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Abstract: Currently used orthopedic implants composed of titanium have a limited functional 

lifetime of only 10–15 years. One of the reasons for this persistent problem is the poor prolonged 

ability of titanium to remain bonded to juxtaposed bone. It has been proposed to modify 

titanium through anodization to create a novel nanotubular topography in order to improve 

cytocompatibility properties necessary for the prolonged attachment of orthopedic implants 

to surrounding bone. Additionally, electrical stimulation has been used in orthopedics to heal 

bone non-unions and fractures in anatomically diffi cult to operate sites (such as the spine). 

In this study, these two approaches were combined as the effi cacy of electrical stimulation to 

promote osteoblast (bone forming cell) density on anodized titanium was investigated. To do 

this, osteoblast proliferation experiments lasting up to 5 days were conducted as cells were 

stimulated with constant bipolar pulses at a frequency of 20 Hz and a pulse duration of 0.4 ms 

each day for 1 hour. The stimulation voltages were 1 V, 5 V, 10 V, and 15 V. Results showed 

for the fi rst time that under electrical stimulation, osteoblast proliferation on anodized titanium 

was enhanced at lower voltages compared to what was observed on conventional (nonanodized) 

titanium. In addition, compared to nonstimulated conventional titanium, osteoblast proliferation 

was enhanced 72% after 5 days of culture on anodized nanotubular titanium at 15 V of electrical 

stimulation. Thus, results of this study suggest that coupling the positive infl uences of electrical 

stimulation and nanotubular features on anodized titanium may improve osteoblast responses 

necessary for enhanced orthopedic implant effi cacy.
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Introduction
Titanium is one of the most commonly used implant materials in orthopedics. Although 

titanium has excellent corrosion resistance and suitable mechanical properties to sup-

port physiological loads, its cytocompatibility properties are not suffi cient to maintain 

the implant functionality necessary to heal bone fractures over long periods of time. 

In fact, conventional titanium-based implants only have functional lifetimes of 10–15 

years, making it necessary for younger patients to have at least one revision surgery, 

and in some cases multiple revision surgeries, before the end of their lives. Specifi cally, 

the long-term failure of currently used titanium implants is due to clinical problems 

such as extensive prolonged fi brous tissue encapsulation, wear debris, infection, stress 

shielding, etc. Clearly, currently used titanium-based implants fail to satisfy the needs 

of all patients and improvements are necessary.

The use of nano-structured materials has been proposed to solve some of the afore-

mentioned problems currently associated with orthopedic implants. Nano-structured 

materials are those materials with at least one dimension less than 100 nm. The main 

reason for exploring nano-structured materials in orthopedics is that bone itself is a 

nano-structured tissue. For instance, hydroxyapatite crystals, the main constituent of 

the inorganic phase of bone, are 2–5 nm thick and collagen type I fi brils, the main 

constituent of the organic phase of bone, are 0.5 nm in diameter. This implies that bone 
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cells are naturally accustomed to interacting with nanoscale 

surface features in the body and even synthesize such nano-

structured materials.

It has been speculated that when implant surfaces are 

engineered to mimic the dimensions of the constituent 

components of bone, a better integration of the implant to 

surrounding bone can be expected. This is because compared 

to conventional (or nano-smooth materials) nano-rough 

materials have more surface area, surface defects, increased 

numbers of atoms, and altered electron distributions. Collec-

tively, such properties inherent for nano-structured materials 

change surface reactivity with proteins and subsequently cells 

compared to conventional materials. Indeed, experimentally, 

changes in these surface properties on titanium (through 

anodization which creates novel nanotubular structures) 

infl uence the concentration and conformation of adsorbed 

proteins to alter cellular interactions.

