10% FBS (PAA Laboratories GmbH, Linz, Austria). Passaging was conducted at approximately 80% confluence.



All cells were cultivated at 37 °C under 5% CO2 and 95% humidity.



Differentiation assay: HBDCs and Saos-2 cells were seeded on different specimens (placed beforehand in agarose coated 24-well plates) at a density of 5 × 104 cells/sample in 50 µL of medium. Three biological and three technical replicates were performed. After 40 min (to allow cell adhesion), 1 mL of the appropriate cell medium was added. The differentiation assay was performed as described in Willumeit [39]. Thus, the medium was supplemented with dexamethasone (10−8 M, Sigma-Aldrich Chemie GmbH, Munich, Germany), l-ascorbic acid (5 mM, Sigma-Aldrich Chemie GmbH, Munich, Germany) and 1α,25 dihydroxyvitamin D3 (10−8 M, Sigma-Aldrich Chemie GmbH, Munich, Germany) from day 7 to day 14. From day 14 on, the medium was additionally supplemented with β-glycerolphosphate (10 mM, Sigma-Aldrich Chemie GmbH, Munich, Germany). The medium was replaced every 2–3 days with freshly prepared medium. The cells were then further cultured for up to five weeks. After three and five weeks (3 and 5 W, respectively) ribonucleic acid (RNA) extraction was performed, and after 5 W, additional immunocytochemical staining of osteocalcin, osteopontin, and nuclei (4′,6-diamidino-2-phenylindole, DAPI) was performed.




2.4. Ribonucleic Acid (RNA) Extraction—Reverse Transcription Real-Time Polymerase Chain Reaction (RT-qPCR)


The samples were washed twice with phosphate-buffered saline (PBS) prior to performing total RNA extraction with an RNeasy Mini Kit (Qiagen, Hilden, Germany; a typical RNA purification method using a silica-gel column and centrifugation steps). As outlined in the manufacturer’s protocol, the cells were lysed in a buffer containing guanidine isothiocyanate, a non-ionic detergent. Homogenization was performed via centrifugation through a QIAshredder column (Qiagen, Hilden, Germany). Ethanol (Sigma-Aldrich Chemie GmbH, Munich, Germany) was added to the flow-through which was, in turn, applied to the silica-gel membrane. After several washing steps, total RNA was eluted. RNA concentrations (optical density—OD—at 260 nm) and purity (OD260/280) were measured by a NanoDrop 2000c (Thermo Scientific, Bonn, Germany). More stable complementary deoxyribonucleic acid (cDNA) was synthesized with a Sensiscript reverse transcription kit from Qiagen (Hilden, Germany) following the manufacturer’s protocol, with previous incubation with Dnase I (Thermo Scientific, Bonn, Germany; one hour incubation at 37 °C). cDNA was then stored at −20 °C until use. Semi-quantitative RT-qPCR was performed using SsoFast EvaGreen® Supermix (Bio-Rad Laboratories, Inc., Hercules, CA, USA), 10 pmol of each primer and cDNA. The thermal cycling conditions were defined as follows: (I) initial denaturation for 30 s at 95 °C; (II) 60 cycles with denaturation for 5 s at 95 °C, primer-annealing for 15 s at a primer specific temperature and elongation for 30 s at 72 °C; and (III) an additional melt-curve step: 65 to 95 °C at 0.5 °C per step. To avoid intrinsic biological variability, three biological and three technical copies were performed. Samples were monitored using a CFX96 Touch real-time PCR system (Bio-Rad Laboratories, Munich, Germany) and analyzed with CFX Manager Software 3.1 (Bio-Rad Laboratories, Munich, Germany). Primers (Table 2) were carefully designed to ensure specific and efficient amplification and were purchased from Eurofins MWG Operon (Ebersberg, Germany). The target genes (i.e., ALPL, OC, OPN, OPG, RANKL and RUNX2) were normalized by the reference genes β-Actin (ACTB) and ribosomal protein L10 (RPL10). The suitability of the reference genes was confirmed by the geNorm algorithm method [44] and was automatically calculated by CFX Manager Software 3.1 (Bio-Rad Laboratories, Munich, Germany). An additional non-template control (NTC) per 96-PCR plate was also included. As an analysis method, a normalized gene expression methods were chosen (ΔCt normalization via reference genes and ΔΔCt normalization via reference genes and a control) [45]. Differential expression between two conditions (MP vs. porous material and uncoated vs. coated material) was then statistically analyzed using t-tests via CFX Manager Software 3.1. The regulation threshold (expression fold-change) and p-values (a measure of the evidence against the null hypothesis according to the statistical test) were set to 1.2 and 0.05, respectively.



