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Abstract

Objective: This study aimed at investigating the influence of the porous titanium (Ti)

structure on the osteogenic cell behaviour.

Materials and methods: Porous Ti discs were fabricated by the powder metallurgy process

with the pore size typically between 50 and 400mm and a porosity of 60%. Osteogenic cells

obtained from human alveolar bone were cultured until subconfluence and subcultured on

dense Ti (control) and porous Ti for periods of up to 17 days.

Results: Cultures grown on porous Ti exhibited increased cell proliferation and total

protein content, and lower levels of alkaline phosphatase (ALP) activity than on dense Ti. In

general, gene expression of osteoblastic markers–runt-related transcription factor 2,

collagen type I, alkaline phosphatase, bone morphogenetic protein-7, and osteocalcin was

lower at day 7 and higher at day 17 in cultures grown on porous Ti compared with dense Ti,

a finding consistent with the enhanced growth rate for such cultures. The amount of

mineralized matrix was greater on porous Ti compared with the dense one.

Conclusion: These results indicate that the porous Ti is an appropriate substrate for

osteogenic cell adhesion, proliferation, and production of a mineralized matrix. Because of

the three-dimensional environment it provides, porous Ti should be considered an

advantageous substrate for promoting desirable implant surface–bone interactions.

Titanium (Ti) is largely used as an implant

biomaterial due to its mechanical proper-

ties and high in vitro and in vivo biocom-

patibility, allowing direct bone-to-implant

contact (Brånemark 1983; Klokkevold

et al. 1997; Pilliar 1998; Castellani et al.

1999; Puleo & Nanci 1999; Faria et al.

2003; Rosa & Beloti 2003; De Oliveira &

Nanci 2004; Liu et al. 2004; Kroese-Deut-

man et al. 2005; Rosa et al. 2006; Brama

et al. 2007; De Oliveira et al. 2007). Over

the past 35 years, most Ti implants have

been designed in dense forms, varying the

surface topography. However, some limita-

tions such as interfacial instability with

host tissues, and lack of biological ancho-

rage for tissue ingrowth may be associated

with dense Ti implants (Pilliar et al. 1981;

Pilliar 1983; Li et al. 2005, 2007). In this

context, porous biomaterials with a three-

dimensional structure could be an alterna-

tive to provide biological anchorage for the

bone through the ingrowth of mineralized

tissue into the pores (Pilliar et al. 1975;

Murray & Semple 1981; Maniatopoulos

et al. 1986, 1988a, 1988b). Porousmetallic

implants have been produced using a vari-

ety of processes, including chemical vapour

infiltration to deposit tantalum onto vitr-

eous carbon foams, solid freeform fabri-

cation, self-propagating high-temperature

synthesis, and powder metallurgy (Bobyn
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et al. 1999; Melican et al. 2001; Wen et al.

2002; Assad et al. 2003).

Recently, a novel powder metallurgy

process for the fabrication of Ti foams has

been developed (Lefebvre & Thomas

2003). This process consists of mixing a

Ti powder with a polymeric binder and a

foaming agent before a three-step thermal

treatment. As the characteristics of the

pores (pore size, pore shape, porosity, and

interconnecting pore size) have been sug-

gested to affect bone cell responses to the

porous implants (St-Pierre et al. 2005; Li

et al. 2005, 2007), this fabrication process

has the advantage that it allows the adjust-

ment of the pore size within the range

required for bone ingrowth, from 50 to

400mm (St-Pierre et al. 2005). In addition,

the binder used has clean decomposition

characteristics and leaves no residue after

sintering at 14001C. Finally, previous ana-

lyses have demonstrated that the surface is

essentially composed of a 5-nm-thick tita-

nium oxide and the additives used do not

affect the biocompatibility of the material

(St-Pierre et al. 2003; Lefebvre & Baril

In press).

The mechanical and biological features

of the porous Ti make it a potential candi-

date for applications such as dental im-

plants. It has been demonstrated that a

porous Ti structure supports bone-like tis-

sue formation (Kim et al. 2000; Holtorf

et al. 2005; Li et al. 2007). In addition, a

porous Ti substrate favours cartilage tissue

formation by influencing cell attachment

and the extent of cell spreading (Spiteri

et al. 2006). Nonetheless, to date, few

studies have focused on this porous Ti

structure and, indeed, little is known about

its potential biologic effects. Considering

this, the present study was designed to

investigate key parameters of the develop-

ment of the osteoblastic phenotype in hu-

man osteogenic cell cultures grown on a

porous Ti structure.

Material and methods

Fabrication of Ti substrates

Porous Ti foams were produced as de-

scribed previously (Lefebvre & Thomas

2003). A pure Ti powder was dry-mixed

with a polyethylene binder and a chemical

foaming agent (p,p0-oxybis[benzenesulfo-

nyl hydrazide]). This powder mixture was

poured into a mould and foamed at 2101C

in air. The resulting material was then

debinded at 4501C in argon and pre-sin-

tered under vacuum at 10001C. Porous Ti

and control dense Ti were then machined

to obtain discs 10mm in diameter and

2mm in thickness. The discs were washed

for 15min in acetone in an ultrasonic bath

(Bandelin Sonorex, Amtrex Technologies

Inc., St Laurent, QC, Canada). Finally,

the porous specimens were sintered at

14001C to consolidate the material. All

samples were autoclaved at 1201C for

40min before using in the cell culture

experiments.

