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Effect of titanium surface roughness on human bone marrow cell proliferation and
differentiation. An experimental study1
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ABSTRACT
Purpose: To assess the proliferation and differentiation of human bone marrow-derived cells cultured on titanium surfaces with different
roughness characteristics. Methods: Cells obtained from the iliac crest of an adult human donor were routinely processed and cultured
on titanium surfaces of varying roughness, according to their preparation method: polishing only (smooth surface) and polishing
followed by etching with HF/HNO3 for 15 and 30 minutes (rough surfaces). Surfaces were assessed using scanning electronic
microscopy and profilometry. Results: Titanium disks etched with acid for 15 minutes allowed greater cell proliferation in all
culture periods. The level of osteopontin and osteocalcin expression was increased in both acid-etched groups, which indicates an
advanced stage of differentiation of cells into osteoblasts. Conclusions: Increased surface roughness accelerates the differentiation
of undifferentiated mesenchymal cells into osteogenic lineage cells, but does not necessarily favor cell proliferation. An intermediate
surface roughness of 0.5µm (acid etching for 15 minutes) favors both initial and final cell responses.
Key words: Dental Implantation. Titanium. Cell Proliferation. Stem Cells.

RESUMO
Objetivo: Avaliar a proliferação e diferenciação de células derivadas da medula óssea humana sobre superfícies de titânio com diferentes
rugosidades de superfície. Métodos: Células obtidas da crista ilíaca de um doador humano adulto foram rotineiramente processadas e
cultivadas sobre superfícies de titânio preparadas através de polimento apenas, ou polimento seguido de condicionamento com
HF/HNO3 por 15 e 30 minutos, para produzir superfícies com rugosidades variadas, conforme determinado por Microscopia Eletrônica
de Varredura e perfilometria. Resultados: Discos de titânio condicionados com ácido por 15 minutos permitiram maior proliferação
celular em todos os períodos de cultura. O nível de expressão das proteínas osteopontina e osteocalcina estava aumentado em ambos os
grupos condicionados com ácido, indicando que as células estavam comprometidas com o fenótipo osteogênico. Conclusões: O aumento
na rugosidade de superfície acelera a diferenciação de células mesenquimais indiferenciadas em células de linhagem osteogênica, mas
não necessariamente favorece a proliferação celular. Uma superfície com rugosidade intermediária de 0,5µm (condicionada com ácido
por 15 minutos) favorece tanto as respostas celulares iniciais quanto as finais.
Descritores: Implante Dentário. Titânio. Proliferação de Células. Células-Tronco.
1Research performed at the Institute of Biomedical Research, Sao Lucas Hospital, Pontifical Catholic University of Rio Grande do Sul (PUCRS),
Brazil.

Introduction

The establishment of clinical and experimental criteria for
achieving osseointegration allowed the scientific community to
change its focus and start seeking alternatives to enhance the qual-
ity and speed of the osseointegration process. Studies in the field
of implantology have aimed at making osseointegrated implants

rapidly available for clinical use, in an attempt to reduce or even
eliminate the load-free healing period recommended in the research
protocol established by the Götenborg-Sweden Group.

Many doubts persist with regard to the interaction between
bone tissue and implant surface. However, at present, it is known
that the initial events that take place at the bone-implant interface
determine the success or failure of dental implants1.



Effect of titanium surface roughness on human bone marrow cell proliferation and differentiation. An experimental study

Acta Cirúrgica Brasileira - Vol. 24 (3) 2009  -  201

Several factors interfere with the osseointegration process:
planning and selection of the most adequate surgical technique,
implant design, and implant biocompatibility, which seems to be
determined not only by chemical properties but also by surface
properties2.

The effects of surface topography on tissue response in
vitro and in vivo have been extensively studied over the last
decade, and no consensus has been reached. Several authors
have reported an association between increased implant surface
roughness (as a result of specific texturization techniques) and
improved cell adhesion and proliferation findings3-7. Other studies,
however, suggest that increased surface roughness is not a
determinant factor for initial cell response8-12. Finally, an in vitro
study has suggested that osteoblasts show a preference for sur-
faces with a high degree of microroughness (mean roughness of
approximately 0.5 µm)1.

The aims of this study were to characterize the topogra-
phy of titanium disk surfaces submitted to polishing and to HF/
HNO3-etching for different periods of time, as well as to assess the
proliferation and differentiation of human bone marrow-derived
cells cultured on these surfaces. Assessment was carried out using
quantitative analysis of cell proliferation and detection of
osteospecific markers (osteopontin and osteocalcin) to confirm the
presence of osteogenic lineage cells.