Table 2. Real-time PCR primers. For each official gene name and abbreviation (Human Genome Organization, HUGO) and corresponding trivial synonym (in italics), the accession number (from the National Center for Biotechnology information (NCBI) reference sequence collection database), primers and amplicon sizes are indicated.



	
Group

	
Target Name/NCBI RefSeq




	
Abbreviation

	
Forward

	
Reverse

	
Amplicon Length (bp)






	
reference genes

	
actin, beta/NM_001101




	
ACTB

	
CTTCCTGGGCATGGAGTC

	
TGATCTTCATTGTGCTGGGT

	
134 bp




	
Ribosomal protein L10/NM_006013




	
RPL10

	
AGTGGATGAGTTTCCGCTTT

	
ATATGGAAGCCATCTTTGCC

	
135 bp




	
target genes

	
Osteocalcin (or BGLAP, bone gamma-carboxyglutamate (gla) protein)/NM_199173




	
OC

	
GGCAGCGAGGTAGTGAAGAG

	
CTGGAGAGGAGCAGAACTGG

	
95 bp




	
Osteoprotegerin (or TNFRSF11B, Tumour necrosis factor receptor superfamily member 11B)/NM_002546




	
OPG

	
CGCTCGTGTTTCTGGACAT

	
GGACATTTGTCACACAACAGC

	
112 bp




	
Osteopontin (or SPP1, secreted phosphoprotein 1)/NM_000582




	
OPN

	
CTCCATTGACTCGAACGACTC

	
CAGGTCTGCGAAACTTCTTAGAT

	
230 bp




	
Alkaline phosphatase, liver/bone/kidney/NM_000478




	
ALPL

	
CACCCACGTCGATTGCATCT

	
TAGCCACGTTGGTGTTGAGC

	
211 bp




	
Runt-related transcription factor 2/NM_001024630




	
RUNX2

	
CAGTAGATGGACCTCGGGAA

	
ATACTGGGATGAGGAATGCG

	
112 bp











2.5. Statistical Analyses


Differential gene expression was statistically analyzed with a t test (CFX Manager Software 3.1; Bio-Rad Laboratories, Munich, Germany). The regulation threshold (expression fold change) and p values (measure of the evidence against the null hypothesis in a statistical test) were set as 2 and 0.05, respectively.




2.6. Immunocytochemistry


Immunocytochemistry was performed to target secreted OC and OPN from HBDCs and Saos-2 cells on different materials after 5 W of culture. After fixation in 3.7% formaldehyde (Sigma-Aldrich Chemie GmbH, Munich, Germany), permeabilization was carried out in 0.5% Triton-X (Sigma-Aldrich Chemie GmbH, Munich, Germany) in PBS. Non-specific binding sites were blocked with 1% Triton-X and 2% bovine serum albumin (BSA; Sigma-Aldrich Chemie GmbH, Munich, Germany) in PBS solution for 2 h at 37 °C. Then, this blocking solution was replaced with primary antibody solutions (mouse monoclonal anti-OC and rabbit anti-OPN (Dianova GmbH, Hamburg, Germany)). Subsequently, the specimens were washed twice with PBS (5 min) and incubated with a secondary antibody solution (goat anti-mouse FITC and goat anti-rabbit Texas Red-Dianova GmbH, Hamburg, Germany) for 1 h at 37 °C. Finally, a DAPI (Sigma-Aldrich Chemie GmbH, Munich, Germany) nuclear counterstain was performed (1 mL of DAPI solution (1 mg/mL in methanol (Sigma-Aldrich Chemie GmbH, Munich, Germany) for 15 min). Samples were observed with a Nikon Eclipse Ti-S (Nikon, Düsseldorf, Germany) fluorescent microscope.





3. Results


3.1. RT-qPCR


The influence of material porosity on gene expression is presented in Table 3 and Table 4 (MP sample gene expressions were used as a control). For HBDCs, the expressions of ALPL, OPN, and RANKL were downregulated at 3 W and 5 W for all materials. This downregulation was even more pronounced at 5 W for OPN, whereas it was slightly less negative for ALPL and RANKL (for significance, please refer to corresponding table). No significant difference was observed for OC and RUNX2. For OPG, only Small and Medium exhibited significantly downregulated expression at 3 W. ALPL expression in Saos-2 cells was significantly upregulated in Small and Medium after 3 W and 5 W. However, ALPL expression was downregulated at 3 W for Large. Similarly, OC Saos-2 expression was significantly upregulated for all materials, except at 3 W for Mixed and Large, at which time it was downregulated. For OPG, Small and Medium exhibited statistically significant upregulation at 3 W. For Saos-2 cells, Small and Medium exhibited several gene expressions that were significantly upregulated at 3 W and/or 5 W (i.e., all except OPN, in which expression was not affected). Saos-2 cells cultured on Mixed material exhibited significantly decreased OPG expression at 3 W and 5 W and increased OPN and RANKL expression at 3 W and 5 W, respectively. OC expression was first decreased at 3 W and then increased at 5 W for Mixed and Large samples. For Large materials, ALPL, OC and RANKL expressions were downregulated, whereas OPN was upregulated at 3 W. At 5 W, only OC and RUNX2 expressions were upregulated. Complete gene expression patterns over time for all samples can be found in the supplementary material.



