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Abstract Nano-scale rod arrays of titania were fabricated

on titanium surface by a glass phase topotaxy growth

(GPT) method, which was featured by an interfacial reac-

tion between sodium tetraborate coating and the preheated

metallic titanium at elevated temperature. The samples

were characterized by thin-film X-ray diffraction (XRD),

scanning electron microscope (SEM), profilometer and

contact angle measurement. Thin-film XRD analysis indi-

cated that the nano-rod arrays were composed of pure rutile

titania phase. SEM images showed that these rutile rods

were 100–200 nm wide and 1–2 lm long. The nano-rod

arrays had significantly higher average roughness

(P \ 0.05) and greater hydrophilicity (P \ 0.05) compared

to the control. Human embryonic palatal mesenchymal

(HEPM) cells were grown to evaluate in vitro cell

responses to the nano-rod array structures in terms of cell

attachment and proliferation. An equivalent high attach-

ment rate of 94% was observed after 4-h incubation, but a

lower proliferation rate was observed on the nano-rod array

after 12-day culture compared to the control (P \ 0.05).

1 Introduction

Commercially pure titanium (c.p. Ti) and its alloys have

been widely used in dental and orthopedic implants for

their high fracture toughness and excellent biocompatibil-

ity. However, the lack of bioactivity results in non-direct

bonding between bone and Ti implants, which accounts for

the loosening and failure of some implants in the long term.

Thus quite a range of research has been conducted aiming

to impart bioactivity to titanium implants or enhance

directly mechanical fixation [1–11]. In addition to surface

chemistry, surface structures of implants have been

reported to play a unique role in the bone-biomaterials

interactions [1–8]. In particular, nano-scale topography

demonstrated significant effects on cell responses which

implied a new approach to regulate cell behaviors by

simply manipulating implant surface structures [6]. The

available techniques for fabricating such micro and nano-

scale features typically involve lithography methodology

which was also known for a few limitations including high

cost, requirement for high-level smoothness of the sample,

and difficulty in applying to the complex-shaped objects

such as titanium implants [6]. A recent methodology

involves the crystallization and de-mixing of copolymers

[7, 8] which is convenient but applicable only to the spe-

cific polymers. Its applications to titanium implants were

not yet displayed.

Glass phase topotaxy (GPT) approach was recently

reported as a new technique to fabricate arrays of submi-

cron and nano scale titania rods by applying sodium borate

glass to titanium substrates at elevated temperature [12–

15]. One of the key steps in that technique was making

glass which involved a high temperature process (1100�C).

It makes the technique less convenient. In addition, the

coverage of the as-evolved array structures was low and
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constrained only to some random regions; Large-scale

homogeneity was not achieved [12]. These limitations

definitely restrict this technique from practical applica-

tions. In order to overcome these problems, major

developments were made in this study where a commer-

cially-available sodium tretraborate powders was elected

for the coating material in replace of the borate glasses as

those used in previous reports [12–15]; and titanium sub-

strates were subject to a series of heat treatment before the

glass phase topotaxy growth in order to control the inter-

facial reaction between coatings and titanium surface. The

optimal processing parameters and homogenous nano-rod

array structures were correlated. Cell responses to the

homogenous nano-rod array structures were evaluated.

2 Materials and methods

2.1 Materials

Commercially pure titanium disks (Tico Titanium Inc.,

Oak Ridge North, TX, USA) with 12 mm in diameter and

0.5 mm in thickness were ground using 400 grit grinding

paper and preheated at 700�C in air in an electric furnace

(Thermolyne 48000, Barnstead international, Dubuque, IO,

USA) for 1, 2, 3 and 4 h. Reagent grade sodium tetraborate

powder (denoted as NB hereafter) were purchased from

Fisher Scientific Inc. (Pittsburgh, PA, USA), dehydrated

and dried at 300�C for 10 h in an electric furnace

(Thermolyne 48000, Barnstead international, Dubuque, IO,

USA) before use. The as-dried NB powder was mixed with

anhydrous ethanol to make slurry which was dropped onto

the preheated titanium disks. After drying off the ethanol in

air, a loose NB coating of about 1 mm thick was made on

the disks. These samples were placed in the furnace and

heated up to 700�C at the rate of 10�C/min; dwelled for

5 h. After cooling down to room temperature at a rate of

5�C/min, the NB-coated samples were immersed in 80�C

water for 5 h, followed by ultrasonic cleaning and thor-

oughly rinsing in distilled water to remove the loose

coating material. Samples were then dried in air and kept in

partial vacuum environment until use.