Methods

Titanium disks. Disks were made from a bar of 99% pure,
grade II, commercially available titanium (Ticp), measuring 15 mm
in diameter and 1 mm in thickness. They were processed by me-
chanical polishing under water irrigation using abrasive papers
(SiC), a metal polishing cloth, and a titanium polishing cloth. Three
specific surface topographies were prepared: surfaces submitted to
polishing only, as detailed above (aiming at a smooth surface); sur-
faces submitted to polishing plus etching with 0.8% HF, 13% HNO3
solution for 15 minutes; and surfaces submitted to polishing plus
etching (with the same solution) for 30 minutes. After surface prepa-
ration, all samples were cleaned in an ultrasound bath and auto-
claved at 121 ºC for 15 minutes.

Surface polishing regularity was assessed using scanning
electronic microscopy (SEM), and parameters such as mean rough-
ness (Ra) and maximum roughness (Rt), which is defined as the
sum of the highest peak with the lowest valley within the measure-
ment area, were measured with a profilometer. To gauge the rough-
ness of disks, five areas were assessed in two disks randomly se-
lected from each group.

Human bone marrow cell culture. Human bone marrow
cells were obtained from a 45-year old patient in good physiologi-
cal state admitted to the Oral and Maxillofacial Surgery and Trau-
matology Unite, São Lucas Hospital, Pontifical Catholic Univer-
sity of Rio Grande do Sul (PUCRS), for atresic maxilla reconstruc-
tion surgery using autogenous iliac crest bone graft.

Purified bone marrow cells were suspended in a
Dulbecco’s modified Eagle medium (DMEM), supplemented with
10% bovine fetal serum, 100 U/ml penicillin, 100 µg/ml strepto-
mycin, and 50 µg/ml gentamycin, and counted. A new culture
medium was then added to adjust cell concentration, composed of
40 µg of BMP-4 per ml of DMEM. The suspension was added to
previously prepared 24-well plates containing the titanium disks

in aliquots of 500 µl with a density of 0.5 x 105 cells per milliliter,
counted in a hemocytometer. Finally, cultures were incubated and
kept in a humidified oven at 37 ºC containing 5% of CO2.

Group information. Titanium disks were divided into three
different groups of eight disks each, according to the treatment
received, as follows: smooth group, polishing only; roughness
2 group, polishing plus HF/HNO3 etching for 15 minutes; and
roughness 3 group, polishing plus HF/HNO3 etching for 30
minutes.

Cell proliferation. For the analysis of cell proliferation,
the nuclei of cells present in each biosystem (in all groups) were
stained with propidium iodide at 3, 7, 14 and 21 days after culture.
After staining, disks were removed from the plate and placed on a
slide for cell analysis and observation using an optic microscope
and ultraviolet light.

For a precise determination of the number of cells, the
biosystems were analyzed and randomly micrographed (twelve
micrographs per surface) under an Axiolab optic microscope
equipped with ultraviolet light, at a 50x magnification. Afterwards,
micrographs were digitized by an image processing system to a
standard size (27 x 18 cm), over which a grid with standardized
squares (2.5 x 3.25 cm) was traced, simulating a hemocytometer.
The program used to display the image on the computer monitor
was Microsoft Powerpoint® version 2000.

Cell differentiation. Osteocalcin and osteopontin mRNA
expression was detected by complete RNA extraction followed by
reverse transcription reaction and polymerase chain reaction (PCR).
Specific oligonucleotide initiators were used for each of the pro-
teins. PCR products were submitted to horizontal electrophoresis
in 2% agarous gel with TAE buffer containing ethidium bromide
and visualized under ultraviolet light.

Statistical analysis. The non-parametric Kruskal-Wallis
test was used to compare different groups and observation
periods, as well as to assess the number of cells adhering to
disks. The Statistical Package for the Social Sciences (SPSS)
version 10.0 was used to process and analyze results.

This research project was conducted after being approved
by the Scientific and Ethics Committee of the School of Dentistry
at PUCRS and by the Research Ethics Committee at PUCRS. The
study is in accordance with items III.3.i and III.3.t of the Brazilian
Guidelines and Norms for Research involving Humans.