Table 3. The influence of porosity on HDBC gene expression was determined via real-time PCR analyses by normalising each material (Small, Medium, Mixed, and Large) to the mirror polished (MP) sample (control) (ΔΔCt) after three weeks (3 W) and five weeks (5 W). Regulation: fold expression values are compared to regulation threshold (↑ up regulation, ↓ down regulation, and ↔ no change). p-value given are absolute values and significance levels where * ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001.



	
Control

	
Material

	
Gene

	
3 W

	
5 W




	
Regulation

	
p-Value

	
Regulation

	
p-Value






	
Mirror polished

	
Small

	
ALP

	
−1.84

	
↔

	
4.96 × 10−2

	
*

	
−1.13

	
↔

	
2.98 × 10−1

	




	
OC

	
−1.15

	
↔

	
3.97 × 10−1

	

	
1.28

	
↔

	
2.49 × 10−1

	




	
OPG

	
−1.6

	
↔

	
8.84 × 10−3

	
**

	
−1.21

	
↔

	
1.97 × 10−1

	




	
OPN

	
−1.88

	
↔

	
5.72 × 10−3

	
**

	
−3.24

	
↓

	
2.72 × 10−1

	
*




	
RANKL

	
−13.85

	
↓

	
2.44 × 10−2

	
*

	
−1.16

	
↔

	
2.89 × 10−1

	




	
RUNX2

	
−1.29

	
↔

	
1.26 × 10−1

	

	
1.14

	
↔

	
1.75 × 10−1

	




	
Medium

	
ALP

	
−3.07

	
↓

	
2.89 × 10−3

	

	
−1.33

	
↔

	
3.37 × 10−1

	




	
OC

	
−1.29

	
↔

	
3.62 × 10−1

	
**

	
1.62

	
↔

	
7.00 × 10−2

	




	
OPG

	
−1.63

	
↔

	
2.84 × 10−2

	

	
−1.24

	
↔

	
8.33 × 10−2

	




	
OPN

	
−1.88

	
↔

	
8.86 × 10−3

	
*

	
−3.84

	
↓

	
2.27 × 10−2

	




	
RANKL

	
−3.48

	
↓

	
1.24 × 10−1

	

	
−1.33

	
↔

	
1.71 × 10−1

	
*




	
RUNX2

	
−1.48

	
↔

	
1.87 × 10−1

	

	
1.03

	
↔

	
7.72 × 10−1

	




	
Mix

	
ALP

	
−1.79

	
↔

	
2.14 × 10−2

	

	
−1.55

	
↔

	
3.24 × 10−2

	




	
OC

	
1.04

	
↔

	
7.59 × 10−1

	
*

	
1.39

	
↔

	
9.49 × 10−2

	
*




	
OPG

	
1.02

	
↔

	
8.59 × 10−1

	

	
1.07

	
↔

	
5.10 × 10−2

	




	
OPN

	
−1.89

	
↔

	
1.52 × 10−3

	

	
−8.61

	
↓

	
1.41 × 10−2

	




	
RANKL

	
−9.07

	
↓

	
3.01 × 10−3

	
**

	
−1.26

	
↔

	
4.94 × 10−1

	
*




	
RUNX2

	
1.17

	
↔

	
5.96 × 10−1

	
**

	
1.08

	
↔

	
5.58 × 10−1

	




	
Large

	
ALP

	
−1.7

	
↔

	
6.69 × 10−2

	

	
−1.02

	
↔

	
6.78 × 10−1

	




	
OC

	
−1.11

	
↔

	
2.46 × 10−1

	

	
1.72

	
↔

	
5.38 × 10−2

	




	
OPG

	
−1.28

	
↔

	
5.31 × 10−2

	

	
1.08

	
↔

	
3.58 × 10−1

	




	
OPN

	
−1.91

	
↔

	
4.94 × 10−3

	

	
−3.25

	
↓

	
4.10 × 10−2

	




	
RANKL

	
−2.92

	
↓

	
5.40 × 10−2

	
**

	
−1.18

	
↔

	
7.87 × 10−1

	
*




	
RUNX2

	
1.4

	
↔

	
1.97 × 10−1

	

	
1.05

	
↔

	
5.32 × 10−1

	










Table 4. The influence of porosity on Saos-2 gene expression was determined via real-time PCR analyses by normalizing each material (Small, Medium, Mixed, and Large) to the mirror polished (MP) sample (control) (ΔΔCt) after three weeks (3 W) and five weeks (5 W). Regulation: fold expression values are compared to regulation threshold (↑ up regulation, ↓ down regulation, and ↔ no change). p-values given are absolute values and significance levels where * ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001.