Specifically, Yao and colleagues (2005) observed a 

33% increase in osteoblast adhesion on anodized titanium 

surfaces with respect to conventional titanium. The increase 

in osteoblast adhesion was correlated with an 18% increase 

in vitronectin adsorption and a 30% increase in fi bronectin 

adsorption on anodized compared to conventional titanium 

(Yao et al 2005). Additionally, osteoblasts were more well 

spread and they were shown to deposit more calcium-

containing mineral on anodized nanotubular titanium 

(a crucial step for the regeneration of bone) compared to 

conventional titanium. Rodriguez and colleagues (2002) 

observed greater osteocalcin production by osteoblasts 

cultured on anodized compared to unanodized titanium 

surfaces (Rodriguez et al 2002). Lastly, animal experiments 

recently confi rmed a higher interfacial strength between 

anodized titanium and juxtaposed tissue (Son et al 2003).

Modifying the surfaces of titanium to possess novel 

nanotubular structures is not the only way to promote bone 

bonding. The building blocks of living organisms, ions, 

polar/charged molecules, etc., all create and respond to elec-

trical fi elds (Kirson et al 2007). For instance, bone has strain 

and strain rate dependant forward and reverse polarizations 

that create 10–20 μA currents (Black 1987). In their natural 

niche, many tissues are exposed to different levels of currents 

and electrical fi elds. In fact, electrical stimulation has been 

used in a number of clinical applications in orthopedics. For 

example, the proposed methodologies for using electrical 

stimulation for orthopedic applications varies from anterior 

and posterior placement of electrodes around a hip implant, 

to coiling them around with a subcutaneous power source, 

all the way to placement of an electromagnetic coil at the 

surgical bed-side. In fact, electrical stimulation has been used 

clinically for some patients undergoing spinal fusion surger-

ies, nonunion fractures, and for prior failed joint fusions 

who suffer from poor bone growth or diseases which cause 

bone to regrow slowly (Hartig et al 2000; Nelson et al 2003; 

Aaron et al 2004a).

Some have already combined the benefi ts of nano-struc-

tured materials and electrical stimulation for orthopedic 

applications and have found exciting results. For example, 

for in vitro experiments, carbon nanotubes (CNT) were 

added to poly-lactic acid (PLA) (Supronowicz et al 2001). 

Although PLA is an insulative material, 20 wt.% addition of 

CNT transformed PLA into a conductive material. When this 

composite was exposed to 10 μA of an alternating current 

for 6 hours a day, a 46% increase in osteoblast proliferation 

was observed after 2 days and a 307% increase in calcium 

deposition by osteoblasts was observed after 21 days with 

respect to nonstimulated samples (Supronowicz et al 2001). 

Similar results were also observed by Hartig and colleagues 

(2000) in which the application of a capacitively coupled 

electrical fi eld increased primary osteoblast-like cell prolif-

eration, alkaline phosphatase activity and extracellular matrix 

protein synthesis (Hartig et al 2000; Aaron et al 2004a). 

Khang and colleagues (2008) also combined nano-structured 

materials and electrical stimulation for cartilage applications 

by demonstrating enhanced proliferation of chondrocytes 

(cartilage synthesizing cells) on electrically stimulated 

CNT/poly-carbonate urethane composites compared to 

nonstimulated respective substrates.

However, to the best of our knowledge, there has not 

been any research concerning combining electrical stimula-

tion with one of the most commonly implanted orthopedic 

biomaterials, titanium, modifi ed to have nano-structured 

surface features. Due to this reason, the current in vitro study 

investigated the proliferation of osteoblasts on anodized 

nanotubular titanium under 4 different voltages for up to 

5 days of culture.

Experimental procedures
Specimen preparation
99.2% pure titanium foils (1.6 mm thick) were purchased 

(Alfa Aesar, Ward Hill, MA) and cut into 1 cm × 1 cm 

squares. Then, each side of these squares were sonicated 

(VWR 75D) for 1 hour using a cleaning solution (Branson, 

IS), followed by 30 minutes of sonication with acetone 

(Mallinckrodt Chemicals), 70% ethanol and ddH
2
O. These 

cleaned samples were termed ‘conventional titanium’ in 

the present study.
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Afterwards, the surface cleaned titanium samples were 

etched with a 1.5% HF/1.5% HNO
3
 solution (Mallinckrodt 

Chemicals) for 5 minutes to remove the oxide layer. This was 

followed by an anodization process (Figure 1). For anodiza-

tion, titanium samples were connected to a DC-powered 

electrochemical cell which had a two electrode confi guration. 

