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a b s t r a c t

Using a patterned superhydrophobicity/superhydrophilicity template, micropatterned octacalcium
phosphate (OCP) has been successfully fabricated on TiO2 nanotube array surface. The resultant OCP
micropattern has been characterized with scanning electron microscopy, optical microscopy, X-ray
diffraction and electron probe microanalyzer. It is shown that the ribbon-like OCP crystals possess a
vailable online 23 October 2009
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highly ordered and hierarchically porous structure at nano–micro-scales. They can be selectively grown
at superhydrophilic areas which are confined by the hydrophobic regions. The high wetting contrast tem-
plate proves to be useful for constructing well-defined dual scale OCP film with porous structure biomimic
to natural bone. A mechanism has been proposed to explain the formation of the OCP patterned film with
hierarchically porous structure and distinct selectivity.

© 2009 Elsevier B.V. All rights reserved.

ctacalcium phosphate (OCP)

. Introduction

Wettability is an important property of solid substrates that is
overned by the chemical composition and geometrical structure
1–5]. Two extremely cases, superhydrophilicity and superhy-
rophobicity with a water contact angle (CA) below 5◦ and above
50◦ respectively, have attracted much interest due to their impor-
ance in both fundamental research and practical applications
6–9]. Generally, conventional wettability contrast (hydrophilic-
ty vs. hydrophobicity) at microscopic scale can be achieved on
mooth surface by soft lithography [10], or e-beam decompos-
ion self-assembled monolayers (SAMs) [11], direct writing by
tomic force microscopy [12], or UV photocatalytic lithography
13]. Among these techniques, photocatalytic lithography is one
f the most facile techniques due to its large scale pattern transfer-
bility at one single exposure. Recently, some groups have reported
he fabrication of surfaces with reversible switching wettability
etween superhydrophilicity and superhydrophobicity [14–18].
owever, the report on the preparation and practical application

f superhydrophilic–superhydrophobic surface patterns is still rare
19–22].

The accurately defined surface structure of biomaterials is rec-
gnized as a main strategy in the design of the new generation

∗ Corresponding author. Tel.: +86 592 2189354; fax: +86 592 2189354.
E-mail address: cjlin@xmu.edu.cn (C. Lin).

927-7765/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.colsurfb.2009.10.023
of bone implants and tissue engineering scaffolds. Many efforts
had been made to further improve the bioactivity and biocompat-
ibility for the Ti based materials. Such treatments include surface
coating of calcium phosphate (CaP) bioactive layers or chemical
modifications to enhance hydroxyapatite formation. Octacalcium
phosphate (Ca8H2(PO4)6·5H2O, OCP) was recognized as an impor-
tant precursor phase that can spontaneously convert to biological
apatite [23,24]. It is well known that the biological properties
of the biomaterials depend not only on its chemical composi-
tions, but also the biomimic structures. OCP coating comprised
of novel nano–micro-dual scale structures is biomimic to natu-
ral bone and is favorable for cell anchoring and cell culture due
to its run-through structure. However, little work has been done
on the fabrication of bioactive OCP nano–micro-dual scale pat-
terning films. Potential applications of biomaterials patterning
may include biochips, antibodies, cells and other sensor arrays
[25–28].

In this work, we developed a simple technique to fabricate
micro–nano-dual level structured OCP film on bioactive TiO2
nanotube surfaces with the assistance of superhydrophilic– super-
hydrophobic patterned template. The effect of the deposition
time on morphologies and sizes of OCP had been investi-

gated. Experimental results indicated that the wettability pattern
had a great effect on the micro–nano-porous OCP films. This
simple method on the fabrication of hierarchically structured
film may be conveniently applied to other biomimic functional
materials.

http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
mailto:cjlin@xmu.edu.cn
dx.doi.org/10.1016/j.colsurfb.2009.10.023
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. Experimental