	
Control

	
Material

	
Gene

	
3 W

	
5 W




	
Regulation

	
p-Value

	
Regulation

	
p-Value






	
Mirror polished

	
Small

	
ALP

	
2.35

	
↑

	
3.00 × 10−6

	
***

	
1.57

	
↔

	
1.64 × 10−3

	
**




	
OC

	
2.52

	
↑

	
3.00 × 10−6

	
***

	
3.85

	
↑

	
1.26 × 10−2

	
*




	
OPG

	
3.95

	
↑

	
0.00

	
***

	
−1.38

	
↔

	
2.86 × 10−1

	




	
OPN

	
1.31

	
↔

	
4.98 × 10−1

	

	
1.06

	
↔

	
9.90 × 10−1

	




	
RANKL

	
1.97

	
↔

	
2.08 × 10−3

	
**

	
1.06

	
↔

	
9.39 × 10−1

	




	
RUNX2

	
2.65

	
↑

	
1.05 × 10−4

	
***

	
1.59

	
↔

	
1.45 × 10−1

	




	
Medium

	
ALP

	
1.61

	
↔

	
1.06 × 10−2

	
*

	
1.78

	
↔

	
1.41 × 10−3

	
**




	
OC

	
1.54

	
↔

	
3.93 × 10−2

	
*

	
2.56

	
↑

	
1.10 × 10−5

	
***




	
OPG

	
1.75

	
↔

	
3.42 × 10−3

	
**

	
−1.2

	
↔

	
3.74 × 10−1

	




	
OPN

	
1.48

	
↔

	
1.08 × 10−1

	

	
1.14

	
↔

	
6.59 × 10−1

	




	
RANKL

	
1.9

	
↔

	
1.91 × 10−2

	
*

	
2.76

	
↑

	
6.15 × 10−3

	
**




	
RUNX2

	
1.31

	
↔

	
7.85 × 10−2

	

	
1.79

	
↔

	
3.52 × 10−2

	
*




	
Mix

	
ALP

	
1.04

	
↔

	
7.23 × 10−1

	

	
1.23

	
↔

	
1.80 × 10−1

	




	
OC

	
−3.79

	
↓

	
3.30 × 10−5

	
***

	
1.34

	
↔

	
1.35 × 10−3

	
**




	
OPG

	
−1.3

	
↔

	
4.94 × 10−2

	
*

	
−1.59

	
↔

	
1.82 × 10−2

	
*




	
OPN

	
2.55

	
↑

	
6.20 × 10−3

	
**

	
−1.13

	
↔

	
3.70 × 10−1

	




	
RANKL

	
1.22

	
↔

	
3.01 × 10−1

	

	
2.17

	
↑

	
1.90 × 10−2

	
*




	
RUNX2

	
1.18

	
↔

	
2.36 × 10−1

	

	
1.54

	
↔

	
1.27 × 10−1

	




	
Large

	
ALP

	
−1.86

	
↔

	
1.20 × 10−4

	
***

	
1.2

	
↔

	
2.15 × 10−1

	




	
OC

	
−10.16

	
↓

	
1.00 × 10−6

	
***

	
1.55

	
↔

	
6.90 × 10−5

	
***




	
OPG

	
−1.07

	
↔

	
5.82 × 10−1

	

	
−1.37

	
↔

	
3.63 × 10−1

	




	
OPN

	
2.2

	
↑

	
3.65 × 10−3

	
**

	
1.13

	
↔

	
6.07 × 10−1

	




	
RANKL

	
−1.53

	
↔

	
3.15 × 10−2

	
*

	
1.98

	
↔

	
7.05 × 10−2

	




	
RUNX2

	
1.23

	
↔

	
6.40 × 10−2

	

	
1.79

	
↔

	
1.15 × 10−2

	
*










The influence of POPE on gene expression for the different samples (i.e., normalization of each POPE coated material to the corresponding material without) is presented in Table 5 and Table 6. For the HBDCs, although OPN was downregulated after 3 W of culture on all materials, OC, OPG, and OPN expressions were significantly upregulated after 5 W of culture. ALPL, RANKL, and RUNX2 were significantly upregulated after 3 W and 5 W (except for RUNX2 3 W “MP” and Large). For Saos-2, the cells cultured for 3 W on the Small POPE coating expressed less RUNX2, RANKL, and OPG. However, RANKL and OPG were upregulated after 5 W in all materials (except Mixed and Large). OPN expression was upregulated on the 5 W Small samples but was downregulated on the Medium 3 W and Large 3 W and 5 W samples. For all materials, ALPL expression was upregulated after 5 W (but also after 3 W for “MP” samples). Although OC expression was downregulated after 3 W of culture for all samples (statistically significant for “MP”, Medium, and Large), it remained downregulated for Large samples at 5 W but was upregulated for “MP” and Mixed at 5 W.