Preheating treatment was conducted at 700�C because it

was proved the effective oxidization temperature for tita-

nium in our preliminary experiments. On another hand,

higher temperature than 700�C is not applicable because it

may readily over oxidize the titanium disk.

2.2 Characterization

Microstructures of the substrate were observed by a scanning

electron microscope (SEM, Philips XL 30, Philips Electron

Optics, The Netherlands) operated at 15 kV acceleration

voltage and 40 mA emission current after coating 30 nm

thick gold. Elemental analysis was conducted by the energy

dispersive X-ray spectroscopy (EDX) attached with the

microscope. Crystalline phases were identified using a D8

Advance X-ray diffractometer (Bruker AXS Inc., Madison

WI, USA ) scanning in thin-film mode and at a rate of 0.01�/s.

Average roughness (Ra) of sample surface was measured at

length of 4 mm and cut-off value 0.80 mm using a profi-

lometor (Surtronic 25, Taylor Hobson Inc., West Chicago,

IL, USA). Contact angle toward water was measured using

a video contact angle goniometer (VCA-Optima, AST

products Inc., Billerica, MA, USA). Statistical analysis was

conducted by using One-way ANOVA at a significance

level of P \ 0.05.

2.3 Cell attachment and proliferation

The samples with homogenous nano-rod structures were

elected to evaluate cell responses, i.e., samples derived

from disks preheated for 3 h and followed by NB treat-

ment. Correspondingly, the substrates preheated for 3 h

without further NB treatment were used as controls.

ATCC CRL 1486 human embryonic palatal mesenchy-

mal cells (HEPM; ATCC, Manassas, VA, USA), an

osteoblast precursor cell line, were used to evaluate initial

cell attachment and cell proliferation. The culture medium

was composed of Dulbecco’s modified Eagle’s medium

(DMEM), supplemented with 3% fetal bovine serum

(FBS), 1% L-Glutamin (200 mM), 1% antibiotic-antimy-

cotic solution (PSA: 10,000 units/ml penicillin G sodium,

10,000 lg/ml streptomycin sulfate, 25 lg/ml amphotericin

B), 10 lM dexamethasone, 50 lg/ml L-Ascrobic acid and

10 mM b-glycerophosphate.

Cells were seeded on samples at a density of 2 9 104

cells/sample and incubated in a 5% CO2 humidified incu-

bator at 37�C. The number of attached cells was examined

after 0.5, 1, 2, 3 and 4 h incubation. Briefly, at each time

point, rinse the surfaces with phosphate buffered saline

(PBS) to remove non-attached cells. Rinsing was per-

formed two times and the medium was collected for

measuring the non-attached cells. The number of non-

attached cells was counted using a coulter counter (Z2

Coulter, Beckman Coulter Inc., Fullerton, CA, USA), and

the number of attached cells was computed by subtracting

the non-attached cell number from the initial seeding

number.

Cell proliferation over a period of 12 days was exam-

ined by measuring double stranded deoxyribonucleic acid

(dsDNA) content which is proportional to the cell numbers.

Culture media was replaced every four days. Samples were

collected on day 2, 4, 8 and 12. Briefly, after removing the
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supernatants and washing with 1 ml PBS, samples were

lysed by freeze-thaw method for 3 times, followed by

ultrasonication in 1 ml 0.2% Triton X-100 (Fisher Scien-

tific Inc, Houston, TX) for 5 min. The triton lysates were

stored at -20�C until assay. dsDNA content was measured

by a fluorometric quantification method using PicoGreen

assay (Molecular Probe, Gene, OR). According to the

manufacturer’s instruction, 50 ll aliquot of the triton lysate

was added to 50 ll working reagent. Sample fluorescence

emissions at 485 nm were read with the excitation set at

528 nm on an FL 9 800 microplate fluorescence reader

(Bio-tek Instruments Inc., Winooski, VT). dsDNA content

were determined by comparing fluorescent reading to the

dsDNA standard curves. One-way ANOVA was used to

analyze the differences in cell proliferation with a signifi-

cance level of P \ 0.05.

