
 
 
 

This article was originally published in Comprehensive Biomaterials published by 
Elsevier, and the attached copy is provided by Elsevier for the author's benefit and for 
the benefit of the author's institution, for non-commercial research and educational use 
including without limitation use in instruction at your institution, sending it to specific 

colleagues who you know, and providing a copy to your institution’s administrator. 

 

 

 
All other uses, reproduction and distribution, including without limitation commercial 

reprints, selling or licensing copies or access, or posting on open internet sites, your 
personal or institution’s website or repository, are prohibited. For exceptions, 
permission may be sought for such use through Elsevier's permissions site at: 

 
http://www.elsevier.com/locate/permissionusematerial 

 
Schwartz Z., Raines A.L., and Boyan B.D. (2011) The Effect of Substrate 

Microtopography on Osseointegration of Titanium Implants. In: P. Ducheyne, K.E. 
Healy, D.W. Hutmacher, D.W. Grainger, C.J. Kirkpatrick (eds.) Comprehensive 

Biomaterials, vol. 6, pp. 343-352 Elsevier. 
 

© 2011 Elsevier Ltd. All rights reserved. 



Author's personal copy

 

6.622. The Effect of Substrate Microtopography on Osseointegration of
Titanium Implants
Z Schwartz, A L Raines, and B D Boyan, Georgia Institute of Technology, Atlanta, GA, USA

ã 2011 Elsevier Ltd. All rights reserved.

 
 
 
 
 

 

6.622.1. Introduction 343
6.622.2. In Vitro Studies 344
6.622.3. Mechanisms Mediating the Microtopography Effect 346
6.622.4. In Vivo Studies 349
6.622.5. Summary 350
References 351

 
 
 
 
 
 
 
 
 

 
 

Abbreviations
1a,25

(OH)2D3

1a,25-Dihydroxy vitamin D3

Ang-1 Angiopoietin 1

BIC Bone to implant contact

BMP-2 Bone morphogenetic protein 2

Cox Cyclooxygenase

CSR Cumulative success rate

DAG Diacylglycerol

EGF Epidermal growth factor

ERK1/2 Extracellular regulated kinase

FGF-2 Fibroblast growth factor 2 (basic fibroblast

growth factor)

GFOGER Glycine-phenylalanine-hydroxyproline-

glycine-glutamate-arginine

KRSR Lysine-arginine-serine-arginine
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KSSR Lysine-serine-serine-arginine

LPA Lysophosphatidic acid

MAPK Mitogen-activated protein kinase

MSC Mesenchymal stem cell

OPG Osteoprotegerin

PA Phosphatidic acid

PC Phosphatidylcholine

PGE1 Prostaglandin E1
PGE2 Prostaglandin E2
PKC Protein kinase C

PLD Phospholipase D

RANK Receptor activator of nuclear factor k B

RANKL Receptor activator of nuclear factor k B ligand

RGD Arginine-glycine-aspartic acid

TGF-b1 Transforming growth factor b1
VEGF-A Vascular endothelial growth factor A
(2011), vol. 6, 
6.622.1. Introduction

The first events after an implant comes in contact with tissues

are due to interactions of the biological environment with the

implant surface. Upon implantation, the implant surface is

coated with an adsorbed layer of proteins, ions, sugars, and

lipids present in the blood and tissue fluid. The onset of the

biological reactions, as well as the particular response path-

ways in the bone surrounding the implant, depends strongly

on a variety of surface properties, including topography, chem-

istry, charge, and tension (Figure 1). This chapter focuses on

the role that the microtopography of the surface has in mod-

ulating cell behavior at the bone–implant interface.

It has been understood for some time that bone tends to

form on rough surfaces, whereas fibrous connective tissue

forms on smooth surfaces.1–5 To capitalize on this empirical

observation, implant manufacturers designed surfaces that had

porous coatings with the intent to promote bony ingrowth.

The results have been less than anticipated, in part because the

microtopography of the surface that was sensed by individual

cells was perceived by them as smooth.1 More recently, inves-

tigators have examined microroughness effects and have noted

that Ra values of 4–5mm tend to enhance osteogenic differen-

tiation both in vitro6 and in vivo.7

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

In general, dental implants are produced by machining

titanium rods. Machined surfaces are macroscopically smooth,

although microscopic irregularities exist. These microscopic

grooves and pits are the result of the machining operation

and have dimensions in the micron range. Although there are

minor differences in the microroughness and appearance of

machined surfaces,8–10 they have not been proved to be of

clinical significance.9

In order to increase the implant surface in contact with bone

and interaction with the bone formation process, most manufac-

turersmodify the titanium surfaces, applying several surface treat-

ments or coatings (see Chapter 1.112, Calcium Phosphate

Coatings and Chapter 1.113, Bioactive Layer Formation on

Metals and Polymers). One approach is to increase the surface

roughness by grit blasting.11 Implants can be blasted with silica,

alumina, glass, or titanium particles, which erode the substrate

and forman irregular surfacewith pits and depressions of various

sizes.12 The size of the irregularities depends on various factors

such as the size andmaterial of the blasting particles, the pressure

used, the blasting time, and the distance from the blasting nozzle.