Table 5. The influence of POPE on HDBC gene expression was determined via real-time PCR analyses by normalizing each POPE-coated material to the corresponding material without phospholipids (ΔΔCt) after three weeks (3 W) and five weeks (5 W). Regulation: fold expression values are compared to regulation threshold (↑ up regulation, ↓ down regulation, and ↔ no change). p-values given are absolute values and significance levels where * ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001.



	
Material

	
Gene

	
3W

	
5W




	
Regulation

	
p-Value

	
Regulation

	
p-Value






	
Mirror Polished

	
ALP

	
2.75

	
↑

	
5.87 × 10−4

	
***

	
4.13

	
↑

	
1.30 × 10−3

	




	
OC

	
−1.45

	
↔

	
5.38 × 10−2

	

	
4.54

	
↑

	
2.00 × 10−6

	
***




	
OPG

	
−1.89

	
↔

	
4.07 × 10−1

	

	
1.61

	
↔

	
7.85 × 10−3

	
**




	
OPN

	
−2.13

	
↓

	
2.13 × 10−3

	
**

	
33.62

	
↑

	
0.00

	




	
RANKL

	
2.02

	
↑

	
3.17 × 10−2

	
*

	
2.07

	
↑

	
3.30 × 10−3

	
**




	
RUNX2

	
1.39

	
↔

	
2.30 × 10−1

	

	
2.13

	
↑

	
4.00 × 10−6

	
***




	
Small

	
ALP

	
6.80

	
↑

	
1.27 × 10−4

	
***

	
4.35

	
↑

	
2.20 × 10−5

	
***




	
OC

	
−1.61

	
↔

	
7.76 × 10−2

	

	
5.7

	
↑

	
0.00

	
***




	
OPG

	
−1.67

	
↔

	
1.77 × 10−2

	
*

	
1.74

	
↔

	
2.02 × 10−3

	
**




	
OPN

	
−1.71

	
↔

	
1.64 × 10−3

	
**

	
89.84

	
↑

	
0.00

	
***




	
RANKL

	
33.30

	
↑

	
1.30 × 10−5

	
***

	
1.81

	
↔

	
2.27 × 10−3

	
*




	
RUNX2

	
1.71

	
↔

	
7.56 × 10−4

	
***

	
1.46

	
↔

	
1.76 × 10−4

	
***




	
Medium

	
ALP

	
6.89

	
↑

	
1.00 × 10−6

	
***

	
3.91

	
↑

	
0.00

	
***




	
OC

	
−1.60

	
↔

	
6.60 × 10−2

	

	
5.67

	
↑

	
8.00 × 10−6

	
***




	
OPG

	
−1.85

	
↔

	
1.10 × 10−1

	

	
2.85

	
↑

	
2.33 × 10−4

	
***




	
OPN

	
−1.72

	
↔

	
1.33 × 10−2

	
*

	
119.72

	
↑

	
0.00

	
***




	
RANKL

	
5.91

	
↑

	
6.40 × 10−3

	
**

	
2

	
↔

	
7.67 × 10−3

	
**




	
RUNX2

	
2.31

	
↑

	
2.81 × 10−3

	
**

	
1.56

	
↔

	
1.85 × 10−2

	
*




	
Mix

	
ALP

	
6.44

	
↑

	
0.00

	
***

	
10.34

	
↑

	
1.00 × 10−6

	
***




	
OC

	
−1.23

	
↔

	
4.10 × 10−1

	

	
13.73

	
↑

	
8.73 × 10−3

	
**




	
OPG

	
−2.13

	
↓

	
4.48 × 10−3

	
**

	
2.32

	
↑

	
1.22 × 10−3

	
**




	
OPN

	
−2.04

	
↓

	
0.00

	
***

	
392.33

	
↑

	
0.00

	
***




	
RANKL

	
22.95

	
↑

	
1.20 × 10−3

	
**

	
3.36

	
↑

	
7.30 × 10−5

	
***




	
RUNX2

	
1.72

	
↔

	
7.88 × 10−4

	
***

	
2.56

	
↑

	
8.50 × 10−5

	
***




	
Large

	
ALP

	
5.35

	
↑

	
4.00 × 10−6

	
***

	
3.19

	
↑

	
6.42 × 10−3

	
**




	
OC

	
−1.26

	
↔

	
4.29 × 10−1

	