The topography of the dense Ti surface

and the porous Ti structure was examined

under scanning electronmicroscopy (SEM–

LEO 440, Leo Electron Microscopy Ltd,

Cambridge, UK). The surface roughness of

the dense Ti was evaluated using an optical

profiler Plm 2300 (Sensofar-Tech, S.L. Ter-

rassa, Spain). The specific surface area of

both Ti groups was evaluated by gas ad-

sorption (BET) using a Micrometrics ASAP

2010 system (Micromeritics Instrument

Corporation, Norcross, GA, USA) with

krypton as an adsorbate. The proportion

of oxygen was evaluated by inert gas fu-

sion, and carbonwasmeasured by combus-

tion analysis using LECO analysers (LECO

Corporation, St- Joseph, MI, USA).

Culture of osteogenic cells derived from
human alveolar bone

Human alveolar bone fragments (explants)

were obtained from a healthy donor, using

the research protocols approved by the

Committee of Ethics in Research of the

School of Dentistry of Ribeirao Preto,

University of Sao Paulo. Osteogenic cells

were obtained from these explants by en-

zymatic digestion using type II collagenase

(Gibco–Life Technologies, Grand Island,

NY, USA) as described previously (Beloti

et al. 2006, 2008). These cells were cul-

tured in a-minimum essential medium

(Gibco), supplemented with 10% foetal

bovine serum (Gibco), 50 mg/ml gentami-

cin (Gibco), 0.3 mg/ml fungisone (Gibco),

10�7M dexamethasone (Sigma, St Louis,

MO, USA), 5mg/ml ascorbic acid (Gibco),

and 7mM b-glycerophosphate (Sigma).

Subconfluent cells in primary culture

were harvested after treatment with

1mM ethylenediamine tetraacetic acid

(EDTA) (Gibco) and 0.25% trypsin (Gibco)

and subcultured in 24-well culture plates

(Falcon, Franklin Lakes, NJ, USA) on

dense and porous Ti at a cell density of

2 � 104 cells/sample. Cells were subcul-

tured on polystyrene as a control of the

culture conditions. During the culture per-

iod, cells were incubated at 371C in a

humidified atmosphere of 5% CO2 and

95% air; the medium was changed every

3 or 4 days.

Fluorescence labelling

At 1, 7, and 14 days, cells were fixed for

10min at room temperature using 4%

paraformaldehyde in 0.1M phosphate buf-

fer (PB), pH 7.2. After washing in PB, they

were processed for indirect immunofluor-

escence labelling for localization of fibro-

nectin. In addition, cell adhesion and

spreading were morphologically evaluated

by direct fluorescence with fluorophore-

conjugated probes, as described below.

Briefly, cells were permeabilized with

0.5% Triton X-100 in PB for 10min, fol-

lowed by blocking with 5% skimmedmilk

in PB for 30min. Primary monoclonal

antibody to fibronectin (1 : 100, clone IST-

3, Sigma) was used, followed by a mixture

of Alexa Fluor 594 (red fluorescence)-con-

jugated goat anti-mouse secondary anti-

body (1 : 200, Molecular Probes, Eugene,

OR, USA) and Alexa Fluor 488 (green

fluorescence)-conjugated phalloidin

(1 : 200, Molecular Probes), which labels

actin cytoskeleton. Replacement of the

primary monoclonal antibody with PB

was used as control. All antibody incuba-

tions were performed in a humidified en-

vironment for 60min at room temperature.

Between each incubation step, the samples

were washed three times (5min each) in

PB. Before mounting for observation under

a microscope, cell nuclei were stained with

300nM 40,6-diamidino-2-phenylindole,

and dihydrochloride (DAPI, Molecular

Probes) for 5min and samples were briefly

washed with dH2O. Dense and porous Ti

samples were mounted face up on glass

slides, while a Fisherbrand 12mm round

glass coverslip (Fisher Scientific, Suwanee,

GA, USA) was mounted with an antifade

kit (Vectashield, Vector Laboratories, Bur-

lingame, CA, USA) on the surface contain-

ing cells. The samples were then examined

using a fluorescence microscope (Leica,

Bensheim, Germany) equipped with a

Leica DC 300F digital camera under

Rosa et al . Human osteogenic cells cultured on porous titanium
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epifluorescence. The acquired digital

images were processed with ADOBE

PHOTOSHOP software.

Culture growth

Culture growth was evaluated at days 3, 7,

and 10 by the 3-[4,5-dimethylthiazol-2-yl]-

2,5- diphenyl tetrazolium bromide (MTT)

assay (Mosmann 1983). Cells were incu-

bated with 100ml of MTT (5mg/ml) in

PBS at 371C for 4 h. The medium was

then aspirated from the well and 1ml of

acid isopropanol (0.04N HCl in isopropa-

nol) was added to each well. The plates

were then agitated on a plate shaker for

5min, and 100 ml of this solution was

transferred to a 96-well format using opa-

que-walled transparent-bottomed plates

(Fisher Scientific, Pittsburgh, PA). The

optical density was read at 570–650nm

on the plate reader (mQuant, Biotek,

Winooski, VT, USA), and data were ex-

pressed as absorbance. Samples of both

dense and porous Ti were incubated in

culture medium without cells, assayed,

and the absorbance was subtracted from

the absorbance of experiments carried out

with cells to eliminate any background.