A platinum mesh was used as the cathode and a titanium 

specimen was used as the anode. These platinum and titanium 

samples were connected to a DC power supply (3645A 

DC power supply, Circuit Specialists, Inc.) through copper 

wires. A constant voltage of 20 V was applied for 10 minutes 

according to previous studies (Yao et al 2005). The distance 

between the titanium anode and platinum cathode was 

kept constant at 1 cm. The electrolyte solution used in this 

study was 1.5% hydrofl uoric acid and the anodization was 

conducted inside a Tefl on beaker. During anodization, the 

electrolyte solution was constantly stirred with magnetic 

agitation to reduce the thickness of the double layer at the 

metal-electrode interface to obtain uniform local current 

densities on the titanium electrode (Mor and Varghese 2003). 

After anodization, the specimens were again sonicated with 

acetone, 70% ethanol and ddH
2
O, for 30 minutes each. These 

samples were termed ‘anodized nanotubular titanium’ since, 

as will be shown, titanium anodized in this manner possesses 

nanotubes penetrating the titanium surfaces.

Material characterization
The surfaces were characterized using a LEO 1530 VP 

FE-4800 Field-Emission Scanning Electron Microscope 

(SEM). 5 kV accelerating voltages were used to image the 

specimens. No coatings were used to image the surfaces.

Electrical stimulation
A multi channel electrical stimulator (Ionoptix, Milton, 

MA) was used to stimulate osteoblasts with electricity. 

This stimulator generates bipolar pulses at a frequency of 

0.01 to 99 Hz, pulse duration of 0.4–24 msec, and voltages 

of up to ±40 V. There was net charge transport between 

the electrodes of the electrical stimulation system and the 

primary fi eld created was an electrical fi eld as opposed to 

a magnetic fi eld. The stimulator had two components, a 

voltage generator and a cell culture dish electrode assembly 

(Figure 2). A voltage generator was connected to the culture 

dish electrode assembly through a thin ribbon cable, which 

allowed for a good seal with the cell culture incubator door. 

Each dish was stimulated separately with a slight time delay, 

on the order of milliseconds. The resistance (R) of each well 

was calculated from equation 1:

 
R d=

∗σ Α  (1)
where d stands for distance between graphite electrodes, 

A stands for the area of the electrodes in the media, and 

σ stands for the conductivity of the media. The distance 

between graphite electrodes was 3.2 cm, the surface area of 

the electrode in contact with the media was 0.473 cm2 and 

the conductivity of the media at 36 °C was 0.0146 S/cm, 

giving a resistance of 463 Ohms for each well. Upon the 

application of 1 V to the media, 2.16 mA passed through 

the media. However, the physiological current bone 

experiences is 10–20 μA, nearly 1000 times lower (Black 

1987). In fact, during trial runs, 2.16 mA was found to be 

lethal for osteoblasts in the present study (data not shown). 

Therefore, a 75 kΩ potentiometer was connected to the 

circuit to mimic the physiological current osteoblasts are 

exposed to during normal activity. Upon the application of 

1 V to the system, the current passing through the media 

was estimated to be 13 μA.

Figure 1 Schematic of the anodization system.

