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Abstract: Titanium and titanium alloy implants that have

been demonstrated to be more biocompatible than other me-

tallic implant materials, such as Co–Cr alloys and stainless

steels, must also be accepted by bone cells, bonding with

and growing on them to prevent loosening. Highly ordered

nanoporous arrays of titanium dioxide that form on titanium

surface by anodic oxidation are receiving increasing research

interest due to their effectiveness in promoting osseointegra-

tion. The response of bone cells to implant materials

depends on the topography, physicochemistry, mechanics,

and electronics of the implant surface and this influences cell

behavior, such as adhesion, proliferation, shape, migration,

survival, and differentiation; for example the existing anions

on the surface of a titanium implant make it negative and

this affects the interaction with negative fibronectin (FN).

Although optimal nanosize of reproducible titania nanotubes

has not been reported due to different protocols used in

studies, cell response was more sensitive to titania nano-

tubes with nanometer diameter and interspace. By annealing,

amorphous TiO2 nanotubes change to a crystalline form and

become more hydrophilic, resulting in an encouraging effect

on cell behavior. The crystalline size and thickness of the

bone-like apatite that forms on the titania nanotubes after im-

plantation are also affected by the diameter and shape. This

review describes how changes in nanotube morphologies,

such as the tube diameter, the thickness of the nanotube

layer, and the crystalline structure, influence the response of

cells. VC 2013 Wiley Periodicals, Inc. J Biomed Mater Res Part A:

101A: 2726–2739, 2013.
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INTRODUCTION

Among different biomaterial implants used for implants,

such as ceramics, polymers, composites and natural prod-

ucts, metal implants are preferred for load-bearing applica-

tions because they exhibit excellent mechanical properties

such as Young’s modulus, tensile strength, ductility, fatigue

life, and wear resistance1 in addition to chemical properties

such as corrosion resistance, biocompatibility and the ability

to fuse and harmonize with other implant materials.2 These

properties make them more suitable for long-term use in

hard tissue applications such as hip and knee joints.2,3

Stainless steels and cobalt–chromium–molybdenum alloys

are examples alongside more biocompatible titanium and

titanium alloys.4 Biomaterials have progressed through

three generations from the first, whose particularities were

matching its physical properties as a tissue replacement

with the least toxicity or biological inertness to the second

generation that demonstrate bioactive behavior.5 Surface

treatments have been used to improve the bioactive nature

of these biomaterials, especially metals such as titanium

and titanium alloys that change the physicochemical, me-

chanical, and electrical properties of their surfaces.6 The

third generation biomaterials are intended to promote spe-

cific cellular responses at the molecular level.5 The signifi-

cance of surface treatment such as anodic oxidation7 that

provides the possibility of controlled nanoscale fabrication

with suitable physicochemical properties on the metal sur-

face has been reported.8 Such nanoscale surfaces exhibit

similar properties to those of physiological bone. Table I

lists the size scales of the hierarchical bone components, in

comparison to the size scales of the implant structures. Fac-

tors important to cell response can be better controlled by
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understanding the mechanism of cell attachment to the bio-

material surface.

Various populations of cells, cytokines, growth factors,

and extracellular matrix (ECM) affect the process of tissue

healing around implants. For example, chemotactic factors

are essential for cell recruitment and cell adhesion, and

growth factors and cytokines are effective for the prolifera-

tion and differentiation of cells. Protein adsorption at the

implant surface initiates interactions between cells and

implants through a complex series of adsorption and dis-

placement steps. The interaction of cell and implant is fol-

lowed by the attachment phase that is governed mainly by

van der Waals forces. The next step, termed the adhesion

phase, is surface anchoring through fibronectin (FN) and

vitronectin for the formation of focal points at cell mem-

brane integrins. Filopodia and finger-like protrusions are

then produced to enable sensing of the optimum anchorage

and spreading toward the surface.9,10

Although the effects of TiO2 nanotube surfaces for bone

regeneration and different type of cells have been reviewed

recently11,12 the current work aimed evaluating the factors

that influence cell behavior, followed by highlighting the

recent studies of improvement on physicochemical and

other properties of TiO2 nanotubes, and of the bone cells

response with regard to enhancing osseointegration.

FACTORS THAT INFLUENCE BONE CELL ADHESION

The ECM secreted by cells plays a role as the interface of a

biomaterial surface. ECM is synthesized and degraded by

cells as a dynamic surrounding substance that consists of

90% collagenic proteins (type I collagen and type V colla-

gen) and 10% noncollagenic proteins (for example osteocal-

cin, osteonectin, bone sialoproteins, proteoglycans, osteo-

pontin, FN, growth factors, bone morphogenetic proteins,

etc.).10 Anselme et al.13 indicated that the cells are always

in contact with a biomaterial surface that has previously

adsorbed water and proteins from biological fluids, rather

than with a bare surface. Specific receptor proteins such as

integrins, as well as the junctions of adherents containing

cadherins mediating cell–cell adhesions, are important for

cell–substrate adhesion. Focal contacts or adhesion plaques

are junction locations of about 10–15 nm where adherent

cells and material surfaces are joined. Integrins are on the

external side of focal contacts and they can translate the

attachment of external ligands to internal information that

induces adhesion, spreading, or cell migration, growth and

differentiation.10 It has been shown that the vinculin and

puxillin can play an essential role in continuing adhesion

and upcoming differentiated cell functions.14 The cell pro-

teins involved in cell adhesion on biomaterial are illustrated

in Figure 1.