Some blasted particles can remain embedded in the implant

surface. This is an undesirable occurrence as the embedded par-

ticles can be released later in the biological environment, causing

activation of phagocytes. To minimize this occurrence,
343
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meticulous postblasting cleaning procedures are used, such as

chemical etching.13

Chemical etching is also used to increase the surface rough-

ness of oral implants.14 It can be applied after machining or

grit blasting, further increasing the complexity of the surface

microstructure.15,16 While most chemical etching uses one

acid, a dual etching procedure using HCl and H2SO4 has also

been used.17 This treatment results in small regular pits on the

implant surface, doubling the surface area of the implant.17

Another treatment that increases surface microroughness is

plasma spraying. In this process, individual titanium particles

are suspended in a plasma torch and projected onto the

implant.18,19 During this process, local melting typically

occurs, resulting in a surface that is characterized by depres-

sions and protrusions with extremely irregular regions as well

as relatively smooth areas.

Not only does the surface topography at the micron and

submicron scale affects cell response, but features at the nano-

scale have also been demonstrated to influence cell behavior

(see Chapter 4.409, Surfaces and Cell Behavior and Chapter

1.129, Engineering the Biophysical Properties of Basement

Membranes into Biomaterials: Fabrication and Effects on

Cell Behavior).20–23 The primary nonmineral component of

bone, type I collagen, consists of fibers of approximately

300nm in length and 0.5 nm in width. The mineral hydroxy-

apatite crystals in bone are generally around 50nm in length

and 5nm in diameter.24 Research suggests that features at the

nanoscale may in fact aid in new bone formation at the tis-

sue–implant interface. In one study, it was shown that com-

posite materials possessing nanophase surface structural

features comparable to natural bone (i.e., grain sizes in the

nanometer range) support greater osteoblast adhesion and

mineral deposition compared to conventional ceramics.25

To understand the role of surface microroughness on

osseointegration, in vitro studies have been conducted to eval-

uate the mechanisms by which the micron-scale topographical

features of an implant mediate their effects on bone cell behav-

ior. In vivo studies have been conducted to determine if surface

microarchitecture has an effect clinically on the relative success

of a particular implant design. Investigators have begun to

resolve the difficulties in characterizing implant surfaces

where nanostructure is imposed upon microscale topogra-

phy,26 but it is not yet understood what influence features at

this level will have on cell and tissue response.
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6.622.2. In Vitro Studies

Osteoblast attachment to materials, and their proliferation,

extracellular matrix synthesis, and differentiation are sensitive

to the microtopography of the surface.27 On titanium surfaces

with microrough rugosities, osteoblasts assume a more differ-

entiated morphology. Attachment is reduced on these surfaces

in comparison with tissue culture polystyrene or smooth tita-

nium surfaces. In addition, those cells that do attach exhibit

reduced proliferation. In contrast, these cells show increased

markers of osteoblastic differentiation. The cells exhibit

increased levels of alkaline phosphatase-specific activity and

osteocalcin, and they produce factors that are known to mod-

ulate osteoclastic activity,28 as described below. Moreover,

osteoblast phenotypic expression and the levels of regulatory

factors in the conditioned media are modulated by the

vitamin D metabolite 1a,25(OH)2D3 (1a,25-dihydroxy vita-

min D3) in a manner that is synergistic with surface rough-

ness.29 Osteoblast response to BMP-2 also depends on surface

features30 and fetal rat calvarial cells are regulated by BMP-2

and dexamethasone under similar culture conditions.31 More-

over, normal human osteoblasts are regulated by 17b-estradiol
in a roughness-dependent manner.32

These observations indicate that the microstructural fea-

tures of an implant surface modulate bone formation, and

suggest the hypothesis that microtopography might be a

factor regulating osteogenesis on bone surfaces as well. Stud-

ies examining the response of human MG63 osteoblast-like

cells to the surfaces of dentin and bone wafers support this

observation (see Chapter 2.210, Bone as a Material). When

these cells are cultured on dentin or bone wafers, they

exhibit reduced proliferation and increased differentiation

in comparison with cells grown on tissue culture polysty-

rene.33,34 This surface effect is further enhanced when the

wafers are treated with osteoclasts. It is clear that part of the

effect of osteoclastic resorption is due to biochemical condi-

tioning of the surface and not simply to removal of mineral.

If only 3% of a dentin surface is removed via osteoclastic

resorption, the effect on osteoblasts is greater than that

caused by demineralization of the entire surface with tetra-

cycline. It has been shown that osteoclasts deposit attach-

ment factors during the resorptive process.35 However, at

least part of the osteoclastic response is microtopography

dependent. Resorption of mineral leaves a complex micro-

and nanotopography that can be modeled using titanium

substrates (Figure 2).