Figure 2 Schematic of the 8-well culture dish electrode assembly showing a uniquely 
manufactured upper lid with graphite electrodes. The electrodes were placed inside 
the media during electrical stimulation of the cells and the 8-well dish was connected 
to the banks of the voltage generator.
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Cell culture
Osteoblasts (population numbers 8 to 15, American Type 

Culture Collection CEL-11372) were cultured in osteoblast 

cell culture medium (Dulbecco’s Modifi ed Eagle Medium 

[DMEM]; Hyclone, Logan, UT) supplemented with 10% 

fetal bovine serum (FBS; Hyclone) and 1% penicillin-

streptomycin (P/S; Hyclone) under standard culture 

conditions (5% CO
2
/95% air at 37 °C).

For the cell experiments, all samples were sterilized 

using a steam autoclave (Amsco Renascence Series, 3021). 

The osteoblasts in DMEM supplemented with 10% FBS 

and 1% P/S were seeded onto the specimens at a density 

of 3500 cell/cm2. Cells were cultured in the same media 

under standard cell culture conditions for 5 days and cell 

counts were performed at the 1st, 3rd, and 5th days. The 

media was changed at the 2nd and 4th days. At the end of 

the prescribed time period, specimens were gently rinsed 

in a 1 × PBS buffer solution to remove nonadherent cells. 

Adherent cells were then fixed with 4% formaldehyde 

(Fisher Scientifi c, Pittsburgh, PA) for 10 min and nuclei 

stained by soaking in a 1% DAPI fl uorescent dye (Sigma, 

St. Louis, MO) for 20 min. Cell densities were counted in 

situ from fi ve randomly selected, nonintersecting areas on 

each specimen under a fl uorescence microscope (Leica DM 

5500B). Numerical data was analyzed using standard analysis 

of variance (ANOVA). All cell experiments were repeated 

three times both for conventional and anodized nanotubular 

titanium samples.

Cell experiments with electrical 
stimulation
The fi rst electrical stimulation was conducted 8 h after the 

cells were seeded onto the specimens. The duration of the 

electrical stimulation was 1 h and the cells were stimulated 

each day. For all experiments, the pulse duration and 

frequency were selected based on prior research and kept 

constant at 0.4 ms and 20 Hz, respectively (Black 1987). The 

voltages used for these experiments were 1, 5, 10, and 15 V, 

corresponding to 13, 65, 130, and 195 μA, respectively. No 

change was observed in pH or temperature of the media after 

1 h of electrical stimulation.

Results and discussion
Material characterization
As determined by FESEM, the surfaces of the conventional 

(unanodized) and anodized nanotubular titanium confi rmed 

that observed in previous studies (Figure 3; Yao et al 2005). 

Specifically, the anodization process created titania 

nanotubes on the titanium specimens. The diameters of 

the titania nanotubes ranged from 40–60 nm. Different 

researchers have measured different nanotube depths, 

varying between 200–500 nm depending on the electrolyte 

concentrations, times, and titanium alloy compositions used 

(Mor and Varghese 2003; Lee et al 2006). The depths of the 

nanotubes created in the present study have been estimated 

at 200–250 nm (Yao et al 2005).

Osteoblast cell number results
After 1 day of culture, results of the present study confi rmed 

those of other studies that have been completed without 

electrical stimulation. Specifically, without electrical 

stimulation, more osteoblasts were counted on anodized 

nanotubular compared to unanodized titanium after 1 day 

(Figure 4). Yao and colleagues (2005) fi rst reported higher 

osteoblast density on anodized nanotubular compared to 

unanodized titanium after a 4-h adhesion test. Yao and 

colleagues (2005) continued to report signifi cantly greater 

alkaline phosphate activity and calcium deposition by 

osteoblasts cultured on anodized nanotubular compared to 

unanodized titanium for up to 21 days.

Interestingly, Karlsson and colleagues (2003) reported 

similar greater osteoblast adhesion (when not electrically 

stimulated) on anodized compared to unanodized alumina. 

The fact that two different metals can be oxidized and 

promote osteoblast functions leads one to question whether 

any metal may fi t this trend after anodization. Compared to 

unanodized titanium, Yao and colleagues (2005) explained 

the observed greater osteoblast adhesion on anodized 

nanotubular titanium by measuring increased adsorption 

of vitronectin and fi bronectin onto the anodized titanium 

surfaces.