The adhesion force at the cell/implant interface deter-

mines phenomena that involve short term and long term ad-

hesion due to (i) physicochemical linkages such as ionic

forces and van der Walls forces and (ii) different biological

molecules such as ECM proteins, cell membrane proteins,

and cytoskeleton proteins. The adhesion can be measured

using a variety of methods such as micropipettes aspiration,

centrifugation (the force necessary to separate cells from a

substrate is provided by centrifugal force),15 and fluid flow;

enzymatic procedures; optical or magnetic tweezers (mea-

sure local viscoelastic properties of the surface of adhering

cell by a magnetic bead microrheometer16); and microcanti-

levers (detaching adhered cell by applying a lateral load

using a microcantilever and measuring the detachment

force17) for the detachment of cell populations by microma-

nipulation.13 By micropipettes aspiration, the strength of cell

adhesion can be measured by vertically oscillating micropip-

ette while it makes contact with cell and the pressure within

the micropipette is reduced to a level that cell can attach to

the pipette by suction.18 Glass, silane-adherent cells19 depos-

ited in glass and silane capillary tubes can be detached by

calibrated laminar shear flows with a highly viscous dextran

solution. This method is known as fluid flow.20

There are different opinions concerning the preferred

bone growth direction around implants, for example, toward

the implant, on the implant surface, or both together.13,21 In

addition to the cell type, the surface chemistry, mechanical

cues, and topography influence cell behaviors such as

adhesion, proliferation, shape, migration, survival, and dif-

ferentiation.13,21,22 It has also been reported that there are

different mechanisms of adhesion for blood cells, fibroblasts

or osteoblasts (connective tissues), and endothelial vascular

cells or keratinocytes (endothelia or epithelia), such as ad-

herence and proliferation rate.13

The influence of surface physicochemical, mechanical

and electrical properties on bone cell behavior

Surface chemistry plays an important role in the cell

response at interfaces. The effect of surface energy,

water contact angle or wettability (hydrophilicity and

TABLE I. Scale of Sizes of the Hierarchical Bone

Components, in Comparison to the Scale Sizes of the

Implant Structures

Structures

Size

Ref.Micrometer Nanometer

Tissue component

Osteon 10–500 – 80

Osteoclast (lacunae) 100 or more – 88

Osteoblast 20–30 – 88

Lamella 3–7 – 80

Collagen fibril 0.5 – 80

Cell membrane – 10–100 89

Plate-like apatite crystals – 50 � 25 � 3 80

Integrins – 8–12 87

Proteins – 1–10 89

Collagen molecule – 1 80

Amino acids – 0.1–1 89

Water molecule – 0.1 89

Metal implant

Roughness of the surface >100 – 89

titanium grain sizes 10–20 – 66

Metal oxide – 5–15 89

Atom – 0.1 89
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hydrophobicity), and the zeta potential of different surfaces

on cell behavior have been reviewed.13 Protein adsorption,

cell adhesion, proliferation, and osteoblastic differentiation

will be increased by a decrease in the water contact angle

or an increase in surface energy. Electrical charges on tita-

nium surfaces that are measured as zeta potential are im-

portant in the interaction with negatively charged proteins

such as FN.9,23 A titanium surface, normally, is negatively

charged due to the adsorption of anions (OH�, F�, etc. from

the electrolyte). On the other hand, cell membranes are also

negatively charged, so positively charged proteins at the cell

surface interface can play an important role, which is pro-

posed as a dynamic model for osteoblast attachment.23 The

adhesion constant and binding efficiency of adsorbed pro-

teins on different functional groups (e.g., OH, COOH, NH2,

and CH3) demonstrate different adhesion strengths.9

Changing the surface topography to nanoscale does not

change the surface chemically with respect to its bulk, but it

might change the surface chemistry and energy at the inter-

face. Rising hydrophobicity is one example of the influence

of surface density on surface chemistry. Decuzzi and Fer-

rari24 proposed a mathematical model and introduced three

regimes for surface energy including small, intermediate

and large. They then investigated the effects of surface

roughness on cell adhesion in these three regimes, and

found that cell adhesion will deteriorate with an increase in

FIGURE 1. Representation of the cell proteins involved in cell adhesion on biomaterial: (a) immediately after implantation; (b) adsorbing pro-

teins from body fluid; and (c) attached bone cell on an implant material surface in higher magnification (Adapted from Ref. 10, with permission

from Biomaterials). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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roughness for small energy surfaces, exhibit maximum adhe-

