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Abstract

Osteoblasts are sensitive to surface microtopography and chemistry. Osteoblast differentiation and 

maturation are higher in vitro and bone formation and osseointegration enhanced in vivo on 

microstructured titanium (Ti) compared to smooth surfaces. Cells increased BMP2 expression on 

microtextured Ti alloy, suggesting a paracrine role in regulating osteoblast maturation. However, 

recent studies show that exogenous BMP2 inhibits osteoblast production of anti-inflammatory 

cytokines and osteocalcin, indicating that control of BMP-signaling may be involved. This study 

examined whether cells modulate BMP ligands, receptors, and inhibitors during osteoblast 

maturation on Ti, specifically focusing on the roles of BMP2 and Noggin. mRNA and protein for 

BMP2, BMP4, and BMP7 and receptors BMPR1A, BMPR1B, and BMPR2, and BMP inhibitors 

were upregulated on microtextured surfaces in comparison to smooth surfaces. Maturation on 

microstructured Ti was slightly enhanced with exogenous BMP2 while Noggin addition inhibited 

osteoblast maturation. Cells with Noggin knocked down significantly increased osteoblast 

maturation. These results demonstrate that BMP-related molecules are controlled during osteoblast 

maturation on microstructured Ti surfaces and that endogenous Noggin is an important regulator 

of the process. Modifying paracrine BMP signaling may yield more robust bone formation than 

application of exogenous BMPs.
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INTRODUCTION

In vitro studies have shown that osteoblasts are sensitive to surface microtopography and 

chemistry. When grown on microstructured titanium (Ti) substrates, cells exhibit increased 

osteoblast differentiation and maturation (1, 2). In addition, osteoblasts on microstructured 

Ti substrates produce paracrine factors that induce differentiation of mesenchymal stem cells 

(MSCs) distal to the implant surface (3), resulting in bone formation (4) and angiogenesis 

(5). These include growth factors as such as transforming growth factor beta-1 (TGF-β1), 

vascular endothelial growth factor (VEGF), and fibroblast growth factor-2 (FGF2), as well 

as factors involved in autocrine modulation of osteoblast differentiation, such as bone 

morphogenetic proteins (BMPs) (6, 7) and Wnt signaling molecules (8, 9).

Recently, we showed that osteoblasts grown on microtextured Ti substrates produce 

increased levels of endogenous BMP2 and anti-inflammatory cytokines and reduced levels 

of pro-inflammatory cytokines than osteoblasts grown on smooth Ti substrates (10). 

Interestingly, addition of BMP2 to these cultures resulted in a dose-dependent decrease in 

anti-inflammatory cytokines concomitant with an increase in pro-inflammatory cytokines as 

well as a decrease in osteocalcin, a marker of osteoblast differentiation. This observation 

suggested that endogenous BMP signaling might be a critical regulatory determinant in 

modulating osteoblast differentiation, but the specific sites of regulation were not 

determined.

BMPs are members of the transforming growth factor beta (TGF-β) super family (11) and 

some of them, particularly BMP2, BMP4, and BMP7, can induce bone and cartilage 

formation (12-14). BMP2 is used clinically to promote spine fusion and for sinus lift 

procedures, and recently, it has been investigated as a mechanism to regenerate bone around 

implants (15, 16). BMPs dimerize either as homodimers or as heterodimers to activate 

downstream signaling. The dimer then binds to a complex of four transmembrane receptors, 

consisting of two BMP type I receptors and two BMP type II receptors. The transmembrane 

receptors then phosphorylate Smad1/5/8 (17) or activate ERK1/2, JNK, or p38 pathways 

through Smad-independent signaling (18). One method by which BMP signaling is 

modulated extracellularly is through ligand antagonists (e.g. Follistatin, Coco, DAN, 

Sclerostin, Chordin, Gremlin, Cerberus, and Noggin (NOG) (18)) that bind to BMP 

molecules to prevent receptor-ligand interactions (19). Results from a microarray analysis 

showed that BMPs, their receptors, and their various binding proteins and inhibitors are 

differentially regulated during osteoblast maturation in vitro and during osseointegration in 

vivo (7, 20), but it is not known if they participate in a coordinated manner in osteoblast 

differentiation and maturation on the surface of titanium implants.