.1. Preparation of superhydrophobic TiO2 nanotube film

TiO2 nanotube array film was fabricated by electrochemical
nodization of titanium sheets (purity 99.5%) in 0.5 wt.% HF elec-
rolyte with Pt counter electrode under 20 V for 20 min [29,30].
he as-prepared amorphous TiO2 nanotubes were calcinated at
50 ◦C under ambient condition for 2 h to form anatase phase.
o obtain superhydrophobic surface, the annealed samples were
urther treated with a methanolic solution of hydrolyzed 1 wt.%
H,1H,2H,2H-perfluorooctyl-triethoxysilane (PTES, Degussa Co.,
td.) for 1 h and subsequently heated at 140 ◦C for 1 h.

.2. Fabrication of superhydrophilic–superhydrophobic
icropattern

The schematic outline of the procedure to fabricate
uperhydrophilic–superhydrophobic micropatterns on TiO2
anotube array surface is shown in Fig. 1. The superhydrophobic
urface was patterned by using a mesh photomask shown in Fig. 1a.
he corresponding regions on the surface undergo a decrease in
ydrophobicity during the UV irradiation. After irradiation for
0 min, water was dropped on irradiated and non-irradiated
egions. It was found that the non-irradiated region still repelled
ater, while water droplets quickly spread out on the film in the
V-irradiated regions (Fig. 1b). Thus, the irradiated area could
e distinguished from the non-irradiated area clearly, and the
attern with extreme wettability was realized. Next, we applied
his pattern to induce selected OCP crystals growth with high
recision (Fig. 1c).

.3. Electrochemical deposition of OCP micropattern

The superhydrophilic–superhydrophobic micropatterned TiO2
n titanium sheet was used as a template to selectively deposit
CP crystals on the superhydrophilic regions by electrochemi-
al deposition (ECD). The deposition was carried out in a cell
ontrolled by Autolab PGSTAT30 (Eco Chemie, Holland) elec-
rochemical workstation. The deposition electrolyte contained
.042 mol/L Ca(NO3)2 and 0.025 mol/L NH4H2PO4. The pH value
as adjusted to approximately 4.2 with 0.05 mol/L NaOH solu-
ion. The ECD was carried out galvanostatically at a cathodic
urrent of 0.5 mA/cm2 at 67.5 ◦C for a certain time [31]. The
hanges in the cathode voltage with time during deposition were
onitored by a PC system. Following the precipitation, the spec-

men was rinsed with deionized water and dried under ambient
onditions.

ig. 2. SEM images of the (a) TiO2 nanotube array film fabricated by electrochemical anodi
eposition for 5 min.
Fig. 1. Schematic outline of the procedures to fabricate nanostruc-
tured OCP patterning film by electrochemical deposition based on
superhydrophilic–superhydrophobic micropattern.

2.4. Morphology and structure characterization

The morphology of the TiO2 nanotube films and OCP micropat-
terns were investigated by field-emission scanning electron
microscope (FESEM, LEO-1530) and environmental scanning elec-
tron microscope (ESEM, Phillips XL-30), respectively. The water
CA was measured with an optical contact angle meter system
(Dataphysics, OCA-20) at ambient temperature. The experimen-
tal data were represented as means ± one standard deviations (SD)
for n = 5. For fluorescence experiments, the obtained patterns were
stained with fluorescein sodium, and observed by Karl Zeiss fluores-
cence microscope (Axioskop2, MAT). The patterned TiO2 nanotube
array samples were observed by optical microscopy (Eclipse E600,
Nikon). The chemical element distribution was measured by elec-
tron probe microanalyzer (EPMA, JEOL JXA-8100). The crystallinity
of the samples was measured using an X-ray diffractometer with
Cu K� radiation (XRD, Phillips X’pert-PRO PW3040) at 40 kV and
30 mA.