	
10.53

	
↑

	
0.00

	
***




	
OPG

	
−1.50

	
↔

	
7.52 × 10−3

	
**

	
2.54

	
↑

	
1.22 × 10−2

	
*




	
OPN

	
−1.65

	
↔

	
7.39 × 10−4

	
***

	
145.41

	
↑

	
0.00

	
***




	
RANKL

	
6.18

	
↑

	
1.60 × 10−5

	
***

	
2.9

	
↑

	
1.77 × 10−2

	
*




	
RUNX2

	
1.04

	
↔

	
8.19 × 10−1

	

	
2.27

	
↑

	
1.05 × 10−4

	
***










Table 6. The influence of POPE on Saos-2 gene expression was determined via real-time PCR analyses by normalizing each POPE-coated material to the corresponding material without phospholipids (ΔΔCt) after three weeks (3 W) and five weeks (5 W). Regulation: fold expression values are compared to regulation threshold (↑ up regulation, ↓ down regulation, and ↔ no change). p-values given are absolute values and significance levels where * ≤ 0.05, ** ≤ 0.01, and *** ≤ 0.001.



	
Material

	
Gene

	
3 W

	
5 W




	
Regulation

	
p-Value

	
Regulation

	
p-Value






	
Mirror Polished

	
ALP

	
1.82

	
↔

	
1.72 × 10−4

	
***

	
3.89

	
↑

	
0.00

	
***




	
OC

	
−2.73

	
↓

	
1.87 × 10−4

	
***

	
1.59

	
↔

	
1.13 × 10−2

	
*




	
OPG

	
−1.13

	
↔

	
2.68 × 10−1

	

	
3.49

	
↑

	
1.79 × 10−4

	
***




	
OPN

	
1.26

	
↔

	
5.40 × 10−1

	

	
1.28

	
↔

	
3.27 × 10−1

	




	
RANKL

	
1.06

	
↔

	
9.08 × 10−1

	

	
4.58

	
↑

	
4.84 × 10−3

	
**




	
RUNX2

	
1.22

	
↔

	
1.36 × 10−1

	

	
1.56

	
↔

	
1.41 × 10−1

	




	
Small

	
ALP

	
1.17

	
↔

	
2.2 × 10−1

	

	
3.13

	
↑

	
1.80 × 10−5

	
***




	
OC

	
−1.13

	
↔

	
3.87 × 10−1

	

	
1.15

	
↔

	
7.96 × 10−1

	




	
OPG

	
−3.11

	
↓

	
0.00

	
***

	
4.85

	
↑

	
3.99 × 10−3

	
**




	
OPN

	
−1.48

	
↔

	
3.62 × 10−1

	

	
2.66

	
↑

	
3.77 × 10−4

	
***




	
RANKL

	
−2.54

	
↓

	
8.35 × 10−3

	

	
7.24

	
↑

	
9.00 × 10−6

	
***




	
RUNX2

	
−1.75

	
↔

	
2.82 × 10−2

	

	
−1.06

	
↔

	
4.39 × 10−1

	




	
Medium

	
ALP

	
1.31

	
↔

	
3.12 × 10−1

	

	
1.57

	
↔

	
3.14 × 10−3

	
**




	
OC

	
−2.32

	
↓

	
1.99 × 10−3

	
**

	
1.19

	
↔

	
2.14 × 10−1

	




	
OPG

	
−1.49

	
↔

	
3.06 × 10−3

	
**

	
2.56

	
↑

	
1.31 × 10−4

	
***




	
OPN

	
−2.12

	
↓

	
2.49 × 10−2

	
*

	
−1.16

	
↔

	
5.21 × 10−1

	




	
RANKL

	
−1.86

	
↔

	
5.32 × 10−2

	

	
2.17

	
↑

	
2.09 × 10−3

	
***




	
RUNX2

	
1.35

	
↔

	
4.09 × 10−1

	

	
1

	
↔

	
9.63 × 10−1

	




	
Mix

	
ALP

	
1.29

	
↔

	
8.11 × 10−2

	

	
1.78

	
↔

	
2.64 × 10−3

	
**




	
OC

	
−1.70

	
↔

	
5.91 × 10−2

	

	
1.51

	
↔

	
3.27 × 10−2

	
*




	
OPG

	
1.20

	
↔

	
6.56 × 10−2

	

	
3.51

	
↑

	
3.00 × 10−5

	
***




	
OPN

	
−1.55

	
↔

	
1.87 × 10−1

	

	
−1.24

	
↔

	
5.28 × 10−2

	




	
RANKL

	
−1.30

	
↔

	
1.21 × 10−1

	