sion for an optimal roughness yet will be scarcely affected

by roughness for intermediate surface energies.24 In the line

of the above mentioned model, stable cell adhesion and pro-

liferation for four different cell lines have been reported to

be increased on moderately rough Brownian substrates

with nearly similar surface energy but the generality of the

results need additional studies to verify.25

Osteoprecursor cell line attachment and growth behavior

on TiO2 nanotubes with �50 nm diameter were also

studied.26 The effects of the physicochemical properties of

the surface, for instance, roughness, contact angle, and sur-

face energy, on the cell behavior were investigated and it

was found that materials with a high nanoscale roughness,

low contact angle, and high surface energy showed the

same positive effect on cell behavior, such as early differen-

tiation and significant bone cell proliferation, which means

an improvement in cell adhesion and spreading.26 Kim

et al.27 indicated that cell behavior is affected by the incor-

porated anions in the oxide layer rather than the morphol-

ogy of surface. It was shown that the composition of the

electrolyte, for example HF, HFþH3PO4, and H3PO4 not only

determines the oxide morphologies (dot-like structures,

granules, nanopowders, and nanotubes), but it also affects

the incorporation levels of the ions of F� and PO4
3�, which

cause different cell behaviors: the PO4
3� enriched oxides

enhance cell proliferation in 7 days and the F� enriched

oxides stimulate initial cell attachment.27

Mechanical cues, for instance, rigidity, stiffness, and

resilience, have been shown to influence cell behavior.13

Influence of microenvironment stiffness on stem cell specifi-

cations has been observed when the cells commit to the lin-

eage specified by matrix elasticity after several weeks in cul-

ture in inverse to the initial week in culture that could be

reprogrammed these lineages by adding soluble induction

factors.28 Mechanical feedback regarding substrate rigidity

is essential for the cell to shape, grow, and survive, but rec-

ognition by the cells of their microenvironment and elastic-

ity and its influence on the structure and function of the

cells is still under investigation.13,29–31

Effect of topography on the bone cell behavior

Chen et al.32 reported that a decrease in the surface rough-

ness of Ti resulted in an increase in its corrosion resistance

and a decrease in ion release. The roughness of a metallic

implant surface and its uniformity in the horizontal or verti-

cal direction influence its favorable mechanical locking to

tissues. Several hypotheses regarding the mechanisms of

cell responses to surface topography were proposed in a

review by Anselme et al.33 ECM protein adsorption acts as

an energy barrier for cells to modify their orientation, adhe-

sion and spread. Changes in gene expression and in cellular,

cytoskeletal, and focal adhesions were observed in a study

on cell behavior on micro- and nanoanisotropic topogra-

phies, regardless of the long-term turnover.33 Although there

is an absence of comparable studies, cell operation is moti-

vated when the size is �10 nm in height or depth,34 and

cell operation is not noticeable when the scale increases to

�100 nm.

The principal aim of all research in this field is to

improve the wound healing that accompanied by the pro-

motion of osseointegration. Large macrostructure human

bones consist of nanosized organic and mineral phases,

such as ions, DNA, proteins, and the viruses in the body.

There has been insufficient study concerning the retention

of proteins on nanoscale surfaces, because fabrication of

nanofeatures or nanosurfaces cannot be easily reproduced.

Nevertheless, investigation has shown that the structure

and function of absorbed proteins on smaller nanoparticles

can be readily retained in comparison to larger nanopar-

ticles, but the details of the adsorption mechanisms are not

clear.33,35 As cell–substrate adhesion is based on integrins

that have nanoscale features, it can be predicted that cells

will respond better to nanoscale surfaces. Further research

needs to be undertaken to clarify this hypothesis.13,36 In

general, it has been shown that cells respond to nanosurfa-

ces because the pores, ridges, and fibres of the basement

membranes have nanoscale characteristics.37 Figure 2 shows

filopodia of SaOs-2 cells on 200 nm deep round concentric

grooves and ridges in quartz (reproduced from Anselme

et al.33).

Uniform and controllable nanopatterned surfaces of

titanium can be fabricated using electrochemical anodic oxi-

dation, which is an economical, simple, and versatile tech-

nique.38 By applying a constant potential to titanium as a

working electrode in an electrochemical cell with a platinum

counter electrode and a standard reference electrode, then

titania nanotubes can be obtained. Different TiO2 nanotube

diameters, wall thicknesses and lengths can be achieved by

controlling the condition of the anodizing process, such as

the applied potential, current density, anodization time, con-

centration of fluorine ion and type (aqueous and organic),

pH value, and the viscosity of the electrolyte.39 Nanotubes

start to grow through the compact oxide layer that are

formed during the first step of the process on the surface of

titanium as a soluble fluoride complex.8

FIGURE 2. SEM image of filopodia of the SaOs-2 cells on 200 nm

deep round concentric grooves and ridges in quartz (Reproduced

from Ref. 33, with permission from Acta Biomater).
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At anode: Ti ! Ti4þ þ 4e� (1)

At cathode: 4Hþ þ 4e� ! 2H2 (2)

In the electrochemical cell: Ti4þ þ 6F� ! [TiF6]
2� (3)

This kind of nanopatterned surface is well suited to an

investigation of the mechanism of a bone cell response to

the various morphologies of a titanium and titanium alloy

surfaces.8,40–42 Different TiO2 nanotubes on the surface of ti-

tanium (Ti) and titanium–zirconium (TiZr) alloy, with differ-

ent nanospacing in aqueous and organic electrolyte, are

shown in Figure 3. Nanotubes have been grown by us, as

shown in Figure 3(a), with separated walls, were formed in

an electrolyte containing 1 M (NH4)2SO4 þ 0.3 wt % NH4F

on the substrate of a Ti–50 wt % Zr alloy for 1.75 h, exhib-

iting an inner diameter of 14.86 nm and an outer diameter

of 30.63 nm. When organic electrolyte of ethylene glycol þ

0.5 wt % NH4F þ 2 vol % H2O was used, the nanotubes dis-

played nonseparated 7.80 nm thick walls with 15.59 nm

nanospacing, 39.11 nm inner diameter, and 10.83 lm length

at a longer anodization time of 20 h for Ti–50Zr alloy [Fig.