Therefore, the aim of this study was to determine whether BMP ligands, receptors, and 

inhibitors are regulated during osteoblast maturation on microstructured titanium surfaces. 

To determine whether endogenous regulation is a critical factor, we examined whether 

addition of BMP2 or modulation of Noggin can enhance or inhibit this process.
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MATERIALS AND METHODS

Disk Characterization

Ti disks were donated by the Institut Straumann AG (Basel, Switzerland). Disks were 

prepared from 1mm thick sheets of grade 2 unalloyed Ti (ASTM F67 “Unalloyed Ti for 

surgical implant applications”) and punched to 15 mm in diameter to fit snugly into the well 

of a 24-well tissue culture plate. Fabrication method and full characterization of the resulting 

morphology has been reported previously (1, 21). Scanning electron microscopy (Hitachi ) 

images were taken at 1kX magnification using a 12 mm working distance (Fig. 1). Briefly, 

smooth Ti surfaces (PT) have a mean peak-to-valley roughness (Ra) of 0.4 μm. Rough SLA 

surfaces are created by large grit blasting and acid etching titanium disks to create 

topography with craters (100μm diameter) overlaid with pits (1-3μm diameter) and coated 

with spikes (700nm diameter). The resultant surface has a Ra of 3.2μm. modSLA surfaces 

are created by processing SLA surfaces in a nitrogen environment to minimize exposure to 

the ambient atmosphere and packaged in a sealed glass tube with isotonic saline, thus 

retaining the hydrophilic chemistry of a clean TiO2 surface. All disks were sterilized 

overnight by gamma irradiation before use in cell culture studies.

Cell Culture

Human osteoblast-like MG63 cells were obtained from the American Type Culture 

Collection (Manassas, Virginia). These cells are a well-characterized osteoblast model used 

to examine cell response to titanium materials (22). Osteoblasts from a healthy, 17-year-old 

male donor tibia were isolated by allowing them to migrate from bone chips as previously 

described (23). Bone specimens were obtained under Institutional Review Board approval 

from the Georgia Institute of Technology and Children's Healthcare of Atlanta.

All cells were plated at 10,000 cells/cm2 and cultured in Dulbecco's Modification of Eagle's 

Medium (DMEM, Cellgro, Manassas, VA) supplemented with 10% fetal bovine serum 

(Thermo Fisher HyClone, Logan, UT) and 1% penicillin-streptomycin (Invitrogen, 

Carlsbad, CA) at 37°C, 5% CO2, and 100% humidity.

Expression of BMP genes

MG63 cells or normal human osteoblasts were plated on Ti disks (PT, SLA, and modSLA), 

using tissue culture polystyrene (TCPS) as a control. Cells were grown to confluence on 

TCPS, at which time the cells were incubated with fresh media. After 12 hours, RNA was 

harvested from cells on surfaces using TriZOL® (Invitrogen) and quantified (NanoDrop 

1000, Thermo Scientific, Waltham, MA). To create a cDNA template, 1ug of RNA was 

reverse transcribed using random primers (Promega, Madison, WI) and Omniscript reverse 

transcriptase (Qiagen, Valencia, CA). To quantify expression, cDNA was used for real-time 

qPCR with gene-specific primers using an iQ5 (Bio-Rad, Hercules, CA). Fluorescence 

values were quantified as starting mRNA quantities using known dilutions of MG63 cells 

grown on TCPS. mRNA levels of each gene were normalized to mRNA levels of 

glyceraldehyde-3-phophate dehydrogenase (GAPDH) in each sample. Primers (Table 1) 

were designed using the Beacon designer software and synthesized by Eurofins MWG 
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Operon (Huntsville, AL); NOG primer was purchased from Qiagen (QuantiTect Primer 

Assay QT00210833).

Quantification of Secreted BMPs

MG63 cells or normal human osteoblasts were cultured on TCPS or Ti until cells reached 

confluence on TCPS. At confluence, cells were incubated with fresh media for 24 hours. 