3. Results and discussion

3.1. Characterization
Fig. 2a shows the top view SEM image of the typical nanos-
tructured TiO2 film by anodizing Ti sheet under 20 V for 20 min.
The surface consists of vertical aligned TiO2 nanotubes with a sin-
gle tube diameter of about 80 nm and an average center-to-center

zation; (b) OCP nanostructure layer on TiO2 nanotube array film by electrochemical
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Fig. 3. XRD spectra of the OCP thin films selectively deposited onto the patterned
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iO2 nanotube film by electrochemical deposition. (a) Standard OCP power spectrum
JCPDS#44-0778); (b) powder scratched from the as-deposited OCP composite film
n TiO2 nanotube film; (c) the as-deposited OCP composite film (5 min). T represents
he titanium substrate.

pacing of 150 nm. Water droplet can quickly spread and wet the
s-grown vertically aligned TiO2 nanotube array film due to capil-
ary effect caused by the rough tubular structure, indicating such
iO2 nanotube array film is superhydrophilic [32–35]. The typical
EM image of OCP composited film on TiO2 nanotube array sur-
ace by electrochemical deposition for 5 min is shown in Fig. 2b.
t can see that quasi-perpendicular ribbon-like crystals of several
undred nanometers in width are uniformly grown on the TiO2
anotube array surface.

Fig. 3a and b shows the XRD spectra of the standard OCP pow-
ers (refer to JCPDS#44-0778) and the powders scratched from the
s-deposited OCP composite film on the patterned TiO2 nanotube
lm (5 min). T represents the titanium substrate. The spectra of
he powders (Fig. 3b), scraped from the coatings, exhibit a typi-
al diffraction peak at 2� = 4.7◦ corresponding to the (1 0 0) plane
f OCP. The EDS measurement of the as-prepared CaP compos-
te layer also shows that the average Ca/P molar ratio is 1.28

see supporting information Fig. S1 and Table S1), which is close
o that of stoichiometric OCP (1.33). The spectrum (curve c) of
he OCP thin films selectively deposited onto the TiO2 nanotube
lm by electrochemical deposition shows a strong diffraction peak
t 2� = 26.0◦ corresponding to the (0 0 2) plane. It indicates that

ig. 5. Optical micrographs of the superhydrophilic–superhydrophobic template and pat
y electrochemical deposition for 5 min: (a) fluorescence pattern and (b) OCP pattern.
Fig. 4. Electrochemical deposition curves of OCP layer on different electrodes.

ribbon-like crystals confined and induced by the template on tita-
nium substrate are preferential along the c-axis. This agrees with
the observed vertical alignment shown in the SEM graph (Fig. 2b).

3.2. Effect of TiO2 nanotube array on wettability

The roughened TiO2 surface was modified with a self-assembly
monolayer (SAM) of hydrophobic PTES molecule. The water CA
on such rough nanotube film with PTES modification is around
156 ± 1.0◦, indicating that the special nanotube film is superhy-
drophobic. This effect should allow us to prepare superhydrophobic
and superhydrophilic micro-regions on biocompatible Ti substrate.
However, the CA of the PTES-modified “flat” TiO2 surface (annealed
with 450 ◦C for 1 h) is only 115.0 ± 1.2◦ and the CA only decreases
to 26.4 ± 5.5◦ with an UV-irradiated time of 30 min. Such different
contact angle change is due to the different photocatalytic activities
of TiO2 films. The decomposition rate of the PTES monolayer on the
compact TiO2 films is lower than that of rough TiO2 nanotube films.
Moreover, the amplified effect of the rough TiO2 nanotube array
surface has a great influence on the rapid change of the contact
angle. This result is similar to that reported by Zhu et al. [36]. It is
interesting to note that the UV-irradiated sample shows hydropho-
bic character once again when it is coated with the PTES. Therefore,
by alternating SAM and UV irradiation, the superhydrophobic-
ity and superhydrophilicity on the rough nanotube surfaces

can be reversibly switched. Compared with the unconspicuous
disparity (only around 90◦) on a smooth surface, the wettabil-
ity contrast on the rough TiO2 nanotube surface is more than
150◦.