2.4 Cell morphology

Cell morphology was examined by SEM microscopy. After

2 h and 24 h incubation, the culture media were removed

and samples were rinsed three times with PBS, fixing with

4% paraformaldehyde for 30 min. After fixation, the sam-

ples were rinsed with PBS for 15 min and sequentially

dehydrated for 15 min in each 50, 75, 90, and 100% ethanol.

Before viewing on SEM, samples were dried on a CO2

critical point dryer (Tousimis Samdri 790, Tousimis

Research Corp., Rockville, MD) and coated with 30 nm

gold. To quantitate changes in cell size with time, cell

diameters were measured on SEM micrographs of cells

cultured for 2 h. Cell diameters were measured and averaged

on 90 cells. One-way ANOVA was used to analyze the

differences in cell size with a significance level of P \ 0.05.

3 Results

3.1 Chemistry and crystalline phases

Thin film X-ray diffraction for titanium disks preheated at

700�C displayed the dominance of a rutile titania phase on

the surface. Diffraction patterns in Fig. 1a showed intense

peaks at 27.5� and 36.1� (2 theta) which were assigned to

the diffraction from (110) and (101) planes of rutile titania

(PDF #21-1276). The peaks at 38� and 40� (2 theta) were

attributable to metallic a-titanium (PDF#44-1294) back-

ground due to the penetration of X-ray into the deeper layer

of titanium disks. Apparently, the diffraction from a-tita-

nium phase decreased in intensity as the heating time

increased, indicating the increase in thickness of the rutile

layer as the heating time extended.

After these preheated disks were further treated with NB

coating at 700�C for various time, rutile titania became the

only detectable crystalline phase on the surface and no a-

titanium phases were detected (Fig. 1b). X-ray diffraction

patterns showed sharp and strong diffraction peaks at

27.48� attributed to (110) plane of rutile titania. Moreover,

EDX analysis detected only titanium and oxygen elements

on the surface with a molar ratio of 1:2. This indicated that

the surface was clear of other compounds other than rutile

titania.

Fig. 1 XRD patterns for

titanium disks (a) preheated at

700�C for 1, 2, 3 and 4 h, and

(b) further treated by NB

coating after preheated at 700�C

for 1, 2, 3 and 4 h
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3.2 Surface morphology

Titanium disks showed similar morphology after preheated

at 700�C in air for up to 4 h, as displayed representatively in

Fig. 2a. Heat treatment produced a dense rutile layer on

titanium surface composed of compact, submicron-sized

rutile crystals (according to XRD analysis in 3.1) indepen-

dent on heating time. Nevertheless, different microstructures

were evolved directly related to the preheating time after

further treatment with NB coating. On substrates preheated

for 1 and 2 h, a mixture of submicron- and micron-scale,

irregular-shaped rutile crystals were produced on the surface

(representatively shown in Fig. 2b). In contrast, on the

titanium disks preheated for 3 and 4 h, homogenous, nano-

scale rutile rods of 100–200 nm wide and 1–2 microns

long were obtained. The typical morphology was displayed

in Fig. 2c. All the nano-scale rods displayed clear elon-

gated cubic habit, covering homogenously on the surface

and projecting approximately upright. It is noteworthy that

rutile rod arrays on all of the NB-treated samples covered

completely the disk surface.

3.3 Surface roughness and contact angle

Samples having homogenous nano-rod array structures

were measured for surface average roughness (Ra) and the

result was shown in Fig. 3a. It read 0.33 ± 0.04 lm for

nano-rod arrays which was significantly higher (P \ 0.05)

than that of control (0.20 ± 0.01 lm). Moreover, nano-rod

Fig. 2 Scanning electron microscopy images for the samples (a)

titanium disks preheated at 700�C for 3 h, (b) NB treated titanium

disks after preheated at 700�C for 1 and 2 h, and (c) NB treated

titanium disks after preheated at 700�C for 3 and 4 h

Fig. 3 Average surface roughness (a) and contact angle toward water

(b) of the control and nano-rod array. *Indicates significantly different

(P \ 0.05)
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arrays demonstrated a remarkably higher hydrophilicity

(P \ 0.05) measuring 36.3 ± 2.8� of the contact angle

compared to 75.0 ± 6.4� for the control as displayed in

Fig. 3b.