Surface-dependent changes in osteoblast physiology can

result in altered paracrine regulation in peri-implant tissues

(Figure 3). Many of the factors produced in increased amounts

by osteoblast-like cells grown onmicrorough titanium surfaces

are known to regulate bone remodeling by differentially affect-

ing osteoblasts and osteoclasts. As surface microroughness

increases, levels of PGE1 and PGE2 in the conditioned medium

also increase.36 The amount of PGE2 produced also appears to

be sensitive to the method used to fabricate microtextured

surfaces37 and to the osteoblast-like cell model.38 Monocytes

also exhibit increased PGE2 production on Ti surfaces in com-

parison with plastic, but increases due to LPS stimulation are

not dependent on microarchitecture.39
011), vol. 6, pp. 343-352 
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Figure 2 Scanning electron micrograph images showing the similarities between osteoclast resorbed bone surfaces and sandblasted, acid-etched
titanium surfaces. Reproduced with permission from Davies JE, Hosseini MM. In Bone Tissue Engineering; Davies, J. D., Ed.; Toronto,
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Figure 3 Processes involved in osseointegration. Events at the implant surface, including osteoprogenitor cell attachment, proliferation, and
differentiation, lead to release of local regulatory factors in the peri-implant space. These factors contribute to the recruitment of osteoblast-progenitors
on the endosteal bone surface and suppression of osteoclast formation and activity. Studies also show that implant materials placed at one site in
bone can affect bone formation at distal sites, supporting the hypothesis that factors are released locally that become systemic.
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PGE2 stimulates osteoclastic activity at high levels, but it is

required at low levels for osteoblast activity.40,41 The elevated

prostaglandins that are seen in cultures grown on rough micro-

topographies appear to be required for enhanced osteogenesis

as inhibition of prostaglandin production by indomethacin

blocks the increase in osteoblast phenotypic expression on

these substrates.42 Moreover, 1a,25(OH)2D3 stimulates PGE2
production by MG63 cells only when they are grown on the

rougher surfaces and this stimulatory effect is dose dependent

and synergistic with the surface effect.43

Growth factor production and storage are regulated as well,

as shown in studies using TGF-b1 as a model. TGF-b1 stimulates

proliferation of mesenchymal cells and enhances the produc-

tion of extracellular matrix, particularly of type I collagen.36 It is
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synthesized in latent form and stored in the extracellular matrix

together with a binding protein termed latent TGF-b binding

protein. WhenMG63 cells are cultured on Ti surfaces of increas-

ing roughness, most of the TGF-b1 produced is in latent form,

and the amount increases on surfaces with rough microtopo-

graphies.36 The regulation of TGF-b1 production on Ti surfaces

depends on the osteoblast-like cell model used.37,38 In studies

using MG63 osteoblast-like cells as the model, the distribution

of TGF-b1 between the matrix and the conditioned media of the

cells is affected. On rougher surfaces, there is a greater incorpora-

tion of TGF-b1 into thematrix.44 This is important for later bone

remodeling because osteoclasts release TGF-b1 during the

resorption phase and activate it. Once activated, TGF-b1 can

act on the osteoclast to downregulate its activity.
(2011), vol. 6, pp. 343-352 
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The amount of TGF-b1 produced by osteoblasts cultured

on Ti is modulated in a surface-dependent manner by factors

that regulate osteogenesis and subsequent bone resorption.

17b-Estradiol has no effect on the TGF-b1 content of the

media of MG63 cells grown on smooth Ti surfaces but when

these cells are cultured on rougher microtopographies,

17b-estradiol causes a dose-dependent increase in the levels

of TGF-b1.33,34 The vitamin D metabolite 1a,25(OH)2D3

causes a similar effect.29 1a,25(OH)2D3 does not alter TGF-b
1 levels in cultures grown on smooth Ti, but it increases TGF-b1
levels in the media of cells grown on rougher surfaces and the

effect is dose dependent.29

In vivo, it is likely that immune cells interact with implant

surfaces before osteoblast-progenitor cells migrate onto the

implant surface (see Chapter 4.403, The Innate Response to

Biomaterials). Ti surface topography affects these cells as well.

Macrophage andmonocyte attachment and spreading, andBMP-

2 expression are increased on microrough titanium.39,45 Thus,

the behavior of cells grown on surfaces with rough microarchi-

tectures is altered both with respect to their basal production of

autocrine factors andwith respect to their ability to produce these

factors in response to hormonal regulation. Moreover, the

response is to increase production of factors that promote early

stages of bone formation and retard osteoclastic resorption.