Results

Characterization of the titanium disk surface topography

Measurement of Ra and Rt parameters showed that HF/
HNO3-etching for 15 and 30 minutes produced disks with different
surface topographies. According to the analysis of variance
(ANOVA) and the Tukey multiple comparison test, Ra and Rt
parameters were significantly different between the three groups
(p=0.01) (Table 1).

SEM revealed that surfaces submitted to acid-etching for
15 minutes presented a more homogenous morphology, with
groove-like depressions, while surfaces treated with acid for 30
minutes presented a rougher appearance, with many irregular
projections (Figure 1). The microscopic findings of the smooth
surface confirmed its polished appearance.
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FIGURE 1 - Scanning electron microscopy of titanium disk surfaces (scale
and magnification: 50 µm, 800x). A) Smooth surface; B) HF/HNO3- etched
surface (15 minutes); C) HF/HNO3- etched surface (30 minutes)

TABLE 1 - Ra and Rt parameters in titanium disk groups*

Ra Rt  

 

Group Average 

Standard 

deviation p Average 

Standard 

deviation p 

Smooth 0.15
A 

0.02 0.01
†
 1.17

A
 0.16 0.01

†
 

Roughness 2 0.50
B 

0.07  4.49
B
 0.78  

Roughness 3 0.77
C 

0.05  6.58
C
 0.66  

* Figures followed by the same letter are not statistically different † Significant (p < 0.05)
Source: Research data from PUCRS, 2004.

 

Cell proliferation analysis

The analysis of cell proliferation findings with the
Kruskal-Wallis test revealed differences between the groups. At
3 days after culture, the smooth (Ra = 0.15 µm) and roughness 3
(Ra = 0.77µm) groups presented lower proliferation values when
compared to the roughness 2 group (Ra = 0.50 µm) (p=0.01). Cell
proliferation analysis at 7 and 14 days after culture did not show
statistically significant differences between the groups, although
cells cultured on disks with intermediate roughness (roughness 2
group) presented improved proliferation (Table 2).

Osteopontin and osteocalcin expression

Osteopontin expression was determined by indirect
detection of osteopontin mRNA by reverse transcription and
cDNA synthesis at 3, 7, 14 and 21 days after culture. A greater
expression was observed in cells cultured on disks with a
roughness index between 0.50 µm and 0.77 µm (roughness 2 and
roughness 3 groups), on days 3, 7 and 14 (Figure 2).

Osteocalcin expression was greater in later assessment
periods (14 and 21 days), and in cells cultured on disks with a
roughness index between 0.50 µm and 0.77 µm (roughness 2 and
roughness 3 groups), especially at 14 days after culture (Figure 3).
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TABLE 2 - Number of cells adhered to titanium disks in each group at different culture periods*

FIGURE 2 - Polymerase chain reaction of human bone marrow cells for osteopontin. Culture periods of 3, 7,
14 and 21 days. Column 1 = smooth group; Column 2 = roughness 2 group; Column 3 = roughness 3 group; PC
= positive control; M = weight molecular marker of 123 pb

* Figures followed by the same letter are not statistically different † Significant (p < 0.05)
Source: Research data from PUCRS, 2004.

Culture periods n Average Standard deviation p 

3 days     

Smooth  14 1.50
A 

1.40 0.01
†
 

Roughness 2  14 12.86
B
 4.97  

Roughness 3  14 1.29
A
 1.07  

7 days     

Smooth  14 4.50 3.82 0.15 (ns) 

Roughness 2  14 6.79 3.96  

Roughness 3 14 4.36 3.18  

14 days     

Smooth  14 4.64
 

3.65 0.46 (ns) 

Roughness 2  14 5.79 3.62  

Roughness 3  14 3.93 2.16  
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FIGURE 3 - Polymerase chain reaction of human bone marrow cells for osteocalcin. Culture periods of
3, 7, 14 and 21 days. Column 1 = smooth group; Column 2 = roughness 2 group; Column 3 = roughness
3 group; PC = positive control; M = weight molecular marker of 123pb

Discussion

The influence of implant surface roughness on initial
cell responses has not yet been completely explained. However,
several authors advocate that an increased surface roughness,
achieved by specific texturization techniques, would favor such
responses3-5. Recently, some investigators have suggested that
osteoblasts present a greater affinity for surfaces with a high
degree of microroughness (Ra of approximately 0.5 µm). In our
study, surfaces were submitted to a subtraction process, namely
acid etching, which provided relatively low roughness values, close
to those suggested by Anselme1 as ideal. In addition, the treatment
used in our study has already been shown to provide adequate
biological properties4,13.