However, in addition to confi rming the results of other 

studies (Yao et al 2005), the present study also provided the 

fi rst evidence that osteoblasts responded to lower amounts 

of electrical stimulation when cultured on anodized nano-

tubular than unanodized titanium (Figure 4). Specifi cally, 

after 1 day of culture, statistically greater numbers of 

osteoblasts were counted on anodized nanotubular titanium 

electrically stimulated at 10 V compared to unstimulated 

anodized materials while the same event did not happen 

on unanodized titanium until 15 V. After 3 days of culture, 

statistically greater numbers of osteoblasts were counted on 

anodized nanotubular titanium stimulated at 10 V compared 

to 5 V; the same comparison was not statistically different 

until osteoblasts were stimulated at 15 V on conventional 
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a)

c)

b)

Figure 3 SEM images showing the surface features of: (a) (low magnifi cation), (b) (high magnifi cation) conventional, and (c) anodized nanotubular titanium.
Notes: Scale bars are: (a, b) 10 μm, and (c) 200 nm.

titanium (Figure 5). This same trend of less voltage increasing 

osteoblast densities on anodized nanotubular compared 

to unanodized titanium continued after 5 days of culture 

(Figure 6). Specifi cally, compared to unstimulated anodized 

materials, more osteoblasts were counted on anodized nano-

tubular titanium stimulated at 10 V while the same levels of 

osteoblast numbers were not observed until 15 V was reached 

on conventional, nonanodized titanium after 5 days of culture. 

Moreover, of any of the substrates of interest to the present 

study, the largest numbers of osteoblasts were counted on 

anodized nanotubular titanium electrically stimulated at 15 V 

after 5 days of culture (Figure 6).

As expected, the results of the present study also 

demonstrated that osteoblasts grew on both conventional 

and anodized nanotubular titanium with culture time (from 

1 to 3 to 5 days) (Figures 7 and 8). Table 1 lists the percent 

increases in osteoblast numbers up to 5 days of culture on the 

substrates of interest to the present study. When the percent 
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increases in osteoblast densities from the 1st to 3rd days 

of culture are compared, they were found to be higher 

for conventional titanium compared to anodized nanotubular 

titanium for all test conditions (excluding the 10 V stimula-

tion, the same voltage consistently highlighted on anodized 

nanotubular titanium as the one in which osteoblasts per-

formed statistically similar to osteoblasts on conventional 

titanium at 15 V). Upon comparison of the percent increases 

in osteoblast densities from the 3rd to 5th days of culture, 

they were higher for osteoblasts on anodized compared to 

their conventional counterparts for all voltage conditions. 

In fact, when percent increases in cell densities from the 

1st to 3rd days and from the 3rd to 5th days are compared, 

osteoblast proliferation was found to decrease with time 

more on conventional titanium samples than anodized nano-

tubular titanium. While the reasons for these trends are not 
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clear at this time, it is important to note that, as mentioned, 

more osteoblasts were present on anodized nanotubular 

than conventional titanium after 1 day and it is possible that 

the combined effects of altered titanium surface properties 

obtained through anodization and electrical stimulation are 

responsible for these complex trends.

Additionally, from these results, one can conclude that 

electrical stimulation can successfully be used to increase 

osteoblast proliferation on anodized nanotubular titanium. 

The data show that the best osteoblast proliferation results 

were obtained by stimulating with either 10 V or 15 V for 

each investigated time point regardless of whether titanium 

was anodized. This indicates for the fi rst time that within the 

tested voltage range, holding the frequency and pulse duration 

constant at 20 Hz and 0.4 ms, the optimal voltage window for 

maximizing osteoblast densities on anodized titanium is 10 V 

to 15 V. Most importantly, it was shown here that osteoblasts 

responded to lower voltages on anodized titanium compared 

to conventional titanium, perhaps because more cells initially 

adhered to anodized titanium, which would promote more 

focal contacts and cell–cell contacts allowing for less voltage 

to electrically stimulate cell growth.