3(b) and (c)]. Nanotubes with 29.87 nm thick nonseparated

walls, 39.32 nm inner diameter, and 1.47 lm length that

formed on pure titanium in the presence of 0.1 wt % NH4F

and 1 M (NH4)2SO4 anodized for 4 h are shown in Figure

3(d) and (e). Figure 3(f) shows that the 60.37 nm bottom

diameter nanotubes formed on Ti–50Zr alloy were close at

the bottom as they were anodized under the same condi-

tions as Figure 3(b) and (c).

FIGURE 3. SEM images of TiO2 nanotubes: (a) top view formed in 1 M (NH4)2SO4 þ 0.3 wt % NH4F on Ti–50Zr alloy with separated walls, (b)

top view formed in ethylene glycol þ 0.5 wt % NH4F þ 2 vol % H2O on Ti–50Zr alloy with nonseparated walls, (c) cross-section formed in ethyl-

ene glycol þ 0.5 wt % NH4F þ 2 vol % H2O on Ti–50Zr alloy with nonseparated walls, (d and e) top view and cross-section formed in 1 M

(NH4)2SO4 þ 0.1 wt % NH4F on CP Ti with nonseparated walls, and (f) bottom view formed in ethylene glycol þ 0.5 wt % NH4F þ 2 vol % H2O

on Ti–50Zr alloy. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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In revealing the effect of nanotubular pattern of Ti–

30Ta on cell response in comparison to a surface of

Ti–30Ta alloy, cellular adhesion, proliferation, viability,

cytoskeletal organization and morphology of human dermal

fibroblasts (neonatal) were investigated. Nanotube architec-

ture anodized at 35 V for 40 min showed enhancement of

improved cellular functionality.43 Good bioactivity for mes-

enchymal stem cell adhesion and spreading and fast for-

mation of ECM materials on the Ti–Nb–O nanotubes

formed on Ti–35Nb has been observed.44 There were also

some studies on ternary and higher titanium alloys.45–48

Nearly the same cell adhesion rate, the spreading out of

attached stem cells, the flat shapes and numerous filopodia

after longtime culture occurred for mouse bone marrow

mesenchymal stem cells on Ti–35Nb–5Zr in comparison to

Ti–35Nb.46 Human osteoblast cells growth on anodized

nanotubes on Ti–6Al–7Nb in two inorganic and hybrid

electrolyte was found to be higher than that of cells cul-

tured on untreated Ti–6Al–7Nb alloy.47 The protein

adsorption, initial cell adhesion, cell differentiation and

osteogenesis related gene expression have been enhanced

on sparsely distributed nanotubes on the surface of a near

b titanium alloy Ti–5Zr–3Sn–5Mo–15Nb compared to the

polished same alloy.48

EFFECT OF THE CHARACTERISTICS OF ANODIZED TITANIA

NANOTUBES ON BONE CELL BEHAVIOR

The size and distance between nanofeatures on an implant,

in addition to adsorbed proteins, as well as the shape or

organization of these nanofeatures, influence the cell

response.33,35 Although there are methods such as lithogra-

phy and nanoimprinting to fabricate uniform and reproduci-

ble nanofeatures on polymeric or other material surfaces,

these are not convenient for metals.9 Anodic oxidation is a

method to tailor nanoscale patterned surfaces for metals

and alloys.7

Effect of nanospacing of the surface of TiO2 nanotubes

on cell behavior

Park et al.49 evaluated the adhesion, spreading, growth, and

differentiation of rat mesenchymal stem cells on the surface

of TiO2 nanotubes of 15, 20, 30, 50, 70, and 100 nm diame-

ters. Cells were found to adhere and spread widely on

15 nm tubes but the adhesion decreased with an increase

in the nanotube diameter. Focal contact formation on nano-

tubes with a diameter � 30 nm was higher than on those

with larger diameters. The cell proliferation rate decreased

as the diameter of the nanotubes increased. The highest cell

differentiation was also observed on 15 nm tubes. This

result was compared with polished TiO2 surfaces, which

showed that the 15 nm tubes offered optimal spacing for

cell proliferation, migration, and differentiation resulting

from integrin clustering and focal contact formation. Peri-

implant bone formation of commercial Ti covered by 30 nm

TiO2 nanotubes was investigated in vivo in pigs and it was

found that the nanostructures not only promoted osteoblast

formation in the initial step but also resisted implant inser-

tion shear force.50 Osteoblasts and osteoclasts, which are

responsible for the formation and resorption of bone cells,

demonstrated the same reaction to the one-dimensional sur-

face nanotopography of 15 nm TiO2 nanotubes,51 even

though it is well known that their activities are different

due to their different working mechanisms. It has been

claimed that the essential nanosize of TiO2 nanotubes is

<100 nm and the best diameter is 15 nm for adhesion and

differentiation of various cells.51

Although MC3T3-E1 mouse osteoblast cells promoted

higher adhesion on �30 nm TiO2 nanotubes, increased elon-

gation of the cells and enhanced alkaline phosphatase (ALP)