Total protein content

The total protein content was calculated at

7 and 10 days in culture, according to the

method described by Lowry et al. (1951).

The wells were filled with 2ml of dH2O.

After 5 cycles of thermal shock (alternating

temperature between 15min at 371C and

20min at �201C), 1ml of the sample from

each well was mixed with 1ml of Lowry

solution (Sigma) and left for 20min at

room temperature. After this, 0.5ml of

phenol reagent of Folin and Ciocalteau

(Sigma) was added. This was then left for

30min at room temperature, after which

absorbance was measured using a spectro-

photometer (CE3021; Cecil, Cambridge,

UK) at 680nm. The total protein content

was expressed as mgprotein/ml. Samples of

both dense and porous Tiwere incubated in

culture medium without cells, assayed,

and the absorbance was subtracted from

the absorbance of experiments carried out

with cells to eliminate any background.

Alkaline phosphatase (ALP) activity

ALP activity was assayed as the release

of thymolphthalein from thymolphthalein

monophosphate using a commercial kit

(Labtest Diagnostica SA, MG, Brazil).

Aliquots of the same wells used for calcu-

lating total protein content were assayed in

order to measure ALP activity according to

the kit instructions. Briefly, 50 ml of thy-

molphthalein monophosphate was mixed

with 0.5ml of 0.3mmol/ml diethamine

buffer, pH 10.1, and left for 2min at

371C. After this, 50 ml of the lysates from

each well were added. This was then left

for 10min at 371C, after which 2ml of a

solution of 0.09mmol/ml Na2CO3 and

0.25mmol/ml NaOH was added to allow

Table 1. Primer sequences, annealing temperature (T.A.), melting temperature (T.M.) and
product size for real-time PCR reactions

Targetn Sense and anti-sense sequences T.A. (1C) T.M. (1C) bp

Runx2 TATGGCACTTCGTCAGGATCC

AATAGCGTGCTGCCATTCG

61 83 110

COL TGACGAGACCAAGAACTG

CCATCCAAACCACTGAAACC

61 84 114

ALP ACGTGGCTAAGAATGTCATC

CTGGTAGGCGATGTCCTTA

60 86 475

BMP–7 AATTCTTCCACCCACGCTAC

TTGGAAAGATCAAACCGGA

57 79 54

OC CAAAGGTGCAGCCTTTGTGTC

TCACAGTCCGGATTGAGCTCA

62 85 150

b-actin ATGTTTGAGACCTTCAACA

CACGTCAGACTTCATGATGG

56 75 495

nRunx2, runt-related transcription factor 2; COL, collagen type I; ALP, alkaline phosphatase; BMP–7,

bone morphogenetic protein–7; OC, osteocalcin.

Fig. 1. High resolution scanning electronmicrographs of the dense titanium (Ti) and the porous Ti. The dense

Ti surface (a and b) showed a slight roughness with many cutting lines. The porous Ti structure (c–f) exhibited

a unique topography characterized by a network of spherical particles. At highmagnification, porous Ti surface

revealed submicron-size steps (f). Scale bars: a and d¼ 100mm; b and f¼ 10 mm; c¼ 500mm; e¼ 50mm.

Rosa et al . Human osteogenic cells cultured on porous titanium
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colour development to occur. After 30min,

absorbance wasmeasured at 590nm, results

were calculated, and data were expressed as

ALP activity normalized by the total protein

contentmeasured at 7 and 10 days. Samples

of both dense and porous Ti were incubated

in culture medium without cells, assayed,

and the absorbance was subtracted from the

absorbance of experiments carried out with

cells to eliminate any background.

RNA extraction and quantitative real-time
reverse transcriptase-polymerase chain
reaction (real-time PCR)

Gene expressions of runt-related transcrip-

tion factor 2 (Runx2), collagen type I (COL),

ALP, bone morphogenetic protein 7 (BMP–

7), and osteocalcin (OC) were evaluated by

real-time PCR at days 7 and 17. Gene-

specific primers were designed with Primer

Express 2.0 (Applied Biosystems, Foster

City, CA, USA) and are presented in Table 1.

Total RNA from adherent cells on Ti

discs was extracted using the Promega

RNA extraction kit (Promega, Madison,

WI, USA), according to the manufacturer’s

instructions. The concentration of RNA

was determined by optical density at a

wavelength of 260nm, using the Biomate

3 spectrophotometer (Thermospectronic,

Rochester, NY, USA). Complementary

DNA (cDNA) was synthesized using 2 mg

of RNA through a reverse transcription

reaction (M–MLV reverse transcriptase,

Promega). Real-time PCR was performed

in an ABI Prism 7000 Sequence Detection

System using the SybrGreen system

(Applied Biosystems, Warrington, UK).

SybrGreen PCR MasterMix (Applied Bio-

systems), specific primers, and 2.5 ng

cDNA were used in each reaction. The

standard PCR conditions were 951C

(10min) and 40 cycles of 941C (1min),

561C (1min), and 721C (2min), followed

by the standard denaturation curve. For

mRNA analysis, the relative level of gene

expression was calculated in reference to

b-actin expression and normalized by the

gene expression of cells subcultured on

polystyrene using the cycle threshold (Ct)

method (Livak & Schmittgen 2001).