More than one method of evaluation must be used for the
topographic characterization of a surface4,14, since no technique in
isolation is capable of faithfully reflecting topographic findings.
There is a great variety of two- and three-dimensional measuring
techniques to characterize surfaces. Based on a previous study
developed by Keller et al.4, the techniques selected for our study
were SEM, which provides excellent depth of focus and a qualita-
tive analysis of the topography, and profilometry, which allows for
the quantitative assessment of surface topography through the Ra
and Rt parameters. As expected, a longer exposure time of the
titanium disk to acid etching promoted increased surface
roughness, which was confirmed by the measurement of Ra and
Rt parameters.

To evaluate cell proliferation and differentiation, cultures
of human bone marrow cells obtained from the iliac crest of an
adult donor were used. Human bone marrow contains undifferen-
tiated mesenchymal cells, which have the potential to differentiate
into various types of cells, depending on the conditions under which
they are cultured and the respective regulatory factors15. Accord-
ing to Katagiri and Takahashi16, bone morphogenetic proteins
(BMP) have a critical role in the differentiation of osteoblasts. In
the present investigation, BMP-4 was used as an induction factor
for the differentiation of mesenchymal cells into osteogenic
lineage cells, a method that has been shown to be successful
by Shimizu et al.17 The differentiation of mesenchymal stem cells
into osteogenic lineage cells may be confirmed by the expression
of osteopontin and osteocalcin in cultures assessed at different
time periods.

Although the degree of cell proliferation was lower in
rougher surfaces (Ra = 0.77µm), there was a greater expression of
osteocalcin and osteopontin in these groups when compared to the
smooth surface group. Possibly, the roughness may have favored
the differentiation of adhered cells into osteogenic lineage cells, in
spite of the low findings for cell proliferation. Similar results were
found by Rosa and Beloti20; these authors compared surfaces with
different levels of roughness obtained by the airborne particle
abrasion process and found an association of increased alkaline
phosphatase activity and total protein content with lower degrees
of cell proliferation.

Some authors, such as Chou et al.21 and Jayaraman et al.10,
assessed surface topography of titanium disks in relation to the
morphology of cells and suggested that on grooved surfaces, cells
acquired a more elongated and polarized morphology. This
finding would be related to a greater protein synthesis by these
cells, consequently favoring cell adhesion, proliferation and
differentiation. Cell morphology may be related to improved cell
proliferation findings observed in cultures carried out on tita-
nium disks with a roughness of 0.50 µm (grooved and regular
appearance).

In terms of osteopontin expression, which was observed
since the initial periods in cells cultured on titanium disks with
a roughness of 0.50 µm and 0.77 µm, our results corroborate
the analyses carried out by Aubin22, who detected this marker in
precursor cells at relatively early stages of differentiation.

Osteocalcin, in its turn, is currently considered to be the
most specific osteoblastic marker, and is expressed at later stages
of the differentiation process: it is undetectable in pre-osteoblasts,
but can be found abundantly in post-mitotic and mature
osteoblasts22. Considering these data, it is possible to state that
our acid-etched cells (roughness 2 and roughness 3 groups)
were at advanced stages of differentiation on days 14 and 21 of the
experiment.

A possible limitation of the present study refers to the
difficulty in comparing our results with other studies available in
the literature, due to the lack of characterization of the surfaces
tested and of knowledge about the cell and tissue reactions
obtained with different surface treatment options.

Some in vitro studies have
found an association between
increased surface roughness and
improved cell proliferation findings18.
In the present study, however, a small
cell proliferation index was observed
on surfaces with greater roughness
when compared with less rough
surfaces. Our results showed a
greater number of cells in all culture
periods on surfaces with a roughness
of 0.50 µm (roughness 2 group,
exposed to acid for 15 min), thus
corroborating the findings of
Anselme1, Keller et al.4, and Isa et al.19,
who suggested that a high degree
of microroughness would favor
initial cell responses of adhesion and
proliferation.
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Conclusions

The results obtained in this study suggest that rough
surfaces submitted to acid-etching favor undifferentiated
mesenchymal cell differentiation into osteogenic lineage cells
when compared with smooth surfaces.

In our analysis, surfaces submitted to acid-etching for 15
minutes, with a mean roughness of 0.50 µm, were associated with
better cell proliferation and differentiation findings.
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