Total cell number, alkaline phosphatase specific activity in the cell lysate, and secreted 

Noggin, BMP2, BMP4, and BMP7 were measured in the conditioned media as described 

below.

Effect of BMP2 and Noggin

MG63 cells were culture on TCPS or Ti. Cells were treated with 50 ng/ml BMP2 (R&D 

Systems) or 100 ng/ml Noggin (R&D Systems) every 48 hours. At confluence, cells were 

incubated with fresh media without BMP2 or Noggin for 24 hours, harvested, and assayed 

as described below.

Noggin Silencing

MG63 cells were transduced with shRNA lentiviral transduction particles 

(SHCLNVNM_005450, Mission®, Sigma Aldrich, St. Louis, MO) to silence Noggin 

(NOG). MG63 cells were plated at 20,000 cells/cm2 and cultured overnight as above. 

Particles were added to the cells at a multiplicity of infection of 7.5 and incubated for 18 

hours. After incubation, transduced cells were selected with 0.25 μg/ml puromycin. The 

resulting stably silenced MG63 cells had a 70% reduction in NOG mRNA levels as 

determined by real-time qPCR and 72% reduction in secreted Noggin as determined by 

ELISA (24).

Biochemical Analysis

At harvest, cells were released from the surface by two sequential 10 minute incubations in 

0.25% trypsin-EDTA (Invitrogen) (1). Total cell number was determined using a Z1 cell and 

particle counter (Beckman Coulter, Brea, CA). Cells were lysed in 0.05% Triton X-100 

(Sigma Aldrich, St. Louis, MO) and alkaline phosphatase specific activity measured in the 

lysate measuring the release of p-nitrophenol from p-nitrophenylphosphate at pH 10.2 (25). 

Alkaline phosphatase specific activity was normalized to total protein content (Thermo 

Scientific Pierce BCA Protein Assay Kit, Rockford, IL).

Quantification of Secreted Factors

Secreted factors were measured in the conditioned media by immunoassay. Osteocalcin 

levels were measured using a commercially available radioimmunoassay (Biomedical 

Technologies Inc., Stoughton, MA). Levels of osteoprotegerin (OPG, R&D Systems), 

VEGF (R&D Systems), BMP2 (PeproTech, Rocky Hill, NJ), BMP4 (R&D Systems), and 

BMP7 (R&D Systems) were measured by enzyme-linked immunosorbent assay (ELISA) 

following manufacturer's instructions. Total TGF-β1 was measured by acidifying 

conditioned media and assaying using a commercially available ELISA kit (R&D Systems). 

In a second aliquot, active TGF-β1 was measured without acidification of the conditioned 
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media. Latent TGF-β1 was defined as total TGF-β1 minus active TGF-β1. Noggin was 

measured via indirect ELISA using a monoclonal anti-mouse Noggin primary antibody 

(MAB719, R&D Systems) and Peroxidase-AffiniPure Goat Anti-Rat IgG secondary 

antibody (Jackson ImmunoResearch Laboratories, West Grove, PA). Recombinant human 

Noggin/Fc chimera (R&D Systems) was used to generate a standard curve to extrapolate 

concentrations in experimental samples. Results of immunoassays were normalized to total 

cell number.

Statistical Analysis

Data are mean ± SEM of six independent cultures per variable. Data were first analyzed by 

analysis of variance (ANOVA). Significant differences between groups were determined 

using Bonferroni's modification of the Student's t-test. P<0.05 was considered to be 

significant.

RESULTS

MG63 cells cultured on smooth PT substrates had higher expression of BMP2 (Fig. 2A) and 

BMP4 (Fig. 2B) than cells cultured on TCPS. BMP2 and BMP4 were further increased 

when cells were cultured on rough SLA or hydrophilic/rough modSLA surfaces. Cells 

cultured on Ti had higher expression of BMP7 than cells on TCPS, but there was no 

enhanced effect due to roughness or surface energy (Fig. 2C). Expression of BMPR1A (Fig. 

2D) and BMPR1B (Fig. 2E) were 100% higher on PT and 200% higher on SLA and 

modSLA than cells cultured on TCPS. Cells on smooth TCPS and PT substrates had similar 

expression of BMPR2 (Fig. 2F), but expression was upregulated on rough SLA and further 

increased on modSLA.