Extracellular matrix formation and
mineralization

After culturing for 17 days, the attached

cells were fixed with 1.5% glutaraldehyde

(Sigma) buffered in 0.1M sodium cacody-

late (Sigma) and dehydrated through a

graded series of alcohol. Once dry, the

samples were sputter coated with gold

and extracellular matrix formations were

observed under SEM (LEO).

Matrixmineralizationwas detected at 17

days by Alizarin Red S (Sigma), which

stains areas rich in calcium. Attached cells

were fixed in 10% formalin for 2h at room

temperature. After fixation, the specimens

were dehydrated through a graded

series of alcohol and stained with 2%

Alizarin Red S (Sigma), pH 4.2, for

10min. The samples were then examined

by epiluminescence using a fluorescence

microscope (excitation filter: 515–560nm

and barrier filter: 590nm, Leica)

equipped with a Leica DC 300F digital

camera. The acquired digital images were

processed with ADOBE PHOTOSHOP

software.

The calcium content was evaluated

using a colorimetric method as described

Fig. 2. Fluorescence labelling of osteogenic cells derived from human alveolar bone cultured on dense titanium

(Ti) surface (a, c, and e) and porous Ti structure (b, d, and f) at days 1 (a and b), 7 (c and d), and 14 (e and f). Cell-

associated green fluorescence reveals actin cytoskeleton (Alexa Fluor 488-conjugated phalloidin). Blue

fluorescence indicates cell nuclei (DAPI DNA staining). At 1 day, while cells exhibited an elongated and

polyhedral shape on dense Ti surface, the most part of cells cultured on porous Ti structure exhibited a less

spread polygonal shape (compare a with b). The spherical characteristic of the porous Ti affected cell

morphology during early phases of culture, as a number of cells followed the spheres outline (b inset). At

7 and 14 days, a cell multilayering covering both dense Ti and porous Ti was noticed (c–f) with porous Ti

exhibiting amultidirectional cell distribution. Fibronectin labelling (red fluorescence) was observed for cultures

grown on dense Ti surface and porous Ti structure at all evaluated time point (a–f). At 1 day, fibronectin was

predominantly associated with the cell undersurface (a and b). A different pattern of fibronectin distribution

between dense Ti and porous Ti was noticed at days 7 and 14. Cultures grown on dense Ti surface exhibited a

higher proportion of apoptotic cells as demonstrated by nuclei stained with DAPI (compare e with f insets).

Scale bars: a–f¼ 50 mm; b, e, and f for insets¼ 25mm.

Rosa et al . Human osteogenic cells cultured on porous titanium
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previously (Gregory et al. 2004). Briefly,

280ml of 10% acetic acid was added to each

well containing Ti samples stained with

Alizarin Red S, and the plate was incubated

at room temperature for 30min under

shaking. This solution was transferred to

a microcentrifuge tube and after vortexing

for 1min, the slurry was overlaid with

100ml of mineral oil (Sigma), heated to

exactly 851C for 10min, and transferred

to ice for 5min. The slurry was then

centrifuged at 20,000 g for 15min and

150ml of the supernatant was transferred

to a new microcentrifuge tube. Then, 60 ml

of 10% ammonium hydroxide was added

to neutralize the acid and this solution

containing 210ml was read at 405nm in a

96-well format using opaque-walled trans-

parent-bottomed plates (Fisher Scientific)

on the plate reader mQuant (Biotek). Data

were expressed as absorbance. Samples of

both dense and porous Tiwere incubated in

culture medium without cells, assayed,

and the absorbance was subtracted from

the absorbance of experiments carried out

with cells to eliminate any background.

Statistical analysis

Experiments of culture growth, total pro-

tein content, and ALP activity were carried

out in quadruplicate (n¼ 4), gene expres-

sion in triplicate (n¼3), and calcium con-

tent in quintuplicate (n¼ 5). A two-way

ANOVA model with interaction between

the factors (time period and Ti surface) was

used to determine the variability of the

parameters culture growth, total protein

content, ALP activity, and gene expression.

The post hoc Tukey test was used where

appropriate. The statistical power was cal-

culated and ranged from 55% to 87%. For

calcium content, data were compared by

the Mann–Whitney U-test. In all the ana-

lyses, the level of significance was set

at 5%.

Results

Ti substrates

The SEM micrographs of the dense Ti

surface and the porous Ti structure are

presented in Fig. 1. The dense Ti surface

was not perfectly smooth and cutting lines

could be observed (Fig. 1a and b), with an

average surface roughness of 0.7 mm. The

open pores and the spherical aspect were

clearly visible in the porous Ti structure

(Fig. 1c–f). The porosity of the porous Ti

evaluated with the weight and dimensions

of the samples was 60% and all the speci-

mens had similar pore sizes, with the pore

size distribution within each sample ran-

ging from approximately 50 to 400mm.

The porous Ti presented a higher specific

surface area (500 cm2/g) compared with

the dense Ti (2.2 cm2/g). The dense Ti

was mainly composed of Ti with small

amounts of oxygen (0.13wt%) and carbon

(0.03wt%) as impurities. These amounts

of oxygen and carbon were lower than that

found in the porous Ti structure (0.3wt%

and 0.4wt%, respectively).