3.4 Cell attachment

Cell attachment rates were measured illustrated in Fig. 4.

No significant difference (P [ 0.05) in attachment rate was

observed on nano-rod arrays and control after incubation

for 1 h, although a relatively higher (P \ 0.05) rate was

observed on the control in the initial 30 min. At 4-h

incubation cell attachment rates reached 92% on both

nano-rod arrays and control, and no significant difference

was observed (P [ 0.05).

3.5 Cell morphology

Cells displayed similar morphology on both surfaces after

2 and 24 h incubation. At 2 h of incubation, cells on both

surfaces displayed early stage growth from round/spherical

morphology to flattened morphology. Some cells apparently

sent out processes that might begin to form lamellipodia

(Fig. 5a, b). The remarkable difference in morphology was

quantified cell sizes. Cells on the nano-rod arrays had sig-

nificantly smaller diameter averaging 23 ± 9 lm

compared to 27 ± 11 lm of those grown on the control

(P \ 0.05). The percentage of cells with diameter larger

than 40 lm was also less on the nano rod array, comparing

3% on the array to 13% on the control (P \ 0.01). After

24 h incubation, all cells appeared flattened and spread

across on both surfaces. Cell margins merged into neigh-

boring cells making it hard to discriminate single cell

(Fig. 5c, d).

3.6 Cell proliferation

dsDNA content synthesized by HEMP cells increased

continuously from about 300 ng/ml on day 2 up to

[1000 ng/ml on day 12 in both the nano-rod array and

Fig. 4 Graphs for the cell attachment rates on the control and nano-

rod array. *Indicates significantly different (P \ 0.05)

Fig. 5 Scanning electron

microscopy images for cells

incubated on the control ad

nano-rod array for: (a) 2 h on

control, (b) 2 h on nano-rod

array, (c) 24 h on control, and

(d) 24 on nano-rod array
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control group. dsDNA content was not significantly dif-

ferent in two groups before day 4 (P [ 0.05), however,

after then, the dsDNA content became significantly lower

on nano-rod array group compared to the control (P \ 0.05

on day 8 and 12) (See in Fig. 6).

4 Discussion

4.1 Nano-rod array structures

Surface structures of implants are known of playing sig-

nificant roles in the interactions between living bone tissues

and implants [1–8]. Particularly, nano-scale features have

attracted ever increasingly attention due to their unique

effects on in vitro cell responses and proposed in vivo

responses [6]. Thus various microfabrication technologies

have been investigated to examine the effects of micro

features. However, most of these techniques are not

applicable to titanium implants. Recently, a new technique,

namely glass phase topotaxy growth (GPT), was reported

which displayed the feasibility to modify directly the sur-

face of titanium implants for nano-scale features [12–15].

Nevertheless, the as-reported GPT technique encountered

limitations such as lack of homogeneity and requirement

for very-high temperature (1100�C for making glasses)

[12]. As a major development, the present experiment

employed a commercially available sodium tetraborate

(NB) powder to avoid the glass-making process. The NB

powder is crystalline phase of sodium tetraborate which is

distinctively crystallographically different from sodium

tetraborate glass used in previous experiments. Neverthe-

less, it turned out that the crystalline NB interacted also

effectively with preheated titanium and successfully pro-

duced homogenous nano rod arrays of rutile on the

titanium disks. It implied that it is the chemistry of sodium

tetraborate accounts for the GPT growth of rod arrays not

the crystallographic property.

According to GPT hypothesis, metallic titanium might

dissolve into the sodium borate coating at such a high rate

that the melting point (Tl) and glass transition temperature

(Tg) of the coating was a quickly decreased. As a result, a

glassy layer was formed on the titanium surface which could

have suppressed oxygen diffusion and depressed the GPT

growth [16–19]. Based on also our preliminary experiments,

we proposed that a moderate dissolution rate for titanium

might overcome the suppression effect and in turn favor the

GPT growth of smaller-sized and more homogenous rutile

rods. As a solution, titanium disks were preheated to produce

a more chemically-stable rutile layer on which the NB was

then coated. This design proved remarkably effective in

producing homogenous nano-rod arrays given the preheat-

ing treatment was sufficient, i.e., preheating titanium disks at

700�C for no less than 3 h in air. In contrast, preheating for

less than 3 h produced thinner rutile layer (proved by weaker

XRD diffraction shown in Fig. 1a), which eventually failed

to moderate effectively the dissolution rate and resulted in

non-homogenous rods.