Normal human osteoblasts had higher BMP2 (Fig. 3A) and BMP4 (Fig. 3B) on Ti than 

TCPS, with highest levels on rough surfaces. BMP7 mRNA levels were increased by culture 

on rough Ti (Fig. 3C). BMPR1A levels were higher on SLA and modSLA than on PT (Fig. 

3D). BMPR1B mRNA levels (Fig. 3E) were higher on Ti than TCPS, with highest levels on 

rough surfaces. BMPR2 mRNA was higher on SLA than TCPS or PT, and was additionally 

increased by culture on modSLA (Fig. 3F).

Expression of Noggin (NOG, Fig. 4A) was 100% higher in MG63 cells on SLA and 

modSLA than cells on TCPS or PT. Gremlin1 (GREM1) was 100% higher on PT and 200% 

higher on SLA and modSLA than TCPS (Fig. 4B). Surface roughness had a similar effect on 

expression of cerberus1 (CER1, Fig. 4C). Follistatin was modestly increased on SLA in 

comparison to TCPS and on modSLA in comparison to TCPS and PT (Fig. 4D).

Cell number was similar on TCPS and PT, but was lower on SLA and further decreased on 

modSLA (Fig. 5A). Alkaline phosphatase specific activity was similar on TCPS and PT but 

was increased by roughness and surface energy (Fig. 5B). Cells on SLA produced more 

BMP2 than cells on TCPS or PT, but levels were greatest on modSLA (Fig. 5C). Cells on 

SLA and modSLA substrates produced more BMP4 than cells on smooth surfaces (Fig. 5D). 

BMP7 levels were higher on SLA and modSLA than on TCPS (Fig. 5E). Levels of Noggin 
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were higher on Ti substrates than on TCPS, and were increased both by surface roughness 

and energy (TCPS<PT<SLA<modSLA, Fig. 5F).

Levels of BMP2 were higher on PT than TCPS, and were additionally increased by surface 

roughness (Fig. 6A). BMP4 was higher on SLA than TCPS or PT, and additionally 

increased by modSLA (Fig. 6B). BMP7 was modestly increased by culture on rough SLA 

and modSLA in comparison to smooth surfaces (Fig. 6C). Secreted Noggin was higher on 

PT than TCPS, and was additionally increased by surface roughness (Fig. 6D).

Modulation of BMP molecules affected osteoblastic maturation on microstructured Ti 

substrates. While on addition of Noggin had no effect on cell number, BMP2 treatment 

decreased cell number on modSLA surfaces in comparison to control (Fig. 7A). Alkaline 

phosphatase specific activity was increased by BMP2 treatment in comparison to untreated 

cells on all substrates (Fig. 7B). Treatments had no effect on osteocalcin on TCPS (Fig. 7C). 

However, exogenous Noggin decreased osteocalcin on PT and SLA substrates while BMP2 

enhanced osteocalcin production only on rough SLA and modSLA substrates.

Modulation of BMP signaling also affected local factor production on microstructured Ti 

substrates. OPG was sensitive to changes in BMP signaling. BMP2 increased and Noggin 

decreased OPG to a similar extent on all substrates (Fig. 8A). BMP2 treatment increased 

VEGF modestly only on modSLA; Noggin had no effect (Fig. 8B). Treatment with Noggin 

had no effect on active (Fig. 8C) or latent (Fig. 8D) TGF-β1, while BMP2 treatment 

increased TGF-β1 only on Ti.

We successfully generated a stably silenced MG63 cell line with 29% expression of NOG as 

in wild-type (WT) MG63 cells as determined by real-time PCR (NOG/GAPDH: 1.91±0.23 

vs. 6.42±2.29). shNOG cells had lower cell number than WT cells both on TCPS and on Ti 

substrates (Fig. 9A). Alkaline phosphatase specific activity was similar between the two 

types of cells on TCPS and PT (Fig. 9B). However, shNOG had higher enzyme activity on 

SLA substrates than WT, an effect enhanced on the high-energy modSLA. WT and shNOG 

produced similar levels of osteocalcin on TCPS, but shNOG had higher osteocalcin levels 

than WT on PT; roughness enhanced this effect (Fig. 9C). OPG was higher in shNOG than 

WT MG63 cells, and increased synergistically with roughness and surface energy (Fig. 9D). 