activity were observed on nanotubes of greater diameter

between 70 and 100 nm that are known to have greater

bone forming ability.52 This conclusion is different from the

results reported by Park et al.,51 in which the optimal diam-

eter of nanotubes is 15 nm. However, the increase in the

bone forming ability of a nanotube of �100 nm diameter

was caused by crystallization of the nanotube during heat

treatment.52,53 The adhesion was accelerated by �300–

400% increase in the number of the adhered cells due to its

significantly increased surface area and the presence of fluid

between annealed nanotubes or those soaked in sodium hy-

droxide.54,55 The optimum size of a TiO2 nanotube for

osteoconductivity and osseointegration ability has been

reported as 70 nm after assessments using an in vivo real-

time polymerase chain reaction technique, fluorochrome

labels and histological analysis,56 but this is not completely

consistent with the studies mentioned above. Also in a

study of the relationship between Zr content and nanotube

diameter in the Ti–xZr (x ¼ 10, 20, 30, 40) and Ti–30Ta–xZr

(x ¼ 3, 7, 15) alloy, it has been reported that when Zr con-

tent increased nanotube diameter decreased from 200 to

150 nm for Ti–xZr alloy and it decreased from 200 to 50

nm for the ternary alloys. Good MC3T3-E1 mouse osteoblast

cell proliferation, migration and differentiation have been

observed on the 50 nm diameter of nanotubes formed on

the surface of Ti–30Ta–15Zr, better than on Ti alloy with

low Zr content.45 Although titania nanotubes formed on a

phase and b phase of the titanium alloys due to the content

of alloying elements45 were self-organized, irregular47,57

and showed different diameters58 which affected the hy-

droxyapatite (HA) formation59 there is still few study on the

cell behavior to different phases.

In summary, cells respond to the topography, physico-

chemistry, and electrical and mechanical properties of the

implant surface. They can recognize the topography from a

few nanometers to several hundred micrometers following

different chemical treatments, especially anodic oxidation

where the nanotube layer is reproducible and can be fab-

ricated in a cost effective way. Table II lists the different

cell responses to various TiO2 nanotubes on titanium and

the anodization condition from different studies, to date.

The interaction between the cells and the TiO2 nanotubes

provides the possibility of controlling the cell culture by

ordering the physicochemical properties of the surface.

Figure 4 schematically illustrates a bone cell attached to

titania nanotubes showing a hypothetical model of

adhesion.
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TABLE II. Cell Responses to Different TiO2 Nanotubes on Titanium and the Anodization Conditions

Nanotube Characteristic Anodization Conditions

Nanotube

Diameter

(nm) 0

Wall

Thickness

(nm)

Nanotube

Layer

Thickness

(nm)

Phase

Structure

Other

Treatment Electrolyte

Applied

Potential

(V) Time (h) Others

Hydroxyapatite Deposition/Cell

Response Ref.

51.1 50.58 600 Amorphous HT to anatase

and rutile

H2SO4/NaF/

citric

acid

20 4 pH ¼ 4.5 Osteoblastic precursor cell line

(OPC1)/dense focal contacts

Proliferation 0.342 High

activity Early differentiation

in day 5

26

>100 – Short length – – H3PO4/HF 20 1 Stirred

(�180 rpm)

MC3T3-E1 cells/good initial

attachment of cells not

changed through culturing

for 7 days

27

15–20–30–50 – – – – H3PO4/HF 1–20 – – Rat mesenchymal stem cells/

adhesion and spreading,

proliferation and

differentiation were highest

for 15 nm diameter

49

70–100 – – – – H3PO4/HF 1–20 – – Rat mesenchymal stem cells/

adhesion and spreading was

impaired without stable

extension of filopodia lowest

impaired

49

30–100 – – Amorphous HT to anatase Acetic acid/

HF

5–20 – – MC3T3-E1/increasing nanotube

diameters led to increased

elongation/stretching of cell

bodies, increased levels of

alkaline phosphatase and

greater bone forming ability

52

30–100 – Amorphous HT into

crystalline

phase

Acetic acid/

HF

5–20 0.5 – Human mesenchymal stem

cells/promoting adhesion

without noticeable

differentiation at �30 nm,

eliciting a dramatic stem cell

elongation at �70–100 nm,

induced cytoskeletal stress

and selective differentiation

into osteoblast-like cells

90

100 – – – – H3PO4/HF 1–20 1 – Human primary osteoblasts

and osteoclast/15 nm was

recognized at least by both

51

70 15 250 Amorphous HT to anatase HF 20 0.5 – MC3T3-E1/Adhesion increase

�300–400%

54

2
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Effect of crystalline phase of TiO2 nanotubes on bone