Lastly, although it is still not completely understood, 

researchers have tried to explain osteoblast proliferation 

behavior upon electrical stimulation. Both for inductively 

and capacitively coupled stimulation, bone cell proliferation 

has been enhanced by increased calmodulin levels, whose 

concentration was promoted by enhanced calcium levels in 

the cytosol (Aaron et al 2004b). The calcium concentration 

in the cytosol was due to voltage gated calcium channels for 

the case of capacitive coupling, and for inductive coupling, it 

was due to the release of internal calcium stores (Aaron et al 

2004b). The increase in osteoblast proliferation in this study 

might be due to the increased calcium ions in the cytosol, 

as well. However, cell signaling is very complex, involving 

various signal transduction pathways which need to be care-

fully elucidated in the present system.

Conclusions
To conclude, the optimal voltage window that maximizes 

osteoblast densities on both conventional and anodized nano-

tubular titanium was found to be 10 V to 15 V. Osteoblast 

density on conventional titanium surfaces was enhanced by 

72% by creating anodized nanotubular surface features and 

electrically stimulating osteoblasts on them at 15 V. Addi-

tionally, osteoblasts responded to lower voltages on anod-

ized compared to conventional titanium. For these reasons, 

the use of an anodized nanotubular titanium topography 



International Journal of Nanomedicine 2008:3(4) 485

Greater osteoblast proliferation on anodized nanotubular Ti

Ta
bl

e 
1 

Fo
ld

 in
cr

ea
se

 in
 o

st
eo

bl
as

t d
en

si
ty

 fr
om

 th
e 

1s
t t

o 
3r

d 
da

ys
 a

nd
 fr

om
 th

e 
3r

d 
to

 5
th

 d
ay

s 
on

 th
e 

su
bs

tr
at

es
 o

f i
nt

er
es

t t
o 

th
e 

pr
es

en
t s

tu
dy

.  I
nc

re
as

ed
 c

el
l p

ro
lif

er
at

io
n 

is
 s

lo
w

er
 

w
ith

 t
im

e 
an

d 
th

e 
ra

te
 o

f p
ro

lif
er

at
io

n 
sl

ow
in

g 
is

 h
ig

he
r 

fo
r 

os
te

ob
la

st
s 

cu
ltu

re
d 

on
 c

on
ve

nt
io

na
l t

ita
ni

um
 t

ha
n 

an
od

iz
ed

 n
an

ot
ub

ul
ar

 t
ita

ni
um

Fo
ld

 
In

cr
ea

se
C

on
ve

nt
io

na
l 

0 
V

A
no

di
ze

d 
N

an
ot

ub
ul

ar
 

0 
V

C
on

ve
nt

io
na

l 
1 

V
A

no
di

ze
d 

N
an

ot
ub

ul
ar

 
1 

V

C
on

ve
nt

io
na

l 
5 

V
A

no
di

ze
d 

N
an

ot
ub

ul
ar

 
5 

V

C
on

ve
nt

io
na

l 
10

 V
A

no
di

ze
d 

N
an

ot
ub

ul
ar

 
10

 V

C
on

ve
nt

io
na

l 
15

 V
A

no
di

ze
d 

N
an

ot
ub

ul
ar

 
15

 V

Fr
om

 1
st

 
da

y 
to

 
3r

d 
da

y

8.
76

4.
57

5.
64

4.
63

5.
66

4.
31

4.
49

5.
57

5.
69

4.
59

Fr
om

 3
rd

 
da

y 
to

 5
th

 
da

y

2.
99

3.
79

3.
25

3.
44

3.
14

3.
38

2.
99

3.
06

2.
96

3.
96

coupled with electrical stimulation has the potential to 

enhance the performance of titanium for orthopedic implant 

applications.
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