On TCPS, there was no difference in BMP2 production between WT and shNOG cells (Fig. 

9E). However, shNOG cells on Ti had higher BMP2 levels than WT cells, an effect 

enhanced by surface roughness. BMP4 levels were higher in shNOG than WT MG63 cells, 

an effect enhanced by culture on rough and hydrophilic rough surfaces (Fig. 9F).

DISCUSSION

Rough, hydrophilic implants yield increased osteoblast differentiation and maturation, as 

well as bone formation. However, the factors involved in this process are still unclear. Here 

we demonstrate that BMP ligands, receptors, and inhibitors are regulated differentially by Ti 

surface topography and chemistry. Cells grown on microstructured Ti are more mature and 

produce more BMP-related molecules than cells on smooth Ti. Finally, processes that lead 
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to osseointegration can be regulated by modulating the presence of Noggin, one of the most 

potent BMP inhibitors.

Several studies have investigated coupling BMP2 with Ti implants to enhance peri-implant 

bone formation (16, 26, 27). Unfortunately, the results obtained in most of the studies vary 

from relative success to complete failure. However, it is less studied whether surface 

modifications alone can enhance endogenous BMP production, thus allowing factors 

produced in response to the surface characteristics to promote osseointegration in the 

absence of exogenous factors.

The results of our study demonstrate that mRNA and protein levels of BMP2 and BMP4 are 

increased in cells on rough surfaces, and that BMP7 mRNA and protein levels are increased 

in cells cultured on Ti. These results are corroborated by results of several other studies. 

Increased BMP2 on microrough Ti surfaces has been demonstrated using microarray 

analysis of human osteoblasts (7) and in mesenchymal stem cells cultured on acid etched 

surfaces (28). In addition, our group has demonstrated that rough Ti alloy surfaces also 

stimulated BMP2, BMP4, and BMP7 production in MG63 cells (29).

Our study has also shown that osteoblasts not only regulate secreted BMP molecules but 

also increase expression of BMP receptors when grown on microstructured Ti surfaces. 

BMP receptors control signal transduction, and the signaling pathways activated depend on 

the composition of type I and type II receptors in the complex (30). BMPR1A aggregation is 

required for transduction of BMP2 signaling (31), and signaling through BMPR1A (32), 

BMPR1B (33), and BMPR2 (34) are required for osteoblast differentiation and bone 

formation. Taken together, the results suggest that microstructured Ti surfaces induce 

osteoblast maturation and production of an osteogenic environment increasing the levels of 

BMP2, BMP4, and BMP7 that have been demonstrated to be crucial for bone formation and 

remodeling. Osteoblasts grown on these rough surfaces increase the expression of BMP 

receptors suggesting that the cells are more sensitive to the BMP stimulus that can lead to 

more and faster bone formation.

BMP signaling is also regulated by secreted inhibitors of the DAN, twisted gastrulation, and 

Noggin/Chordin subfamilies (35). Here we demonstrate that BMP inhibitors Noggin, 

Gremlin-1, Cerberus-1, and Follistatin are strongly regulated by surface roughness. The 

presence of these BMP inhibitors appears to be important for normal osteoblastogenesis and 

bone formation, and their perturbation has important effects on skeletal phenotypes. For 

example, Noggin-null mice have decreased numbers of osteoprogenitor cells, impaired joint 

formation, and thin calvaria (36). Mice overexpressing Noggin under the osteocalcin 

promoter have reduced bone formation and lower mineral density than wild type mice (37). 

Overexpression of Gremlin-1 under the osteocalcin promoter also displayed reduced bone 

mineral density (38). Follistatin-null mice have cartilage and skeletal defects and die 

immediately following birth (39). However, mice with deletions in Cerberus do not have a 

reported bone phenotype (40). The increase of most of the BMP inhibitors in our study at the 

same time point that the BMP molecules increase can be explained by the fact that most of 

the BMP inhibitors are regulated by BMPs (41, 42). Our results suggest that surface 

microstructure may modulate the expression and secretion of BMP molecules and receptors, 
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and these molecules induce the expression and secretion of their own inhibitors providing a 

mechanism for normal bone formation.