Cell culture experiments

Epifluorescence of actin cytoskeleton

labelling at day 1 revealed that adherent

cells were spread and randomly distributed

throughout the surfaces of both dense and

porous Ti (Fig. 2a and b). However, while

cells cultured on dense Ti showed an

elongated, polyhedral shape (Fig. 2a), the

majority of adherent cells on porous Ti

presented a less spread polygonal pheno-

type (Fig. 2b). In addition, cell morphology

was affected by the presence of spherical

features, as some cells outlined the limits

of the largest spheres not covering them at

this time point (Fig. 2b inset). As the

cultures progressed, at days 7 and 14 both

dense Ti and porous Ti exhibited cell

multilayering (Fig. 2c–f), with cultures on

porous Ti following a multidirectional pat-

tern of cell distribution (Fig. 2d and f).

Immunolabelled preparations with an

anti-fibronectin antibody revealed that at

day 1, all cells promoted fibronectin fibril-

logenesis, which was mainly associated

with the cell undersurface (Fig. 2a and b).

Intense extracellular fibronectin labelling

was also observed at days 7 and 14, with a

distribution pattern consistent with cell

alignment for dense Ti and multidirec-

tional cell growth for porous Ti (Fig. 2c–

f). Noticeably, there were more apoptotic

cells on dense Ti than on the porous

structure, as demonstrated by DAPI nu-

clear stain (Fig. 2e and f insets).

For the culture growth, two-way ANOVA

indicated significant differences regarding

Ti surface (P¼0.0001), time (P¼ 0.0001),

and Ti surface � time interaction (P¼

0.0001). There were significantly more

cells in cultures grown on porous Ti at

days 7 (P¼ 0.0002) and 10 (P¼0.0002)

but not at day 3 (P¼0.5791) (Fig. 3 and

Table 2). On both dense Ti and porous Ti,

Fig. 3. Growth curves (absorbance) of osteogenic

cells derived from human alveolar bone subcultured

on dense titanium (Ti) and porous Ti at 3, 7, and 10

days. (a) indicates statistically significant differences

(P�0.05) between Ti surfaces at each time point.

(b) indicates statistically significant differences

(P�0.05) among 3 and 7 and 10 days. Data are

reported as mean � standard deviation (n¼ 4).

Table 2. Quantitative analysis culture growth (absorbance, MTT assay), total protein
content (lg/ml), alkaline phosphatase (ALP) activity (lmol thymolphthalein/h/mg protein),
and calcium content (absorbance) in osteogenic cells derived from human alveolar bone
fragments cultured on dense Ti and porous Ti

Parameters Time points

(days)

Dense Ti

(Mean � SD)

Porous Ti

(Mean � SD)

Culture growth (n¼ 4) 3 0.11 � 0.01 0.19 � 0.01

7 0.29 � 0.02(b) 0.84 � 0.13(a,b)

10 0.43 � 0.05(b) 0.88 � 0.09(a,b)

Total protein content (n¼ 4) 7 22.18 � 2.81 37.26 � 1.76(a)

10 58.51 � 4.64(c) 83.69 � 13.88(a,c)

ALP activity (n¼ 4) 7 46.90 � 5.14 9.97 � 3.70(a)

10 34.75 � 8.77(d) 9.68 � 1.32(a)

Calcium content (n¼ 5) 17 2.39 � 0.69 4.47 � 0.77(a)

(a) Indicates statistically significant differences (P�0.05) between Ti surfaces at each time point.

(b) Indicates statistically significant differences (P�0.05) among 3 and 7 and 10 days.

(c) Indicates statistically significant difference (P�0.05) between 7 and 10 days irrespective of Ti

surface.

(d) Indicates statistically significant difference (P�0.05) between 7 and 10 days to dense Ti.

SD, standard deviation.
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cultures grew between 3 and 7 days

(P¼ 0.0147 and 0.0002, respectively) and

reached a plateau between 7 and 10 days

(P¼ 0.0898 and 0.9675, respectively) (Fig.

3 and Table 2). Two-way ANOVA for the

amount of total protein indicated signifi-

cant differences regarding Ti surface

(P¼ 0.0001), time (P¼0.0001), but not

interaction Ti surface � time the (P¼

0.203). The total protein content was

greater on cultures grown on porous Ti

and increased between 7 and 10 days (Fig. 4

and Table 2). For ALP activity, two-way

ANOVA evidenced significant differences

regarding Ti surface (P¼ 0.0001), time

(P¼ 0.043), and Ti surface � time interac-

tion (P¼ 0.05). ALP activity was higher on

dense Ti at days 7 (P¼0.002) and 10

(P¼ 0.0003) (Fig. 5 and Table 2). For cul-

tures grown on dense Ti, ALP activity

decreased between 7 and 10 days (P¼

0.0363) but not for porous Ti (P¼ 0.9998)

(Fig. 5 and Table 2). The osteoblastic phe-

notype was confirmed at the transcrip-

tional level by mRNA expression of the

genes encoding Runx2, COL, ALP, BMP–

7, and OC, in cultures grown on both dense

Ti and porous Ti at days 7 and 17. For gene

expression of Runx2, two-way ANOVA

indicated significant differences regarding

Ti surface (P¼0.0001), time (P¼ 0.0001),

and Ti surface � time interaction (P¼

0.0001). Gene expression of Runx2 on

dense Ti was higher at day 7 (P¼ 0.0002)

and lower at day 17 (P¼ 0.0042) (Fig. 6a

and Table 3). Between 7 and 17 days, gene

expression of Runx2 decreased in cultures

grown on dense Ti (P¼ 0.0002), and did

not change in cultures grown on porous Ti

(P¼0.1022) (Fig. 6a and Table 3). Two-way

ANOVA for gene expression of COL evi-

denced significant differences regarding Ti

surface (P¼0.0001), time (P¼ 0.0001),

and Ti surface � time interaction (P¼

0.0001). For dense Ti, gene expression of

COL was higher at day 7 (P¼ 0.0002)

without significant difference from porous

Ti at day 17 (P¼ 0.4664) (Fig. 6b and Table

3). Gene expression of COL decreased in

cultures grown on dense Ti between 7 and

17 days (P¼ 0.0002) and did not change in

cultures grown on porous Ti (P¼ 0.4755)