	
−1.09

	
↔

	
9.06 × 10−1

	




	
RUNX2

	
−1.13

	
↔

	
4.17 × 10−1

	

	
1.19

	
↔

	
5.26 × 10−1

	




	
Large

	
ALP

	
1.54

	
↔

	
4.96 × 10−2

	
*

	
1.68

	
↔

	
8.91 × 10−3

	
**




	
OC

	
−1.70

	
↔

	
6.18 × 10−4

	
***

	
−1.57

	
↔

	
8.47 × 10−3

	
**




	
OPG

	
1.03

	
↔

	
9.33 × 10−1

	

	
3.66

	
↑

	
2.55 × 10−3

	
**




	
OPN

	
−2.72

	
↓

	
3.58 × 10−4

	
***

	
−3.8

	
↓

	
6.58 × 10−4

	
***




	
RANKL

	
−1.22

	
↔

	
2.72 × 10−1

	

	
1.58

	
↔

	
3.01 × 10−1

	




	
RUNX2

	
−1.04

	
↔

	
9.46 × 10−1

	

	
1.11

	
↔

	
2.58 × 10−1

	











3.2. Immunocytochemistry


Parallel stainings; i.e., OC (green), OPN (red), and nuclei (blue), were performed with both cell types on all coated or not coated carriers after 5 weeks of osteogenic differentiation promotion (Figure 2). Cells were found on all materials. On bare material (−POPE), OC was barely detectable for HBDCs, whereas a homogeneous distribution was observed for Saos-2. With POPE coating, OC expression was upregulated: nodules and a denser green layer were observed for HBDCs and Saos-2 cells, respectively. OPN was barely detectable for Saos-2 cells, whereas it was found in HBDC nodules on native and coated surfaces.


Figure 2. Immunocytochemistry. OC (green) and OPN (red) were targeted in HBDCs and Saos-2 cells on different POPE coated (+POPE) or not coated (−POPE) materials after 5 W. Due to the merged pictures, OC appears yellow. Nuclei were DAPI-stained and appear blue (scale bar 50 µm).
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4. Discussion


A previous study indicated that porous Ti-Al6-V4 processed by MIM may be a well-suited net-shaped material for medical applications and osseointegration (e.g., a completely interconnected pore volume of approximately 30% and pore diameters up to 175 µm, allowing cell ingrowth) [11]. Furthermore, improved OPN and collagen I (COL1A1) gene expressions and bone nodule formation (OC immunocytochemistry) were observed for human mesenchymal stem cells (MSCs) only on POPE-coated surfaces [39]. Further investigation on POPE coating demonstrated that this phospholipid was able to potentiate MSC differentiation and accelerate their mineralization process [27]. Therefore, primary cells (i.e., HBDCs) and an osteoblast cell model (i.e., Saos-2 cells) were cultured on native or POPE-coated surfaces of different porous materials and driven towards an osteoblastogenesis pathway for up to 5 W to further study the influence of material porosity on bone cells and a possible synergistic effect of POPE coating.



Osteogenesis is characterized by decreased proliferation and increased differentiation. The osteoblastic differentiation time course started with the commitment of MSCs to preosteoblasts. Then, the number of committed cells increased (condensation phase), and the preosteoblasts started to transform into osteoblasts. Afterwards, extracellular matrix (ECM) deposition began, followed by terminal differentiation and mineralization. The expression of six classical bone markers was studied: RUNX2, OPN, OC, ALPL, OPG, and RANKL. RUNX2 is a key multifunctional transcription factor involved in osteoprogenitor commitment [46,47]. Its expression is upregulated in immature osteoblasts and is required for osteoblast lineage determination [48]. RUNX2 induces the expression of several bone matrix genes, such as collagen 1a1 (COL1a1), bone sialoprotein (BSP), OPN, and OC [49]). During osteogenesis, the organic component of the ECM, of which approximately 90% was composed of COL1a1 [50], was first synthesized by osteoblasts and was then colonized by other proteins secreted by osteoblasts (e.g., OC, BSP, and OPN; [51]). OC regulated osteoblast and osteoclast activity, participating in the mineralization [52]. OC is highly expressed in mature (post-proliferative phase) osteoblasts (i.e., “late marker”) [53,54,55]. OPN belongs to the small integrin binding ligand N-linked glycoprotein (SIBLING), which is a mediator of environmental stress and a potential chemoattractant for osteoclasts [56] and is considered an inhibitor of mineralization [57]. Expression of RANKL is also influenced by RUNX2 [58]. RANKL is a cytokine responsible for osteoclast recruitment and is necessary for osteoclast differentiation (via its binding to osteoclast receptor RANK or tumor necrosis factor receptor superfamily member 11a (TNFRSF11A), an NFKB activator). Its soluble decoy receptor, OPG, is also mainly secreted by osteoblasts and inhibits osteoclastogenesis [59]. ALPL, another marker of bone formation, is an early marker of mineralization [57].