There were fewer cells on the Ti substrates, with the fewest numbers on the microtextured 

Ti. This was due in part to reduced attachment and enhanced differentiation (43). 

Differences in maturation state and potentially to fewer cell/cell contacts may have 

contributed to differences in cell response.

Modulation of BMP signaling, either by enhancing BMP activation with addition of 

exogenous BMP2 or by reducing BMP signaling with exogenous Noggin, is very attractive 

from both scientific and clinical perspectives. In recent years, an increase in treatments to 

enhance bone formation in challenging cases has been achieved by modulating BMP 

signaling. The most common protocol for manipulating BMP signaling has been the addition 

of high amounts of exogenous BMP2. The results of these therapies vary from very 

successful regeneration to lack of activity to unwanted secondary effects. Secondary effects 

have been reported that include bone resorption, ectopic bone formation, and swelling (44).

In our study, we hypothesized that manipulation of the BMP signaling inhibitor Noggin by 

RNA silencing technology could lead to an increase in osteoblast maturation without the use 

of exogenous of BMP2. Exogenous BMP2 had only small effects on osteoblast maturation. 

BMP2 increased alkaline phosphatase specific activity in MG63 cells, an effect independent 

of surface roughness or energy, corroborating results seen in both chondrocytes (45) and 

osteoblasts (46). Unexpectedly, silencing Noggin caused an even greater increase in alkaline 

phosphatase specific activity than exogenous BMP2. Addition of BMP2 to MG63 cell 

cultures increased osteocalcin levels in cells cultured on all Ti samples but not on TCPS. 

However, shNOG cells exhibited a higher increase on microstructured Ti surfaces. 

Exogenous BMP2 has been demonstrated to increase osteocalcin in mouse osteoblasts 

cultured on TCPS, but the doses used were higher (100 ng/ml-200 ng/ml) than those used in 

this study (50 ng/ml) (46, 47). Addition of Noggin reduced osteocalcin secretion on Ti 

surfaces, suggesting that the exogenous inhibitor was able to prevent osteocalcin production 

induced by endogenous BMP proteins. Taken together, our data suggest that increasing the 

availability of endogenous BMP molecules by inhibiting Noggin may have a more potent 

effect than addition of exogenous BMP molecules. This increase in osteoblast differentiation 

with a Noggin inhibition strategy has also been demonstrated in vivo (50).

BMP signaling has been shown to control osteoclastogenesis in vitro (48) and in vivo (49). 

Activating BMP signaling either by exogenous BMP2 or silencing Noggin also affected 

production and release of important soluble factors involved in bone formation, remodeling, 

and homeostasis. Osteoprotegerin, an inhibitor to osteoclast activation, was modulated in 

osteoblasts with inhibition or activation of BMP signaling on microstructured Ti surfaces, 

suggesting that BMP signaling influences the process of bone resorption. Interestingly, our 

results showed that silencing Noggin strongly increased levels of BMP2 and BMP4, 

particularly on microstructured surfaces. Taken together, these results suggest that 

endogenous BMP molecules can modulate osteoblast maturation more efficiently and at a 

lower dose. It is possible that this modulation could be time-dose-specific and yield in a 

better result than one sustained exogenous BMP2 dose.
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Exogenous BMP2 or Noggin had little effect of VEGF production in our study. Many 

strategies examining instructive microenvironments for bone regeneration co-deliver BMP2 

and VEGF (51-53), indicating that BMP2 enhances bone formation but that other signaling 

molecules are necessary to induce angiogenesis and complete bone healing. In our study, 

exogenous BMP2 increased TGF-β1. TGF-β1 is important during embryonic skeleton 

formation as well as in maintenance of the adult bone (54, 55). Specifically, TGF-β1 acts on 

osteoblasts to regulate matrix synthesis and differentiation (54). Because BMP2 induces 

osteoblast maturation in this system, it is likely the increased TGF-β1 levels are due to 

increased maturation state. However, it is also possible that tight regulation of TGF-β 

superfamily molecules occurs in response to perturbations in the signaling pathway.