These studies suggest that other factors that modulate osteo-

clastogenesis might be modulated as well. To test this, an

examination of osteoblast-dependent regulation of osteoclasts

via receptor activator of nuclear factor k B (RANK) ligand

(RANKL) was initiated (see Khosla46 for a review of the

RANKL regulatory system). Osteoblasts retain RANKL on their

plasma membranes. When RANKL binds its receptor RANK on

osteoclasts, osteoclastic resorption is activated. To control this

phenomenon, osteoblasts also produce a decoy receptor

termed osteoprotegerin (OPG), which binds to RANKL, pre-

venting it from interacting with RANK. If the regulatory stimu-

lus now favors osteoclasts but excess OPG is present, the

osteoblast may also produce soluble RANKL (sRANKL), which

can then bind the OPG, leaving membrane-associated RANKL

to interact with RANK on the osteoclasts. Thus, excess OPG

would favor osteogenesis over bone resorption. When grown

on titanium substrates with rough microtopographies, MG63

cells produce higher levels of OPG and this is further increased

by 1a,25(OH)2D3 in a synergistic manner, but no change

occurs in the expression of sRANKL.47

In addition to regulating osteoblast attachment, morphology,

differentiation, and local factor production, Ti implant roughness

also modulates the production of angiogenic factors by osteo-

blasts.48 Clinically, the success of implanted materials in ortho-

pedics and dentistry is dependent not only on bone apposition at

the implant–tissue interface, but also on the establishment of a

vascular supply in the peri-implant bone to allow for the delivery

of oxygen and nutrients, as well as systemic hormones and

osteoblast-progenitor cells. Angiogenesis, the sprouting of new

capillary blood vessels from the preexisting vasculature, is a criti-

cal process during embryonic development and in several physi-

ological conditions, including the formation of new bone and

bone fracture healing,49,50 as well as during bone regeneration

and osseointegration of implantedmaterials.51 This suggests that

materials that support peri-implant bone formationmay support

angiogenesis as well as osteogenesis.
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Both MG63 cells and normal human osteoblasts secrete

several proangiogenic growth factors into their conditioned

medium, including vascular endothelial growth factor A

(VEGF-A), basic fibroblast growth factor (FGF-2), and epider-

mal growth factor (EGF).48 When these cells are cultured on

smooth Ti, secretions of VEGF-A, FGF-2, and EGF are increased

compared to cells cultured on tissue culture polystyrene.

On microrough Ti substrates, there is a further increase in

secretion of these proangiogenic growth factors. The produc-

tion of angiopoietin-1 (Ang-1), a marker of later stages of

angiogenesis, was not affected by Ti implant microtopography.

The increased production of proangiogenic growth factors

by MG63 cells cultured on Ti substrates with a rough micro-

topography resulted in increased endothelial tubule formation

in both Matrigel® and fibrin gel angiogenesis assays,48 suggest-

ing that implant surface roughness may directly enhance neo-

vascularization as well, potentially resulting in greater clinical

success of implanted materials. Recently, it was found that the

receptor a2b1 integrin regulates the expression of proangio-

genic growth factors.48

Most studies examining the osteogenic potential of implant

surfaces in vitro have used cells that are either immature osteo-

blasts or osteoblast cell lines.52–54 However, the first group

of mesenchymal cells to colonize the implant surface must be

able to migrate through the peri-implant clot, and are likely

to be multipotent progenitor cells.55,56 Mesenchymal stem

cell (MSC) differentiation to an osteoblast phenotype is sensi-

tive to implant surface microstructure.57 MSCs cultured on

Ti substrates exhibited osteoblast characteristics indicated by

a reduction in cell number and increases in alkaline phospha-

tase-specific activity, osteocalcin, OPG, and TGF-b1. In addi-

tion, MSCs cultured on smooth Ti substrates displayed

increased mRNA levels of RUNX2 and integrins a2 and b1
relative to tissue culture polystyrene controls.57 These increases

were further enhanced in MSC cultures on microrough Ti

substrates. In the same study, a coculture model was developed

in which conditioned media from MG63 cells cultured on

both smooth and microrough Ti substrates resulted in the

osteogenic differentiation of MSC cultures.57 Taken together,

these data demonstrate that surface microstructure is able to

direct MSCs toward an osteoblast lineage without the use of

osteogenic growth factors in the culture media, and that differ-

entiated osteoblasts cultured on implant surfaces with micro-

rough rugosities create a sufficient environment for osteogenic

differentiation of surrounding MSCs.
6.622.3. Mechanisms Mediating the
Microtopography Effect

Prostaglandin plays an important role in mediating the effects

of surface microtopography on osteoblast physiology. As noted

above, the amount of PGE1 and PGE2 released into the

conditioned media by MG63 osteoblast-like cells increases as

surfacemicroroughness increases.36 Blocking prostaglandin pro-

duction with the general cyclooxygenase (Cox) inhibitor indo-

methacin also blocks the increase in markers typical of mature

osteoblasts. Both constitutive Cox-1 and inducible Cox-2 are

involved, as inhibitors specific to only one form of the enzyme

fail to block all prostaglandin-dependent responses.58
011), vol. 6, pp. 343-352 
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Cells that are attachment dependent interact with their

substrate through a number of mechanisms, including specific

binding of integrins to components of the extracellular matrix,

as well as to proteins adsorbed on the substrate surface

(Figure 4). Part of the effect of surface microroughness on

BMP-2 production by J774A.1 macrophages is mediated by

the b1 integrin and to a lesser extent by the b3 integrin.
45 One

of the integrins that mediates the binding of osteoblasts to

proteins containing the arginine-glycine-aspartic acid (RGD)

motif is a5b1.
59 This binding initiates a signaling cascade

resulting in new gene expression and protein synthesis. The

signaling cascades initiated by integrin binding include protein

kinase C (PKC)-dependent phosphorylation, culminating in

mitogen-activated protein (MAP) kinase activation.60 Part of

the effect of 1a,25(OH)2D3 on osteoblasts is also mediated via

this signaling pathway,60 which may explain why MG63 cells

respond in a synergistic manner to this vitamin D metabolite

when they are cultured on microrough topographies.