terned OCP thin films selectively deposited in predefined superhydrophilic regions
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.3. OCP micropattern characteriaztion

Fig. 4 shows the changes of the electrochemical deposition
athode potential with the time under a constant current density
0.5 mA/cm2). It is clear that the cathode potential jumps imme-
iately at the initial moment and continuously moves toward the
egative values throughout the ECD process. The patterned elec-
rode with exposed area of 1.0 cm × 1.0 cm exhibits obvious lower
egative voltage than that of the electrode without pattern under

dentical conditions. However, it shows nearly the similar nega-

ive voltage on the electrode with area of 1.0 cm × 0.5 cm. This is
ecause that half of the area of the patterned electrode is superhy-
rophobic, which reduces the effective working area to some extent
uring the electrochemical deposition process.

ig. 6. Typical SEM images of the patterned OCP thin films deposited on TiO2 nanotube fil
g and h) 5 min.
iointerfaces 76 (2010) 117–122

Fig. 5a shows a typical fluorescence microscopic image of
superhydrophilic–superhydrophobic micropattern on TiO2 nan-
otube surface. As can be seen, the green dots (∼50 �m in
diameter and ∼20 �m spacing) are clearly imaged through the flu-
orescence contrast between the UV-irradiated superhydrophilic
and masked superhydrophobic regions. The photo-irradiated
dots exhibit a uniformly stronger fluorescence against the sur-
rounding dark background due to the high affinity of the
fluorescent probes to the superhydrophilic regions. There-
fore, a clearly well-defined fluorescence pattern based on the

superhydrophilic–superhydrophobic pattern is obtained. Fig. 5b
displays the identical patterning of OCP biomaterials deposited
on the superhydrophilic–superhydrophobic patterns on TiO2 nan-
otube array surface. It is obvious that the size of the white OCP

ms with different deposition times: (a and b) 1 min; (c and d) 2 min; (e and f) 3 min;



Y. Lai et al. / Colloids and Surfaces B: Biointerfaces 76 (2010) 117–122 121

F obic b
r

d
i
s
S

m
(
n
t
t
f
i
s
d
t
O
i
i
d
W
l
a
t

d
w
o
c
b
a
r

F
e

ig. 7. SEM image (a) of the boundary between superhydrophilic and superhydroph
egion.

ots is equal to that of the superhydrophilic area on template,
ndicating the deposited regions were only located within the
uperhydrophilic dots where photocatalytic degradation of PTES-
AMs was performed [37].

Fig. 6 shows the effect of the deposition time on the size and
orphology of the OCP patterns. In the case of deposition for 1 min

Fig. 6a and b), no significant change in the appearance of the TiO2
anotube surface except for the darker background compared to
he superhydrophobic regions. This may be explained in terms of
he nucleation of pre-adsorbed Ca and P ions on the TiO2 sur-
ace. As the deposition time increases to 2 min (Fig. 6c and d), it
s interesting to observe that the order OCP dots have two scale
izes. The diameter in the outermost circle is ∼50 �m while it
ecreases to ∼40 �m of the innermost circle as indicated by the dot-
ed rings. This shows the preferential growth of the quasi-vertical
CP crystals at the central region of the superhydrophilic dots. With

ncreasing ECD time (Fig. 6e and f), both the thickness and the size
ncreased. The spacing (∼21 �m) between the edges of neighboring
ots is approximately the same as that of the template (∼20 �m).
hen ECD time was prolonged to 5 min (Fig. 6g and h), the ribbon-

ike OCP crystals grew so quickly that it covered some part of the
djacent superhydrophobic areas. Therefore, the edge spacing of
he neighboring dots is greatly decreased to around 15 �m.