CONCLUSIONS

The results of our study demonstrate that BMP ligands, receptors, and inhibitors are tightly 

regulated on microstructured Ti surfaces. Exogenous BMP2 or Noggin can minimally 

enhance or inhibit this process, but the most robust maturation response is seen when the 

amount of Noggin is reduced. It is likely that modulating exploit the body's regenerative 

capacity using endogenous BMP signaling may yield more robust bone formation than 

application of exogenous BMPs.
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Figure 1. 
Scanning electron microscopy of Ti surfaces. SEM images were taken at 1000x 

magnification of PT, SLA, and modSLA surfaces used for subsequent cell studies.
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Figure 2. 
mRNA levels of BMPs and BMP receptors in MG63 cells cultured on microstructured 

titanium surfaces. Total RNA was extracted from cells cultured on TCPS, PT, SLA, and 

modSLA 12h after cells reached confluence on TCPS. Expression of BMP2 (A), BMP4 (B), 

BMP7 (C), BMPR1A (D), BMPR1B (E), and BMPR2 (F) was measured by real-time qPCR 

and normalized to GAPDH. Data are the mean±SEM of six independent cultures. *p< 0.05, 

Ti surface vs. TCPS; #p< 0.05, SLA or modSLA vs. PT; $p< 0.05, modSLA vs. SLA.
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Figure 3. 
mRNA levels of BMPs and BMP receptors in normal human osteoblasts cultured on 

microstructured titanium surfaces. Total RNA was extracted from cells cultured on TCPS, 

PT, SLA, and modSLA 12h after cells reached confluence on TCPS. Expression of BMP2 

(A), BMP4 (B), BMP7 (C), BMPR1A (D), BMPR1B (E), and BMPR2 (F) was measured by 

real-time qPCR and normalized to GAPDH. Data are the mean±SEM of six independent 

cultures. *p< 0.05, Ti surface vs. TCPS; #p< 0.05, SLA or modSLA vs. PT; $p< 0.05, 

modSLA vs. SLA.

Olivares-Navarrete et al. Page 15

J Biomed Mater Res A. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
BMP pathway inhibitor mRNA levels in MG63 cells grown on microstructured titanium 

surfaces. mRNA levels of NOG (A), GREM1 (B), CER1 (C), and FST (D) in MG63 cells 

grown on microstructured titanium surfaces. Total RNA was extracted from cells cultured 

on TCPS, PT, SLA, and modSLA 12h after cells reached confluence on TCPS. mRNA was 

measured by real-time PCR and expression normalized to GAPDH. Data are the mean±SEM 

of six independent cultures. *p< 0.05, Ti surface vs. TCPS; #p< 0.05, SLA or modSLA vs. 

PT; $p< 0.05, modSLA vs. SLA.
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Figure 5. 
Levels of BMPs in conditioned media of MG63 cells grown on microstructured titanium 

surfaces. MG63 cells were plated on TCPS, PT, SLA, and modSLA surfaces. Cell number 

(A) and alkaline phosphatase specific activity (B) of the cell lysates were measured 24h after 

confluence. Conditioned media was collected and levels of BMP2 (C), BMP4 (D), BMP7 

(E), and noggin (F) measured by ELISA. Data are the mean±SEM of six independent 

cultures. *p< 0.05, Ti surface vs. TCPS; #p< 0.05, SLA or modSLA vs. PT; $p< 0.05, 

modSLA vs. SLA.