cell behavior

TiO2 nanotubes that were tailored on the surface of titanium

using anodic oxidation could be easily removed by a moder-

ate touch. Heat treatment has been used to increase the ad-

hesion of nanotubes to the titanium substrates.60 Crystalline

structures of titania, such as anatase, rutile, and mixture of

both, have been observed after this process, which are de-

pendent on the temperature used.61 At higher temperatures

(�600�C), rutile is the remaining structure along with

changes in the shapes of the nanotubes. However, at a lower

temperature, for instance 450�C, the growth of anatase crys-

tallites occurs along the length and curvatures of the nano-

tubes, thus the morphology remains stable.62 Loss of fluo-

rine can occur during heat treatment, which in turn affects

cell adhesion and proliferation.27,63 The stability and hydro-

philic properties of TiO2 nanotubes can also be changed

through annealing. The diameter of the titania nanotubes

annealed at 500�C for 2 h decreased by 34.43%, the wall

thickness of the nanotubes increased by 35.65% for a

selected nanotube diameter of 25–40 nm, and the measured

contact angle value changed from 73.15 to 17.61� after

annealing.64 Although heat treatment at different tempera-

tures did not influence the surface roughness of the titania

nanotubes, the average roughness of the annealed nanotubes

was higher than the as-formed nanotubes.63

In addition to annealing that changes the hydrophilicity

of TiO2 nanotubes (contact angle value decreased from

24.62 6 5.23 to 10.76 6 2.35�65), aging also influences the

hydrophobicity properties of TiO2 nanotubes. Due to the

formation of Ti(OH)4, instead of TiO2, after anodizing tita-

nium in an electrolyte based on ethylene glycol, the hydro-

phobicity properties of both as-formed and annealed titania

nanotubes increased after 92 days of aging; the contact

angle value increased from 24 to 42� and from 10 to 27�

for the as-formed and annealed nanotubes, respectively.65 It

can be deduced that after transferring to a more stable state

of TiO2 after aging, Ti(OH)4 becomes more hydrophobic.65

The viability, proliferation of MC3T3-E1 preosteoblasts, and

mineralization on a mixture of anatase and rutile crystallite

were higher and more regular than on anatase only and the

structure was amorphous.63

As anatase TiO2 is more biocompatible than amorphous

TiO2, the adhesion, ALP activity and mineralization of

MC3T3-E1 preosteoblast were investigated on titania nano-

tubes with a diameter ranging from 20 to 120 nm and a

length of 100 to 400 nm. SEM images of extended MC3T3-

E1 preosteoblast cell filopodia on nanotube layers with dif-

ferent diameters are shown in Figure 5: (a) 20 nm, (b)

50 nm, (c) 70 nm, (d) 100 nm, (e) 120 nm (�70,000), and

(f) 120 nm (�30,000) (reproduced from Yu et al.66). Despite

the increase in cell proliferation with increases in diameter,

there was no other cell behavior observed for nanotubes

with a diameter of 70 nm and greater.66 It has been pro-

posed that this phenomenon is related to the effect of

length and roughness of the nanotubes and to the sensitiv-

ity of the filopodia of the cells to the anatase structure.66

The crystalline form of TiO2 nanotubes showed a lowerT
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tendency to corrosion in Hank’s solution in comparison to

the amorphous phase, due to the thicker layer of oxide at

the interface of the metal surface and the bottoms of the

nanotubes62 and it has been demonstrated that annealing

helps to stabilize the surface of nanotubes, leading to a

higher corrosion resistance.64

Effect of HA coating on the surface of TiO2 nanotubes

on bone cell behavior

A bone-like apatite layer forms on the modified surface of

biomaterials after implantation in the body. This has been

identified as an indispensable stage for bone bonding. The

nanotubular structure of TiO2 promotes the tailoring of a

nanosized apatite structure, which has been shown to

improve the bioactivity and osteoblast functions. An

increased surface area, and pathways for fluid in between

the nanotubes, is the most obvious reasons for such func-

tionality of titania nanotubes.67 There are several methods

for calcium phosphate or HA deposition using physical and

chemical techniques, such as plasma spray,68 sputtering,69,70

electron beam physical vapor deposition (EB-PVD),71 elec-

trodeposition,72 and simpler method: immersion in a simu-

lated body fluid (SBF) such as a Hank’s solution.60,73

A large diameter of 200 nm and a small diameter of 100

nm nanotubes composed of TiO2, Nb2O5, and ZrO2 formed

on the surface of Ti–29Nb–5Zr have been coated by TiN,

HA, and HA/TiN using a RF magnetron sputtering system.