(Fig. 6b and Table 3). For gene expression of

ALP, two-way ANOVA showed a non-

significant difference regarding Ti surface

(P¼ 0.131) and significant differences in

terms of time (P¼ 0.0001) and Ti surfa-

ce � time interaction (P¼ 0.0001). Gene

expression of ALP on dense Ti was higher

at day 7 (P¼ 0.0005) and lower at day 17

(P¼ 0.0002) (Fig. 6c and Table 3). A de-

crease in gene expression of ALP was ob-

served in cultures grown on dense Ti

between 7 and 17 days (P¼ 0.0375) and

an increase in cultures grown on porous Ti

(P¼ 0.0002) (Fig. 6c and Table 3). For gene

expression of BMP-7, two-way ANOVA

indicated significant differences regarding

Ti surface (P¼0.029), time (P¼ 0.0001),

Fig. 4. Total protein content (mg/ml) of osteogenic

cells derived from human alveolar bone cultured on

dense titanium (Ti) and porous Ti for 7 and 10 days.

(a) indicates statistically significant differences

(P�0.05) between Ti surfaces at each time point.

(b) indicates statistically significant difference

(P�0.05) between 7 and 10 days irrespective of

Ti surface. Data are reported as mean � standard

deviation (n¼4).

Fig. 5. Alkaline phosphatase (ALP) activity

(mmolthymolphthalein/h/mg protein) of osteogenic

cells derived from human alveolar bone cultured on

dense titanium (Ti) and porous Ti for 7 and 10 days.

(a) indicates statistically significant differences

(P�0.05) between Ti surfaces at each time point.

(b) indicates statistically significant difference

(P�0.05) between 7 and 10 days to dense Ti.

Data are reported as mean � standard deviation

(n¼ 4).

Fig. 6. Gene expression of runt-related transcription factor 2 (Runx2 – a), type I collagen (COL – b), alkaline

phosphatase (ALP – c), bone morphogenetic protein–7 (BMP–7 – d), and osteocalcin (OC – e), in osteogenic

cells derived from human alveolar bone cultured on dense titanium (Ti) and porous Ti for 7 and 17 days. (a)

indicates statistically significant differences (P�0.05) between Ti surfaces at each time point. (b) indicates

statistically significant difference (P�0.05) between 7 and 17 at each Ti surface. Data are reported as

mean � standard deviation (n¼ 3).
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and Ti surface � time interaction

(P¼ 0.009). At 7 days, gene expression of

BMP-7 was not affected by Ti surfaces

(P¼ 0.9422) and was higher on porous Ti

at day 17 (P¼ 0.0112) (Fig. 6d and Table 3).

Gene expression of BMP-7 increased in

cultures grown on porous Ti (P¼ 0.0008)

between 7 and 17 days, and did not change

in cultures grown on dense Ti (P¼ 0.2777)

(Fig. 6d and Table 3). Two-way ANOVA

for gene expression of OC demonstrated

non-significant differences regarding Ti

surface (P¼ 0.199) and time (P¼0.452)

and a significant difference in the Ti surfa-

ce � time interaction (P¼ 0.006). On

dense Ti, gene expression of OC was

higher at day 7 (P¼ 0.03) without a sig-

nificant difference from porous Ti at day 17

(P¼ 0.4364) (Fig. 6e and Table 3). Gene

expression of OC was not affected by the

time in cultures grown on both dense Ti

and porous Ti (P¼0.0549 and 0.2569,

respectively) (Fig. 6e and Table 3). At 17

days, SEM micrographs revealed a layer of

extracellular matrix coating the entire sur-

face area of the dense Ti (Fig. 7a). Addi-

tionally, in vitro tissue ingrowth was

restricted to the superficial regions of the

porous Ti structure (Fig. 7b). The Alizarin

Red S-stained cultures at day 17 exhibited

areas of calcified matrix on both dense Ti

and porous Ti (Fig. 8a and b). The calcium

content measured by the extraction of

Alizarin Red S from themineralizedmatrix

was significantly greater (P¼ 0.009) in

cultures grown for 17 days on the porous

Ti structure (Fig. 8c and Table 2).

Discussion

It is well established that surface properties

of the biomaterials such as topography,

chemistry, and surface energy direct cell–

implant interactions (Puleo & Nanci 1999;

Brunski et al. 2000; Bachle & Kohal 2004).

Although Ti has been used as a successful

and widespread implant material, a large

number of studies have evaluated varia-

tions in the Ti surface properties. In this

context, the present study aimed to inves-

tigate the human alveolar bone cell prolif-

eration, expression of osteoblastic

phenotype, and matrix mineralization on

porous Ti produced by powder metallurgy

and to make a comparison with dense Ti.