The nano-rod array displayed higher surface roughness

and hydrophility (P \ 0.05). This was apparently attributed

to the nano structures given its chemistry is same to the

control. A larger surface area is apparent compared to the

control though the quantitative analysis was not presented

in this study. Higher hydrophility is attributable to the

higher surface roughness as described by Wenzel [20], i.e.,

when the contact angle is lower than 90� for a material, it

will inevitably be decreased when the surface roughness is

increased. Thus, a more hydrophilic surface due to nano-

rod structures was observed on the nano-rod arrays.

4.2 Cell responses

It is known that cells response directly to topographies,

regarding attachment, migration, differentiation, extracel-

lular matrix production and many others [6]. Rough surface

was reported to induce bone formation on titanium

implants in vivo in contrast smooth surface did not [21].

Better cell attachment on rough surfaces was reported by in

vitro studies in comparison to smooth surface [22–24]. In

particular, nano-featured surfaces of metal and ceramics

were reported to promote osteoblast or osteoblast-like cell

attachment [23, 24]. In the present study, it was displayed

however the initial cell attachment rate on the nano-rod

array was not significantly different in 1-h incubation

compared to the control (P [ 0.05). A comparable high

attachment rate of 92% was obtained on both the nano-rod

array and control after incubating 4 h (P [ 0.05).

Fig. 6 Graphs for the dsDNA content synthesized by cells cultured

on the control and nano-rod array for up to 12 days. *Indicates

significantly different (P \ 0.05)
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SEM observation displayed that cells had similar flat-

tened morphology on the nano-rod array and control after

24-h incubation. This observation was inconsistent with the

report by Kim et al. [9] in which MG-63 cells projected more

cytoplasmic processes and changed more into cuboidal

shapes on the rougher surface indicating more differentia-

tion to osteoblast. This inconsistency in two observations

may be attributable to the great difference in roughness level

of the tested samples (0.20–0.33 lm in the present experi-

ment versus 2.95 lm in their experiment). This implied that

nano-rod arrays affected more like a smooth surface other

than a rough surface on the morphometric responses of

HEPM cells. This may also explain the comparable high

attachment rates on rod arrays compared to control.

It was noticed, however, that cells on rod arrays had

smaller average size after 2-h incubation compared to the

control. The smaller cell size indicated a possible slower

growth rate on the nano-rod arrays compared to the

smoother control surface [9]. This postulation was sup-

ported by the longer-term proliferation. After culturing up

to 12 days, cells grew significantly less on the nano-rod

array measuring the dsDNA content (P \ 0.05 on day 8

and 12) compared to control. This observation complied

well with other studies in which surface roughness

impacted negatively on cell proliferation [25]. It is note-

worthy, however, a lower proliferation rate does not

necessarily imply less differentiation or secretory func-

tions. In fact, an increase in differentiation and

extracellular matrix production was observed in correlation

to a decrease in proliferation and ALP activity on rough

surfaces [25]. Thus it is possible that the nano-rod array

stimulated HEPM differentiation and extracellular matrix

production whereas suppressed the proliferation. The

remarkable impact of surface structures on cell behaviors

was tentatively attributed to the direct morphological

effects or absorption of bioactive molecules from media

and serum though the mechanism is yet clear so far [9, 23–

26]. Future experiments will be conducted to evaluate the

long-term effects of the nano-rod arrays on HEPM cell

differentiation and secretary functions.

5 Conclusions

This study reported a developed glass phase topotaxy

growth of nano-rod array structures on titanium surface. By

controlling the preheating treatment and applying new

coating materials, homogenous large-coverage nano-rod

arrays were fabricated on titanium surface which were

composed of pure rutile titania phase. The nano-rod array

structures significantly increased the average roughness

and hydrophility (P \ 0.01) of titanium surface compared

to the control. In vitro culture of HEPM cells displayed a

comparable high initial attachment rate on the nano-rod

arrays than control in 4-h incubation. However, the cell

proliferation rate was significantly lower on the nano-rod

arrays than control in 12-day culture. Future study is nee-

ded to evaluate the long-term in vitro responses of HEPM

cells including differentiation and secretory functions.
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