TiN coating had a columnar shape and was well spread

onto the nanotubes, exhibiting a high film nucleation and

growth rate compared to the HA-coated surface with their

coating particles slightly covered on the tops of the nano-

tubes and well spread on the surface. Multilayer coating of

HA/TiN for 1 h deposition of HA and 5 min deposition of

TiN showed an entirely spherical shape and the coatings did

not block the nanotube tips which could be an optimum

condition for enhance high Ca/P absorption, in comparison

to the coatings of HA/TiN for 2 h deposition of HA and 10

min deposition of TiN.74 The HA coating made of tooth ash

has been coated on 150 and 100 nm nanotubes on the sur-

face of Ti–xHf by EB-PVD to examine their corrosion behav-

iors. It has been shown that the diameter of nanotubes

decrease with increasing Hf content and HA coating covered

the tip of nanotubes in lower content of Hf (Ti–20Hf), in

reverse to Ti–40Hf. Good corrosion resistance has been

obtained by HA coating on top of nanotubes in comparison

to nanotubes without coating.59 High corrosion resistant HA

coating using EB-PVD on top of nanotubes has been

reported on the surface of Ti–30Ta–xZr and Ti–30Nb–xZr

alloys; with nearly complete covering on Ti–30Ta–15Zr/Ti–

30Nb–15Zr alloys, in comparison to a nonuniformly cover-

ing on Ti–30Ta–3Zr/Ti–30Nb–3Zr alloys.58 The Ca/P ratio

of EB-PVD-coated HA on Ti–35Nb–10Zr alloy after heat

treatment at 500�C was around 1.67 and the HA exhibited a

of 150 nm.75

Uniform flaky and hexagonal columnar calcium phos-

phate ceramics layer, depending on the pH of the electrolyte

(pH ¼ 4, 6 respectively) has been grown on anodized tita-

nium surface with a prealkaline treatment nanotubular ox-

ide layer by electrodeposition. Bond strength of the calcium

phosphate crystals with 100–200 nm in diameter and about

2 lm long which have been started to deposit at the bottom

of the nanotubes of the oxide was from 16 to 19 MPa,

whereas calcium phosphate coating onto a polished nonano-

dized titanium surface have been easily removed by wash-

ing due to its weak bonding and nonuniformity.76 In

another work77 the bond strength between HA and alkaline-

treated titania nanotubes that has been deposited by pulse

electrodeposition method was from 16 to 44 MPa. The bond

strength of the as-deposited HA on nanotubes was low; it

increased after alkali treatment and annealing at 450 and

600�C. The ring like structure of sodium titanate that has

been formed in alkaline treatment at the neck of nanotubes

has played an important role to improve the bond strength

of the coating with the substrate alongside with the anneal-

ing of the HA. Calcium hydrogen phosphate (CaHPO4�2H2O)

crystals in nanometer scale precipitated on anodized

FIGURE 4. Schematic illustration of a bone cell (osteoblast) attached on titania nanotubes with a diameter less than 100 nm (Adapted from

Refs. 26 and 87, with permission from J Med Mater Res A and Cell Tissue Res). [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]
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titanium with and without annealing when electrochemically

polarized in SBF solution transformed to HA coating in alka-

line solution. The bond strength between the HA coating and

the substrate was 7.41 MPa because of both the anchoring in

and between the tubes, in comparison to Ti without anodic

oxidation which exhibited a bond strength of 3.29 MPa.78

Calcium phosphate coatings grew uniformly on TiO2

nanotubes that were 40–110 nm in diameter and about

0.7 lm in length that were annealed at a temperature up to

600�C and immersed in Hank’s solution, due to the negative

charge nature of titania nanotubes.60 The Ca/P ratio of the

coating layer after immersion in Hank’s solution was 1.16

for 2 days and 1.37 for 7 days, which indicated that the

coating layer tended to incorporate more calcium with

immersion time. The adsorption of bovine serum albumin

(BSA) on a high surface area, such as with a calcium

FIGURE 5. SEM images of extended MC3T3-E1 preosteoblast cell filopodia on nanotube layers with different diameters: (a) 20 nm, (b) 50 nm,

(c) 70 nm, (d) 100 nm, (e) 120 nm (�70,000), and (f) 120 nm (�30,000; Reproduced from Ref. 66, with permission from J Med Mater Res A).
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phosphate coating, increased in comparison to the titanium

surface covered with native oxide film, and this enhanced

cell adhesion.60 An alternative immersion method, preload-

ing the TiO2 nanotubes with synthetic HA, was used to effi-

ciently deposit synthetic HA, which is affected by pore size

and the ion content in the oxide material.73 The Ca/P ratio

obtained through this method, which consists of 20 cycles

of alternating immersion in a saturated calcium solution fol-

lowed by 1 min holding time and 1 min washing with ultra-

pure water, was about 1.58, which is close to 1.67, the Ca/P

ratio of synthetic apatite. The deposition of calcium phos-

phate on annealed TiO2 nanotubes increased as the diame-

ter increased from 15 to 100 nm and the length increased

from 880 nm to 1.2 lm.73

Apatite formation differed in terms of the nucleation

and growth on the TiO2 nanotubes, which were formed

using two different conditions of stirring electrolyte: (i) a

bath stirred using a magnetic pellet and (ii) an ultrasonated

bath.67 The diameter of titania nanotubes was 75–110 nm

with a thickness of 700 nm when formed in an ultrasonated

bath and 50–90 nm with a thickness of 900 nm when

formed in a magnetically stirred bath. The apatite coatings

formed on the larger diameter TiO2 nanotubes (75–110 nm)