The results showed that a porous Ti struc-

ture promotes the culture growth as indi-

cated by MTT assay and total protein

content, induces a delay in the acquisition

of the osteoblastic phenotype as demon-

strated by gene expression profile and ALP

activity, and supports the enhancement of

matrix mineralization.

It is widely accepted that the optimal

pore size for the bone ingrowth is between

100 and 500mm, and the pores must be

interconnected to allow the organization of

the vascular system required for continuing

bone development (Bobyn et al. 1980;

Ishaug-Riley et al. 1998; Li et al. 2005,

2007). Additionally, an average pore size

ranging from 336 to 556mm induced simi-

lar osteogenic cell responses to porous Ti

fabricated using the same powder metal-

lurgy process (St -Pierre et al. 2005). In

accord with this, in this study we used

discs of porous Ti with pore size varying

between 50 and 400mm. The high surface

area of the porous Ti compared with the

dense Ti is associated with the powder

metallurgy process used (Lefebvre & Tho-

mas 2003). Indeed, the starting material is

a powder having a broad particle size dis-

tribution (� 180mm) and a high specific

surface area (300 cm2/g). During sintering

at a high temperature under vacuum, ther-

mal etching occurs and reveals the crystal-

lographic planes of the Ti crystals

(Gauthier et al. 2003). This provides the

fine submicron-size steps and the high

surface area exhibited by the porous Ti as

demonstrated by SEM micrographs.

The cell source should not be neglected

in studies of the interaction between cells

and biomaterials as the development of the

osteoblastic phenotype is skeletal site-spe-

cific, and is most probably related to dif-

ferent embryological origins and functions

of each site (Akintoye et al. 2006). Alveo-

lar bone is one of the most active bones

in the human body and its osteoblastic

cells are the ones that will interact with

dental implant surfaces (Xiao et al. 2003).

Because of this, in the present study, we

Table3. Gene expression of runt-related transcription factor 2 (Runx2), type I collagen
(COL), alkaline phosphatase (ALP), bone morphogenetic protein–7 (BMP–7), and osteocal-
cin (OC) in osteogenic cells derived from human alveolar bone cultured on dense titanium
(Ti) and porous Ti at days 7 and 17

Gene Time points (days) Dense Ti (Mean � SD) Porous Ti (Mean � SD)

Runx2 7 0.79 � 0.07 0.12 � 0.04(a)

17 0.03 � 0.01(b) 0.23 � 0.06(a)

COL 7 0.75 � 0.09 0.01 � 0.00(a)

17 0.01 � 0.00(b) 0.06 � 0.01

ALP 7 1.19 � 0.36 0.02 � 0.00(a)

17 0.65 � 0.06(b) 2.20 � 0.14(a,b)

BMP–7 7 0.27 � 0.19 0.05 � 0.00

17 1.03 � 0.71 2.71 � 0.61(a,b)

OC 7 1.47 � 0.85 0.29 � 0.17(a)

17 0.13 � 0.07 0.89 � 0.30

(a) Indicates statistically significant differences (P�0.05) between Ti surfaces at each time point.

(b) Indicates statistically significant difference (P�0.05) between 7 and 17 at each Ti surface.

SD, standard deviation.

Fig. 7. High resolution scanning electron micrographs of osteogenic cells derived from human alveolar bone

cultured on dense titanium (Ti) surface (a) and porous Ti structure (b) for 17 days. Areas of artificially-produced

detachment (a, arrowhead) demonstrated that all surface of dense Ti was covered by a thin layer of tissue. On

porous Ti structure, tissue ingrowth was restricted to the superficial regions (b, arrows) with absence of tissue

in the deeper areas (b, asterisk). Scale bars: a¼ 50mm; b¼200mm.
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used osteoblastic cells derived from hu-

man alveolar bone fragments. In order for

osteogenic cells to proceed with the wound-

healing cascade – proliferation, differentia-

tion, and tissue maturation – cells need to

adhere and spread to a substrate first (Folk-

man & Moscona 1978; Burridge et al.

1987). In addition, changes in cell shape

have been demonstrated to affect the fate of

tissue growth (Chen et al. 1997; McBeath

et al. 2004). In the present study, a dense

Ti surface and a three-dimensional porous

Ti structure supported different kinetics in

cell spreading, as revealed by epifluores-

cence of actin cytoskeleton labelling. In-

deed, cell spreading was clearly impaired

on porous Ti possibly due to its surface

geometry characteristics, with intercon-

necting spheres in the meso and micron-

scale defining the limits for in vitro tissue

ingrowth. Considering that the majority of

adherent cells on both dense Ti and porous

Ti were associated with extracellular fibro-

nectin, the observed changes in cell mor-

phology and in the pattern of fibronectin

organization on porous Ti possibly affected

initial cell–Ti interactions, altering the

progression of the cultures and the expres-

sion of osteoblastic markers. Indeed, fibro-

nectin has been demonstrated to be

involved in the interactions between the

implants and the extracellular matrix, act-

ing on cell adhesion, spreading and differ-

entiation, and matrix mineralization

(Globus et al. 1998; Keselowsky et al.

2005; Luthen et al. 2005).

It has been shown that the architecture

of the porous biomaterials may provide a

favourable environment for cell growth.