Under high magnification, ribbon-like OCP crystals with hun-
reds of nanometers in width and several micrometers in length,
ere observed at the deposition time of 5 min (indicated by arrow
f a in Fig. 7a). The micro-scale polygonal pores (arrow b in Fig. 7a)
onsisted of TiO2 nanotubes can be seen on the superhydropho-
ic regions. The EDX spectrum also verified that it only contains Ti
nd O elements within the superhydrophobic region (Fig. 7b). This
esult indicated the superhydrophobicity can effectively suppress

ig. 8. The chemical composition map and line-scan signal intensity of the correspond
lectrochemical deposition for 2 min.
y electrochemical deposition for 5 min. EDX spectrum (b) of the superhydrophobic

the nucleation and growth of the OCP nanocrystals due to the
air trapped between the electrode/electrolyte interfaces [38]. The
polygonal microstructure shape could be a result of anisotropic
etching of the underlying Ti grains [39,40]. Mechanical stresses due
to electrostriction and volume expansion from metal to oxide at the
metal/oxide interface might also be a contributing factor [41].

The electron probe microanalyzer (EPMA) also verified the cor-
responding micropattern with various chemical compositions in
different regions. Fig. 8 shows calcium element distribution map
and the line-scan signal intensity profiles across the grid pattern
by electrochemical deposition for 2 min. As can be seen in the map,
large areas of ordered patterns with clear boundary were obtained
from the selective deposition of OCP nanostructures in aqueous
solution (Fig. 8a). The line-scan measurement was performed in
a direction across the dot pattern as indicated by the pink dotted
line in area-scan image. It clearly showed the element signal inten-
sity difference between superhydrophobic and superhydrophilic
areas (Fig. 8b). Oxygen, calcium and phosphorus element signal
intensity increased greatly within superhydrophilic dot, while the
signal intensity of Ti increased only a little after OCP deposition. This
suggests that most or all of the TiO2 nanotube layers in the homo-
geneous green grid areas corresponding to the superhydrophilic
regions were covered by OCP layer, while the surrounding areas
remained intact under the protection of PTES-SAMs. The slightly
deviation of the detected signal intensity is due to the porous struc-
ture resulted from the spatial epitaxial growth of OCP crystals.
3.4. Mechanism

The mechanism of the selective OCP nucleation and growth
on the cathode–electrolyte micro-contact interface is discussed

ing pink line along the as-prepared OCP micropattern on TiO2 nanotube film by
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ere. When the ECD process is started, the current is only pass-
ng through the superhydrophilic regions due to the trapped air
etween electrolyte and the superhydrophobic regions. Therefore,
wo important products (OH− and H2) generated preferentially
t location of solid-liquid contact interface within the super-
ydrophilic region. The rise of the local pH will increase the
upersaturation of CaP materials [42], and leads to the nucleation
nd growth of the OCP crystals on the superhydrophilic regions.
he dynamic hydrogen bubbles generated and adhered at the liq-
id/solid interface play a vital role to the final porous nanostructure
f OCP. Therefore, the patterned OCP layer possesses micro–nano-
ual scale structures.

One of the drawbacks of the superhydrophilic–superhydrophobi
emplates is the weak wettability contrast in the non-liquid solu-
ion system due to its lower surface tension. Nevertheless,
he patterning effect in a water solution system is excellent,
nd functional materials can be easily introduced only to the
uperhydrophilic surface via the hydroxl-containing groups. As

demonstration, we have used a procedure analogous to the
chematic outline in Fig. 1 to assemble hydroxyapatite nanorods
attern on TiO2 nanotube array film with different liquid elec-
rolytes by electrophoretic deposition technique (see supporting
nformation Fig. S2).

. Conclusion

In this paper, we have demonstrated the successful application
f using a superhydrophilic–superhydrophobic template to obtain
osition-controlled growth of ribbon-like OCP nanocrystals on TiO2
anotube array surface. We have demonstrated the spatial epitax-

al organization of the porous OCP film over large areas following
rescribed wettability template. This novel micro–nanostructure
atterning strategy based on templates with extremely wetting
ontrast can be expanded to the selective growth of other functional
aterials from aqueous solution, and may contribute to the specific

pplication of biomedical implant materials and tissue engineering
caffolds.
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