Olivares-Navarrete et al. Page 17

J Biomed Mater Res A. Author manuscript; available in PMC 2016 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 6. 
Levels of BMPs in conditioned media of normal human osteoblasts grown on 

microstructured titanium surfaces. Normal human osteoblasts were plated on TCPS, PT, 

SLA, and modSLA surfaces. Conditioned media was collected and levels of BMP2 (A), 

BMP4 (B), BMP7 (C), and noggin (D) measured by ELISA. Data are the mean±SEM of six 

independent cultures. *p< 0.05, Ti surface vs. TCPS; #p< 0.05, SLA or modSLA vs. PT; 

$p< 0.05, modSLA vs. SLA.
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Figure 7. 
Effect of exogenous BMP2 or noggin on osteogenic differentiation of MG63 cells grown on 

microstructured titanium surfaces. MG63 cells were plated on TCPS, PT, SLA, and 

modSLA surfaces and treated daily with 40ng/ml BMP2 or 100 ng/ml Noggin. Cell number 

(A) and alkaline phosphatase specific activity (B) of the cell lysates were measured 24h after 

confluence. Conditioned media was collected and levels of osteocalcin (C) measured. Data 

are the mean±SEM of six independent cultures. *p< 0.05, Ti surface vs. TCPS; #p< 0.05, 

SLA or modSLA vs. PT; $p< 0.05, modSLA vs. SLA; %p<0.05, treated vs. untreated cell 

cultures.
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Figure 8. 
Effect of exogenous BMP2 or noggin on local factor production of MG63 cells grown on 

microstructured titanium surfaces. MG63 cells were plated on TCPS, PT, SLA, and 

modSLA surfaces and treated daily with 40ng/ml BMP2 or 100 ng/ml Noggin. Conditioned 

media was collected and levels of OPG (A), VEGF-A (B), active TGF-β1 (C), and latent 

TGF-β1 (D) measured. Data are the mean±SEM of six independent cultures. *p< 0.05, Ti 

surface vs. TCPS; #p< 0.05, SLA or modSLA vs. PT; $p< 0.05, modSLA vs. SLA; 

%p<0.05, treated vs. untreated cell cultures.
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Figure 9. 
Effect of silencing noggin on MG63 cells response to surface roughness and surface energy. 

WT and noggin-silenced MG63 cells (shNOG) were plated on TCPS, PT, SLA, and 

modSLA surfaces. Cell number (A) and alkaline phosphatase specific activity (B) of the cell 

lysates were measured 24h after confluence. Conditioned media was collected and levels of 

osteocalcin (C), OPG (D), BMP2 (E), BMP4 (F) assayed. Data are the mean±SEM of six 

independent cultures. *p< 0.05, Ti surface vs. TCPS; #p< 0.05, SLA or modSLA vs. PT; 

$p< 0.05, modSLA vs. SLA; %p<0.05, shNOG vs. WT cultures.
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Table 1

Human primers used in Real-time PCR analysis.

Gene Primer Sequence

BMP2 F 5’-GCG TGA AAA GAG AGA CTG C-3’

R 5’-CCA TTG AAA GAG CGT CCA C-3’

BMP4 F 5’-ACG GTG GGA AAC TTT TGA TGT G-3’

R 5’-CGA GTC TGA TGG AGG TGA GTC-3’

BMP7 F 5’-AGC AGC AGC GAC CAG AGG-3’

R 5’-ACA GTA GTA GGC GGC GTA GC-3’

BMPR1A F 5’-CAA GAG GCA TCT CAA GCA GCA G-3’

R 5’-CAG ACC CAC TAC CAG ACC TTT G-3’

BMPR1B F 5’-AAG GCT CAG ATT TTC AGT GTC G-3’

R 5’-TTC AAT GGA GGC AGT GTA GGG-3’

BMPR2 F 5’-TCT TTG CCC TCC TGA TTC TTG-3’

R 5’-CAT AGC CGT TCT TGA TTC TGC-3’

GREM1 F 5’-GCA GGG TGG GTG AAC TTT ATT G-3’

R 5’-AGG AGG CTG AGA AGA TAC AAG G-3’

CER1 F 5’-TAC CTC CTG CTC TCA CTG TT G-3’

R 5’-ATG CTC CGT CTT CAC CTT GC-3’

FST F 5’-GGG ATT TCA AGG TTG GGA GAG G-3’

R 5’-GCT GGC ATA AGT GGC ATT GTC-3’

GAPDH F 5’-GCT CTC CAG AAC ATC ATC C-3’

R 5’-TGC TTC ACC ACC TTC TTG-3’
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