To test this hypothesis, confluent cultures of MG63 cells

were cultured for 24 h on smooth (Ra < 0.6 mm) and rough

(Ra 4–5mm) titanium disk surfaces in the presence and absence

of 10�8M 1a,25(OH)2D3. One half of the cultures were treated

with the MAP kinase inhibitor PD98059, which is specific for

the ERK1/2 (extracellular regulated kinase) family of MAP

kinases. The results of this study show that the decrease in

cell number and increase in osteocalcin levels observed on

rough surfaces are not regulated in this manner although the

enhanced response to 1a,25(OH)2D3 is via ERK1/2. In con-

trast, the increase in alkaline phosphatase-specific activity on

rough surfaces is due in part to ERK1/2, as is the stimulatory

effect of 1a,25(OH)2D3 on this enzyme activity.60 Thus, phe-

notypic expression due to surface microtopography may be

modulated by multiple interacting pathways.

Recently, it was shown that MG63 cells exhibit increased

phospholipase D (PLD) activity on sandblasted Ti surfaces and

inhibition of PLD by 2,3-diphosphoglyceric acid reduced
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alkaline phosphatase-specific activity and osteocalcin produc-

tion,61 suggesting that PLD may also play a role in osteoblast

differentiation on rough Ti substrates.

The main function of PLD is to hydrolyze membrane phos-

phatidylcholine (PC) to generate the precursor signaling mole-

cules phosphatidic acid (PA) and choline.62 PA can also be

converted to lipid second messengers, such as lysophosphati-

dic acid (LPA) and diacylglycerol (DAG), which mediate the

functional role of PLD. PA can be metabolized to DAG by PA

phosphatase, which recruits PKC to the membrane to activate

it.63–65 This raises the possibility that changes in PLD activity

might mediate the effects of surface microstructure on osteo-

blasts via PKC. To test this, PLD expression and activity in

MG63 cells cultured on smooth and microstructured Ti sub-

strates were examined.66 PLD activity was inhibited using RNA

interference for the PLD isoforms PLD1 and 2. The results of

the study showed that inhibition of both PLD isoforms

reduced surface roughness-dependent increases in osteoblast

differentiation and reduced PKC activity, suggesting that PLD is

upstream of PKC in mediating osteoblast response to surface

microstructure. It was further shown that PLD2 is the primary

isoform involved in this process.66

Osteoblasts assume distinct morphologies depending on

the architectural features of their substrates. On microrough

surfaces, as long as the peak-to-peak distance is less than the

length of the cell body,67 the cell bodies become more cuboi-

dal, and anchor themselves to the surface through long den-

dritic filopodia.1 In contrast, on the smoother surfaces, the

cells flatten and spread, resulting in a fibroblastic appearance.

The cell morphology correlates with the physiological behav-

ior of the cells. On smooth surfaces, prostaglandin synthesis is

low, TGF-b1 levels are low, alkaline phosphatase-specific

activity is low, and osteocalcin levels are low, whereas prolif-

eration rates are relatively high in comparison with cells

cultured on rougher surfaces.36 Moreover, these parameters

are either not affected by 1a,25(OH)2D3 or the effect of the
(2011), vol. 6, pp. 343-352 
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hormone is minimal, supporting a fibroblastic phenotype.

In contrast, on rougher surfaces, proliferation is reduced and

the other parameters are increased, including responsiveness

to 1a,25(OH)2D3, supporting a mature secretory osteoblast-

like phenotype.33,34

It is not yet clear if the change in morphology precedes the

expression of a more mature physiology or if the differentia-

tion of the cell is activated by another yet-unidentified factor

and the cell now responds differently to the surface microarch-

itecture. Observations suggest that the architecture of the sur-

face forces the cells to adapt their morphology and this is

translated to the cell through the integrin receptor system.68

In subsequent experiments, cells were cultured on smooth and

microrough Ti disks that were coated with polyethylene glycol

(PEG) grafted to poly-L-lysine (PLL-g-PEG) to prevent nonspe-

cific adhesion of serum proteins.69 The experiment was con-

ducted in three formats: cells were cultured on (a) PLL-g-PEG

alone, and PLL-g-PEG on which a subset was modified to

exhibit an RGD peptide; (b) PLL-g-PEG surfaces containing

varying concentrations of the RGD peptide up to the concen-

tration tested under format (a); and (c) PLL-g-PEG as defined

in subset (a) in the presence of a soluble competing RGD

peptide. The results of this study69 indicate that MG63 cells

will attach to PLL-g-PEG and those that do so exhibit the

physiology of a mature osteoblast. Perhaps the most important

observation is that inclusion of the RGD peptide on the surface

restores the cells to the immature phenotype noted on smooth

surfaces and tissue culture plastic, whereas inclusion of the

inactive RDG peptide has no effect.69

The combination of osteoblast-specific peptide adhesive

ligands with rough implant surface microtopographies could

potentially enhance early osteoblast attachment and differenti-

ation to better promote osseointegration and improve long-

term implant fixation. It is unlikely that any one mimetic is

responsible for all responses of osteoblasts on a functionalized

surface. Integrin-mediated cell adhesion to extracellular matrix

proteins initiates a cascade of intracellular signaling events that

serve to direct cell differentiation and function.68 Osteoblasts

express several integrin subunits, including a1, a2, a3, a4, a5, a6,
av, b1, and b3.