Cultures of osteoblasts derived from rat

calvaria and human osteosarcoma cell line

presented a higher proliferation rate on

porous bioactive glass and porous hydro-

xyapatite, respectively, compared with

dense surfaces (Anil Kumar et al. 2005;

Valerio et al. 2005). Also, newborn mouse

calvaria-derived MC3T3-E1 pre-osteoblas-

tic cultures grown on porous Ti exhibited

significantly more cells than on a dense Ti

surface (St -Pierre et al. 2005). Corroborat-

ing these findings, in the present study, we

noticeably demonstrated that parameters

related to the culture growth such as re-

duction of MTT by the mitochondrial

dehydrogenase of viable cells and total

protein content were significantly in-

creased in cultures of osteogenic cells

grown on a porous Ti structure compared

with dense Ti. In addition, these cells

exhibited more synthetic activity as cell

proliferation peaked between 7 and 10 days

and the total protein content approximately

increased two-fold from 7 to 10 days. The

positive effect of porous biomaterials on

cell proliferation could be attributed not

only to the three-dimensional structure

volume, which mimics the design of the

trabecular bone and supports tissue in-

growth, but also to the large surface area

available for cell growth (Holy et al. 2003;

St-Pierre et al. 2005). However, although

porous Ti exhibited a 225-fold larger area

than that of dense Ti, cell growth was only

Fig. 8. Extracellular matrix mineralization at 17 days, stained with Alizarin red S for histochemical detection

of calcium deposits. Epifluorescence of osteogenic cells derived from human alveolar bone cultured on dense

titanium (Ti) (a) and porous Ti (b) with typical bone-like nodule formation. Calcium content (c; absorbance)

extracted from mineralized matrix of osteogenic cultures grown on dense Ti and porous Ti. (a) indicates

statistically significant difference (P�0.05) between Ti surfaces. Data are reported as mean � standard

deviation (n¼5). Scale bars: a and b¼ 100 mm.

Rosa et al . Human osteogenic cells cultured on porous titanium

c� 2009 The Authors. Journal compilation c� 2009 John Wiley & Sons A/S 479 | Clin. Oral Impl. Res. 20, 2009 / 472–481



three-fold greater. This could be explained

by the relatively reduced length of the cul-

ture period, as the inability of cells to pene-

trate into deeper regions was clearly noticed.

Significant differences have been demon-

strated between dense Ti and porous Ti in

terms of the development of the osteoblas-

tic phenotype. For instance, a porous Ti

structure induces a higher ALP activity

compared with a dense Ti surface in

MC3T3-E1 pre-osteoblastic cells cultured

for periods of up to 13 days (St-Pierre et al.

2005). In contrast, our results demonstrated

that osteogenic cells cultured on porous Ti

exhibited a remarkably lower ALP activity

at both time points evaluated: 7 and 10

days. Consistently, the expression of genes

encoding Runx2, COL, ALP, BMP–7, and

OC, key markers of the osteoblastic phe-

notype (Owen et al. 1990; Stein et al. 1990;

Beck 2003), was delayed in cells cultured

on porous Ti. Taken together, the results of

cell growth and expression of the osteoblas-

tic phenotype are supported by the recipro-

cal relationship between the decrease in cell

proliferation and induction of differentia-

tion (Owen et al. 1990).

Despite the reduced levels of ALP activ-

ity at days 7 and 10, such a three-dimen-

sional Ti structure supported increased

mineralized matrix formation at day 17,

when mRNA of osteoblastic markers,

including ALP, achieved higher levels

compared with dense Ti. Interestingly,

while the porous Ti structure supported

an enlarged andmore suitable environment

for bone-like tissue formation, as also de-

scribed by others (Kim et al. 2000; Holtorf

et al. 2005; Li et al. 2007), dense Ti

exhibited the majority of cells with typical

changes in nuclear morphology indicative

of apoptotic cell death at day 17, limiting

the extension of mineralized matrix forma-

tion in such a reduced, two-dimensional

environment. Therefore, the porous Ti

structure extends the lifespan of osteogenic

cells and possibly their synthetic activity

phase, ultimately leading to an increase in

bone tissue formation. However, the pos-

sibility that the greater surface area could

account for the more in vitro tissue forma-

tion and therefore the enhancement in

calcium deposits cannot be ruled out.

In conclusion, we have demonstrated

that the porous Ti structure produced

through a powder metallurgy process al-

lowed human alveolar bone-derived cells to

adhere, proliferate, and produce minera-

lized matrix. Additionally, porous Ti had

a positive effect on the culture growth and

the cell cycle activity, resulting in a delay

in the expression of the osteoblastic phe-

notype. From our findings, strategies for

developing novel biomaterials for implant

application have raised. They include the

association of the ability of porous Ti to

induce tissue ingrowth with surface treat-

ments that clearly demonstrate osteogenic

potential, such as production of nanotopo-

graphy or immobilization of selected mo-

lecules with known osteogenic activity

(Nanci et al. 1998; Puleo et al. 2002; De

Oliveira & Nanci 2004; De Oliveira et al.

2007). Finally, because in vitro tissue in-

growth may be restricted to the superficial

regions of the porous Ti structure and a

fully porous structure may exhibit reduced

mechanical properties, porous-surfaced im-

plants could be more suitable for implant

applications (Li et al. 2005). Further studies

are needed in order to determine the opti-

mal thickness of the porous structure for

cell/tissue ingrowth. Such strategies have

been under investigation in our laboratory.
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