At the gene level (Table 2 and Table 3), it is rather difficult to see a clear effect of porosity on HBDC and Saos-2 osteoblastogenesis. For HBDCs, OPG, and OC were upregulated at 3 W and 5 W only on Mixed samples, RUNX2 was upregulated on Mixed and Large samples, and OPN was downregulated on Mixed samples. It may be that, for HBDCs, to a certain extent, increased porosity (bell-shape distribution showing a maximum with a Mixed sample) tended to facilitate osteoblastogenesis (RUNX2) and OC collagen matrix colonization and to decrease osteoclast-mediated bone remodeling via OPN downregulation and OPG upregulation. Furthermore, ALPL expression was downregulated on all porous samples, except for Large, compared with MP samples. Previous data showed that the metabolic activities of the HBDCs were highest on mixed and Large samples after one day [11]; therefore, porosity may positively affect osteogenesis but may delay the final step of differentiation and decrease cell proliferation. However, Saos-2 cells exhibited the opposite trend, preferring the lowest porosities (highest gene upregulations (except OPN) on Small and Medium). Moreover, these observations were seen via immunocytochemistry, in which slightly more fluorescence could be seen on Medium and Mixed samples for HBDCs and on Small and Medium samples for Saos-2 cells without POPE coating (Figure 2). These porosity preferences may be explained by general inherent differences between cell lines and primary cells [43,60,61], cell relative sizes (mean diameters of approximately 6500 µm2 and 1000 µm2 for HBDCs and Saos-2 cells, respectively; differences in cell nuclei sizes can also be appreciated in Figure 2) and the shorter cell doubling time of Saos-2 cells compared with HBDCs [61]. Primary cell sizes would allow them to bridge the pore’s rims, and their low proliferation rate would also allow other bone remodeling processes, such as vascularization, thus diminishing nutrient source hindrance. The previously described trends (i.e., HBDC gene upregulation for higher porosities or higher downregulation for less porous material and vice-versa for Saos-2 cells) are more pronounced with POPE coating (Table 4 and Table 5), especially when analyzing immunocytochemistry images (Figure 2).



Another interesting aspect is the RANKL:OPG ratio. This ratio is a useful marker for monitoring fracture healing [62] and, thus, bone turnover and mineralization [63]. As previously described, RANKL potentiates osteoclastogenesis, whereas OPG prevents the RANKL effect; therefore, when the ratio is above 1, bone resorption/osteoclast activation predominates, and when it is below 1, bone formation/osteoclast inhibition predominates. For HBDCs (Figure 3) at 3 W and for all samples without coating, OPG expression was much higher than RANKL expression, resulting in a really low ratio. At 5 W (without coating), RANKL and OPG expressions tended to be at the same level, and the ratio was approximately 1. However, at 3 W with POPE coating, RANKL increased drastically, whereas OPG decreased (ratio ≥ 1), and at 5 W, both expressions were higher with POPE than without POPE, but resulted in a ratio oscillating at approximately 1 (except for MP, 1.4). From these results, it may be concluded that POPE coating potentiates and accelerates osteoblastogenesis and, therefore, likely assists bone remodeling. For Saos-2 cells (Figure 4), the results were very different, and it is difficult to find a common trend. It could be said for MP and Small that POPE coating potentiates (increases) the ratio; however, (via an OPG increase), for the other materials, contrasting results (decreases) were observed. However, no special tendency was observed to explain this phenomenon.


Figure 3. Relative normalized expression (ΔCt) of RANKL (black) and OPG (grey) in HUCPV cells (column chart, left axis) grown on different substrates at 3 W and 5 W (grey areas). The RANKL:OPG ratio is presented on the right axis (scatter chart).
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Figure 4. Relative normalized expression of (ΔCt) RANKL (black) and OPG (grey) in Saos-2 cells (column chart, left axis) grown on different substrates at 3 W and 5 W (grey areas). The RANKL:OPG ratio is presented on the right axis (scatter chart).
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In conclusion, it can be said that a preference for lower porosity was seen for Saos-2 cells, whereas primary cells, i.e., HBDCs, preferred higher porosity. However, POPE coating increased this trend. Furthermore, RANKL/OPG expressions and ratio analyses were able to highlight a special effect of POPE on faster bone remodeling/turnover for HBDCs. Here, Saos-2 cells exhibited a completely different behavior pattern than HBDCs, supporting that primary cells should be preferred relative to cell lines. Porous material could improve tissue implantation via cell colonization and POPE coating could further strengthen the intimate interface between tissue and material via faster mineralization and tissue remodeling.
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