70–72 On tissue culture polystyrene, osteoblasts

primarily express a5b1 integrins.73 However, when grown on

Ti substrates, expression of a2 and b1 integrin subunits is

increased,74 indicating that the surface roughness-dependent

differentiation of osteoblasts may be mediated specifically

through a2b1 signaling. Studies using antibodies to a5b1, the
integrin that binds RGD in fibronectin, and a2b1, the integrin

that binds type I collagen, indicate that the former is responsi-

ble for attachment and proliferation, but differentiation is

mediated by the latter.75,76 This suggests that combinations

of peptide mimetics may be more effective than materials

that are functionalized with a single motif.

To test this hypothesis, MG63 osteoblast-like cells were

cultured on microrough Ti implant surfaces coated with a

combination of peptide motifs: RGD to target a5b1 integrin

signaling, and a lysine-arginine-serine-arginine (KRSR) peptide

sequence that is hypothesized to target transmembrane pro-

teoglycans present on osteoblasts.77 In addition, microrough

Ti implant surfaces were coated with a lysine-serine-serine-

arginine (KSSR) peptide sequence that is not known to target

osteoblast binding. The results of the study demonstrated
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again that Ti surface coating with RGD increased osteoblast

attachment but reduced osteoblast differentiation. In a similar

manner, surfaces coated with either KRSR or a combination

of RGD/KRSR inhibited overall osteoblast differentiation com-

pared to uncoated, microrough Ti surfaces, as seen by reduced

levels of alkaline phosphatase-specific activity, and levels of

osteocalcin, PGE2, and TGF-b1. Conversely, surface coating

with KSSR promoted a differentiated osteoblast phenotype

with reduced cell number and increases in alkaline phospha-

tase activity and levels of osteocalcin and PGE2 compared to

uncoated surfaces. These data indicate that a combination of

rough surface microarchitecture and surface functionalization

with mimetic peptide sequences may further enhance osteo-

blast differentiation, although further study is needed to deter-

mine the mechanism by which KSSR mediates its effect.78

The a2b1 integrin recognizes and binds the glycine-phenya-

lalanine-hydroxyproline-glycine-glutamate-arginine (GFOGER)

motif present on residues 502–507 of the a1(I) chain of type I

collagen.79,80 To examine whether the GFOGER peptide motif

promoted osteoblast attachment and differentiation, biomolec-

ular surface coating of GFOGER was done on glass and Ti

substrates and the response of osteoblasts was examined both

in vitro and in vivo.81

Tissue culture polystyrene dishes were coated with a 300 Å

titanium layer via electron beam evaporation. The GFOGER

peptide sequence was passively adsorbed onto the Ti surfaces.

The results of the study showed that bone marrow stromal cell

adhesion on GFOGER-coated Ti substrates was significantly

higher compared to substrates coated with RGD peptide

motif, and cells cultured on GFOGER-coated surfaces dis-

played higher mRNA transcript levels of Runx2, osteocalcin,

and bone sialoprotein compared to cells cultured on uncoated

Ti substrates.81 Examination of osteoblastic differentiation

showed that surface coating with the GFOGER peptide motif

increased alkaline phosphatase-specific activity as well as cal-

cium content in vitro, relative to uncoated controls.81

To evaluate the performance of the GFOGER peptide motif

in vivo, osseointegration in a rat tibia cortical bone model was

quantified on GFOGER-coated smooth Ti surfaces using histo-

morphometry and pull-out mechanical testing. After 4weeks,

greater bone mineral was observed along GFOGER-coated Ti

implants versus type I collagen-coated and -uncoated controls

and quantification of bone to implant contact (BIC) revealed a

greater than twofold increase in BIC in GFOGER-coated

Ti substrates versus -uncoated controls. Pull-out force of

GFOGER-coated implants was also significantly higher com-

pared to that of both uncoated and type I collagen-coated

implants.81 These results suggest that direct targeting of the

a2b1 integrin on osteoblasts promotes cell adhesion and oste-

oblast maturation in vitro and promotes osseointegration

in vivo. It is important to note that in this study, only smooth

Ti substrates were examined and the effect of implant micro-

roughness and GFOGER surface coating is not known.81

Responses to the surface also depend on the state of matu-

ration of the cell in the osteoblast lineage. Numerous cell lines

and primary cell cultures have been examined in this model,

from themultipotent fetal rat calvarial cells to the osteocyte cell

line MLO-Y4.31,82 These experiments indicate that as cells

become more mature, the stimulatory effect of the microrough

surface on differentiation becomes attenuated. However, it is
011), vol. 6, pp. 343-352 
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only on rough surfaces and only in the presence of BMP-2 that

fetal rat calvarial cells are able to establish three-dimensional

nodules that form minerals in a physiologically relevant man-

ner.31 Why this is the case is not yet clear. The results support

in vivo observations that a material can affect cells directly on

the surface as well as cells distal to the biomaterial,83 indicating

that the extracellular signaling factors released by the cells in

direct contact with the material are sensed by other cells in the

microenvironment, and potentially systemically as well.