after soaking in SBF for 504 h exhibited a smaller crystallite

size (15 nm) and a complete covering of the surface; whilst

the apatite that formed on smaller diameter nanotubes (50–

90 nm) exhibited a larger crystallite size of 25 nm and an

islands covering of the surface. The protein activity of MG63

human osteosarcoma cells was higher on the finer apatite

coating.67 The thickness of the nanotubes showed only an

insignificant influence on the cell activity. Meanwhile, HA

growth as well as adhesion/proliferation of osteoblasts

occurred more effectively on a mixture of anatase and rutile

structures, due to annealing, than on anatase only,62

although it has been reported that a 10 lm thick HA coating

was formed after 4 days immersion in SBF on the as-formed

TiO2 nanotubes that were treated using several dip-and-dry

steps, by which the TiO2 nanotubes were filled and covered

with calcium phosphate nucleation sites.79

IN VIVO EFFECT OF MICRO/NANOSTRUCTURE OF THE

SURFACE OF TiO2 NANOTUBES

According to the highly organized hierarchical structures of

bone natural tissues that consist of nano-, micro-, and mac-

roscale building blocks80 a few attempts have been under-

taken to study these phenomena through implantation in

the body of selected animals. To translate the role of the

micro and nanotopographies on cell functions when primary

osteoblasts were seeded on the HF acid-treated/anodized

nanotubes substrate, the micro/nanotextured surface topog-

raphies showed more biologically friendly rendering, with

more balanced promotion in multiple cell functions than the

microtopography.81 The HF acid-treated/anodized nanotubes

substrates with screw shape were placed in mandibles of

ovariectomized sheep for 12 weeks.82 The implant stability

quotient values, the maximum pull-out forces, and the

bone–implant contact (BIC) have been investigated. Signifi-

cantly increased bone volume ratio and the trabecular num-

ber with decreasing trabecular separation evidenced the

fact that the osseointegration of titanium implant could be

improved by a hierarchical micro/nanotextured surface.82 In

another work83 screw-shaped and anodized titanium

implants have been implanted in the femur condyle close to

the knee joint of New Zealand white male rabbits. The

mean pore size of titania nanotubes was �108 nm, the pore

size distribution was �58–150 nm, the porosity was 60%,

the roughness (Sa) value was 0.65 (60.02) lm and the

equivalent values for developed surface area (Sdr) was

14.3% (60.9). The results of the animal studies based on

the osseointegration strengths, new bone formation and

bone/cell contact at the bone–implant interface in compari-

son to the blasted, moderately rough implants demonstrated

potential applications of titania nanotubes for bone tissue

engineering.83 To examine the effect of the nanotube diame-

ter on cellular activity, five different nanotube diameters

(15, 30, 50, 70, and 100 nm) have been implanted in the

frontal skull of an adult domestic pig.84 The BIC for the 50,

70, and 100 nm groups were greater than control group

(untreated) and the bone morphogenetic protein-2 expres-

sion within the 50, 70, and 100 nm groups was different.

This study showed the important effect of nanotube diame-

ters for the controlled formation of peri-implant bone

around medical implant devices. Annealed titania nanotubes

with pore size of approximately 80 nm and length of 400

nm have been used to investigate the short- and long-term

performance of mesenchymal stem cells in vitro and

implanted in the scruff region of the neck male Lewis rats

in vivo.
85 Higher cell adhesion, proliferation and viability up

to 7 days of culture, higher ALP activity and 50% higher cal-

cium and phosphorous concentrations have been observed

in comparison to pure titanium and tissue culture polysty-

rene as a control system with no adverse immune response

occurred under in vivo conditions.85 The in vitro outcome of

accelerated osteoblast adhesion by �300–400%54 of

annealed TiO2 nanotubes has been followed by an investiga-

tion of in vivo bone bonding in earloop of rabbits for 4

weeks. Bone bonding strength, BIC area, new bone forma-

tion, and calcium and phosphorus levels on the nanotube

surfaces were increased in comparison to TiO2 grit-blasted

surfaces.86 Further studies have to be undertaken to investi-

gate the influence of nanoarchitecture and properties of tita-

nium dioxide nanotubes on bone cell behavior after implan-

tation in the body of animals to confirm the in vitro results.

SUMMARY

If bonding between an implant material and bone cannot be

formed initially, then acceptance of the implant by the body,

or more precisely the bone cell, fails. Titania nanotubes on

titanium and titanium alloys (more biocompatible metal

implants) can be tailored using anodic oxidation, which is

one of the versatile chemical surface treatments. A high sur-

face area, especially the spacing between nanofeatures that

is provided by the nanotubes, offers convenient conditions

for interlocking with bone cells and the penetration of body

fluid. Cells respond to nanoscale structures and nanopat-

terns and are also sensible to the chemical and mechanical

2736 MINAGAR ET AL. CELL RESPONSE OF ANODIZED TITANIA NANOTUBES



properties of the surface, such as surface energy, water con-

tact angle and zeta potential. A low contact angle influences

cell differentiation and proliferation. Titania nanotubes after

annealing existed in a mixture of anatase and rutile, exhib-

ited a more stable morphology, and demonstrated a higher

proliferation of MC3T3-E1. A HA layer with a thickness of

up to 10 lm on the surface of TiO2 nanotubes, with differ-

ent nanotube sizes and forms, can be obtained. In order to

establish the optimum nanotopography for cell response,

some investigations have been undertaken. The results of in

vitro studies suggested that the optimum diameter of TiO2

nanotubes is less than 100 nm and that 15 nm is the best

although there are some controversy discussions. If the

mechanism of the cell response is clarified, the cell fate at

the surface boundary will be more controllable. More stud-

ies are needed in order to find the optimum size of nano-

tubes in length and diameter for the sensing element of a

bone cell to be recognized and adhered to and more in vivo

investigations to confirm the in vitro results, especially for

the new biocompatible titanium binary, ternary, and quater-

nary alloys.
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