 
 
 
 
 
 
 
 
 

(a) (b)

(d)(c)

Figure 5 Scanning electron micrographs showing the different
microrough morphologies on the surfaces of four commercially available
dental implants: (a) titanium plasma-sprayed (TPS) surface; (b)
sandblasted and acid-etched Ti surface (SLAW, Institut Straumann AG,
Switzerland); (c) acid-etched Ti (OsseotiteW, Biomet 3i, Palm Beach
Gardens, FL); and (d) phosphate-enriched Ti oxide (TiUniteW, Nobel
BioCare, Sweden).

 
 

 
 
 
 
 

6.622.4. In Vivo Studies

It has been difficult to definitely determine the relative clinical

value of specific surface morphologies because of the con-

founding variables of surface chemistry, surface energy, and

clinician expertise, and the inherent variability of the human

patient population. Recently, Albrektsson and Wennerberg84

reviewed the literature related to topographic and chemical

properties of implants and concluded that moderately rough

surfaces, defined as having Sa values between 1 and 2mm,

exhibited ‘stronger bone responses’ than either smoother or

rougher surfaces. Some studies have reached similar conclu-

sions, but other studies have reached quite different con-

clusions. A representative sample is described here.

In a meta-analysis published in 1999, evaluation of clinical

data revealed that predictably high success rates can be

achieved for implants with both rough and smooth titanium

surfaces. When studies were clustered by specific indications or

patient populations, rough-surfaced implants had significantly

higher success rates compared to implants with smoother

surfaces except in the cases of single tooth replacement

where success rates were comparable. However, in the partially

edentulous patient group, titanium implants with rough

surfaces had significantly higher success rates in the maxilla

than in the mandible.85 A multicenter study compared 247

dual acid-etched (HCl/H2SO4) and 185 machined-surfaced

implants implanted in various bone qualities in 97 patients.

It was found that at 36months, the cumulative success rates

(CSRs) were 95% for the dual acid-etched and 86.7% for the

machined-surfaced implants.86

Several studies have addressed various types of surface

roughness (Figure 5) and their effects on human bone forma-

tion. A comparison of the BIC at 6months was conducted for

dual acid-etched and machined commercially pure titanium

implant surfaces in 11 patients. Two-surfaced titanium micro-

implants were manufactured. One side received the rough

surface modification and the opposite side maintained a

machined surface. In each patient, one test implant was placed

in the posterior maxilla during conventional dental implant

surgery. Histologic analysis following 6months of unloaded

healing indicated that themean BIC values for the rough surfaces

were 72.96� 25.13% and BIC values for the smooth sur-

faces were 33.98� 31.04%.17 A similarly designed study exam-

ined the relationship between the actual BIC and the expected

BIC after 6months of nonloaded healing using both rough and

machined implant surfaces. The investigators found that the

actual BIC for rough surfaces was greater than expected,

whereas the actual BIC for the machined surface was generally

lower than expected.87
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The response of human bone tissue to oxidized and turned

(machined) titanium surfaces has also been examined.88

Twenty patients received one oxidized and one turned micro-

implant each during implant surgery. After a mean healing

period of 6.6months in the maxilla and 3.5months in the

mandible, the microimplants and surrounding tissue were

removed. Histomorphometric evaluation demonstrated signif-

icantly higher BIC for the oxidized implants. Whether this was

due to the fact that the oxidized implants have greater surface

area because of the micron-scale TiO2 cones produced during

fabrication, or to the roughness itself, is not known. Moreover,

significantly more bone was found inside the threaded area

for the oxidized implants, whether placed in the maxilla or

mandible, supporting a number of studies indicating that

macroroughness is also a factor in osseointegration.

Placement of dental implants is often done under adverse

conditions. Several articles have examined the influence of

surface roughness on clinical outcomes when the implant is

placed in poor quality bone, augmented ridge, or sinus. In a

meta-analysis examining the cumulative success rate of 2614

machined-surfaced implants and 2288 dual etched-surfaced

implants, the machined-surfaced implants had a 4-year CSR

in all bone sites of 92.7%. For the implants placed in good

bone, the 4-year CSR was 93.6% compared with the 4-year CSR

in poor (soft) bone of 88.2% (P < 0.05). However, for rougher

dual-etched implants in all sites, their overall 4-year CSR was

98.4% in good bone, and 98.1% in poor bone.89 Another

study compared the overall survival rate of 78 machined and

80 sandblasted, acid-etched implants that were inserted in

an augmented bone of a reconstructed atrophied maxilla.

The implants were followed between 20 and 67months post-

implantation. Fifteen machined implants, but only two
(2011), vol. 6, pp. 343-352 
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Figure 6 Histologic micrographs of the bone–titanium surface interface
showing the fracture plane caused by sectioning: (a) smooth-surfaced
implant; (b) rough-surfaced implant. Sections are stained with
hematoxylin and eosin.
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sandblasted, acid-etched implants, were lost. The overall sur-

vival rate for the machined implants was 81% and for the

sandblasted, acid-etched implants 98%.90

A recent published systematic review analyzed the data

from 43 human studies with a minimum of 20 interventions

and a minimum follow-up period of 1-year loading of im-

plants placed in sinuses augmented with the lateral window

technique. The results pointed out that rough-surfaced im-

plants have a significantly higher survival rate than machine-

surfaced implants when placed in grafted sinuses. However,

there was no statistical difference between different types of

rough-surfaced implants.91

Custom-made microimplants with two different surface

topographies were used to compare the effect of machined

and microtextured surfaces on BIC in augmented human max-

illary sinuses.92 After 6months of submerged healing, the

microimplants were removed with the surrounding bone. His-

tologic analysis revealed that the mean BIC was significantly

greater on the microtextured surfaces (72� 17%) compared to

machined surfaces (38� 19%).

Other in vivo studies support the hypothesis that rough

implant surfaces enhance osseointegration. Significant in-

creases in pull-out strength between weeks 5 and 8 were

noted with dual-etched Ti implants, and these increases were

maintained.93 Removal torque values (RTVs) of dual acid-

etched and titanium plasma-sprayed (TPS) implants attained

at 2months postimplantation were comparable to those

achieved only after 3months of healing by the machined

implants.94 This may reflect higher BIC on the rougher sur-

faces. In order to compare the effectiveness of machined and

acid-etched implants on BIC following short healing times in

human posterior maxillas, custom-made microimplants were

placed in 11 patients and allowed to integrate for 2months.

Histologic analysis of the surrounding bone showed that the

BIC on the dual acid-etched side was 47.8%, significantly

higher than the BIC on the machined side of 19%.95 Moreover,

the BIC on the dual acid-etched side was higher than that

found in a previous study even after 6 months on the

machined side (33.98%).17

It has been advocated that after implant placement, surgical

sites should be undisturbed for at least 3–6months to allow

uneventful wound healing, thereby enhancing osseointegra-

tion between the implant and bone. The rationale behind

this approach is that implant micromovement caused by

functional force around the bone–implant interface during

wound healing may induce fibrous tissue formation rather

than bone leading to clinical failure.96 Use of implants with

microrough surfaces may permit clinicians to reduce or even

eliminate the preplacement healing period. Histomorpho-

metric analysis of bone surrounding two immediate loaded

dual-etched implants implanted in the mandible and retrieved

after 4months of function showed high levels of BIC ranging

from 78% to 85%.97

This case report led several groups of researchers and clin-

icians to redefine the minimum healing time needed before

loading a rough surface dental implant. In a prospective multi-

center study evaluating loading of 429 dual-etched implants

2months after placement, only seven implants were lost at

2 years postloading. Six of these implants were identified

prior to loading. The cumulative implant survival rate was
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98.5% at 12.6months. The cumulative postloading implant

survival rate was 99.8% at 10.5months.98 Similar results were

found when other groups examined the survival rates of sand-

blasted, acid-etched implants restored as early as 6weeks after

implant placement surgery. Out of 329 implants, three were

lost prior to abutment connection. The success rate for these

implants, 2 years after restoration, was 99.3%.99

In a paper published recently, sandblasted, acid-etched

implants were placed in molar and premolar areas of the

mandible according to a one-stage protocol and were loaded

2 or 6weeks after implantation. After 1 year, the implant sur-

vival rate was 98.8%. Two test implants and one control

implant rotated at time of abutment connection and were left

unloaded for 12 additional weeks and then loaded. Loading

the implants as early as 2weeks did not appear to jeopardize

osseointegration in the posterior mandible.100

Patient smoking is often attributed to the failure of dental

implants to achieve osseointegration. An interesting meta-

analysis examined the outcomes of clinical studies that moni-

tored the performance of 2609 machined-surfaced and 2274

dual acid-etched implants and also isolated the effect of smok-

ing. Among the machined implant surfaces, the 3-year CSR was

92.8% for nonsmokers and 93.5% for smokers while the 3-year

CSR for dual acid-etched implants was found to be 98.4% for

nonsmokers and 98.7% for smokers, resulting in no significant

differences between smokers and nonsmokers. There was,

however, a clinically relevant difference observed between the

two implant types.101
6.622.5. Summary

Increased surface roughness of dental implants enhances the

process of osseointegration. It increases bone formation and

increases BIC in all types of bone, resulting in elevated RTVs.

In preparing histologic sections of implants with their surround-

ing bone, the weak point when smooth surfaces are used is at

the implant–bone interface. However, if rough surfaces are used,

the weak point is inside the bone and not at the implant–bone

interface (Figure 6). Surface roughness elevated the cumulative

success rate of implants implanted in adverse conditions such as

augmented ridges and sinuses and areas of poor bone such as

posterior maxilla, and in some cases abolished the deleterious

effect of smoking. A growing number of clinical studies suggest
011), vol. 6, pp. 343-352 
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that early and immediate loading of rough-surfaced implants

may lead to predictable osseointegration. However, it is impor-

tant to note that these studies provide short-term results based

only on radiographic observations and clinical mobility. Before

we adopt new surgical and prosthetic guidelines, longer and

broader studies are needed. Most recent research has examined

the effect of surface roughness on bone healing around implants

in vivo and the influence of surface roughness on osteoblasts

in vitro. In a recent study, it was found that changing surface

chemistry by submerging an implant in an isotonic NaCl solu-

tion following acid etching to avoid contamination with mole-

cules from the atmosphere significantly increased osteoblast

differentiation in vitro and BIC in vivo.102
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